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… for one of a series of homolep-
tic coordination polymers [(RC�
CM)n] (M = CuI, AgI, and AuI)
that have been structurally charac-
terized. The paper by C.-M. Che
et al. on page 1739 ff. describes the
characterization by means of X-ray
powder diffraction measurements
of several such complexes. Solid-
state properties including photolu-
minescence, n(C�C) stretching fre-
quencies and thermal stability of
these polymeric systems are dis-
cussed in the context of the deter-
mined structures. The picture
shows the structure and diffraction
data for the polymer chain
[(PhC�CCu)¥].
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Emerging Fields
In their Concept article on p. 1708 ff. J. L. Gleason, R. J.
Kazlauskas and co-workers describe the three main
methods that have emerged thus far in receptor-assisted
combinatorial chemistry: dynamic combinatorial libraries,
receptor-accelerated synthesis, and a new method,
pseudo-dynamic libraries.


Organic Intercalation Material
Cholic acid forms inclusion crystals that have a sandwich-
type lamellar structure constructed by the alternative stack-
ing of host bilayers and guest layers. In their article on
page 1725 ff. M. Miyata et al. report their latest results on
intercalation and deintercalation phenomena observed in
these organic layer crystals.


DNA Recognition
In the Concept article by M. Leclerc et al. on page 1718 ff.,
they report on the development of a simple, rapid, sensitive,
and selective methodology which utilizes a water-soluble,
cationic conjugated polymer as a “polymeric stain” that can
specifically transduce the binding of an appropriate single-
stranded DNA probe (ss-DNA or oligonucleotides) to its
target into a clear optical (colorimetric or fluorometric)
signal.
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Receptor-Assisted Combinatorial Chemistry: Thermodynamics and Kinetics
in Drug Discovery


Jeremy D. Cheeseman,[a] Andrew D. Corbett,[b] James L. Gleason,*[a] and
Romas J. Kazlauskas*[c]


Introduction


Combinatorial chemistry methods in drug discovery current-
ly favour focused libraries, which use templates or functional


groups to provide affinity for the desired receptor.[1,2] An
emerging method in combinatorial chemistry, receptor-as-
sisted combinatorial chemistry (RACC), not only uses focused
libraries, but also adds stoichiometric amounts of the recep-
tor during the library synthesis. Addition of the receptor
biases the synthesis toward the best binding compounds,
thereby combining the synthesis and screening into one step.
In addition, analysis avoids specific receptor assays, but de-
tects increased amounts of the best-binding compounds with
established analytical methods such as HPLC, mass spec-
trometry, NMR spectroscopy or even X-ray crystallography.


Three RACC methods have emerged: dynamic combina-
torial libraries, receptor-accelerated synthesis, and a new
method, pseudo-dynamic combinatorial libraries (Table 1,
Figure 1). In this review, we discuss how these methods use
thermodynamic control, kinetic control or both to increase
the relative amounts of the best binding compounds during
synthesis. We will emphasize the new pseudo-dynamic com-
binatorial library method since recent reviews of the other
methods, especially dynamic combinatorial libraries, are
available.[3]


An ideal RACC library will both amplify the tightest-
binding library member and show high selectivity versus
other components in the library. For this review, we define
amplification as the relative increase of the amount of a li-


Abstract: Current drug discovery using combinatorial
chemistry involves synthesis followed by screening, but
emerging methods involve receptor-assistance to com-
bine these steps. Adding stoichiometric amounts of re-
ceptor during library synthesis alters the kinetics or
thermodynamics of the synthesis in a way that identifies
the best-binding library members. Three main methods
have emerged thus far in receptor-assisted combinatori-
al chemistry: dynamic combinatorial libraries, receptor-
accelerated synthesis, and a new method, pseudo-dy-
namic libraries. Pseudo-dynamic libraries apply both
thermodynamics and kinetics to amplify library mem-
bers to easily observable levels, and attain selectivity
heretofore unseen in receptor-assisted systems.


Keywords: combinatorial chemistry · drug design ·
inhibitors · receptors · template synthesis


[a] Dr. J. D. Cheeseman, Prof. J. L. Gleason
Department of Chemistry, McGill University
801 Sherbrooke W., Montr�al, QC, H3A 2K6 (Canada)
Fax: (+1) 514-398-3797
E-mail : jim.gleason@mcgill.ca


[b] Dr. A. D. Corbett
Institut de pharmacologie de Sherbrooke (d�partement de chimie)
Universit� de Sherbrooke, 3001, 12i�me avenue N.
Sherbrooke, QC, J1H 5N4 (Canada)


[c] Prof. R. J. Kazlauskas
Department of Biochemistry, Molecular Biology, Biophysics
and The Biotechnology Institute, University of Minnesota
1479 Gortner Avenue, Saint Paul, MN 55108 (USA)
Fax: (+1) 612-625-5780
E-mail : rjk@umn.edu


Table 1. Drug discovery approaches using receptor-assisted combinatori-
al chemistry.


Approach Description How DGbinding is used


Dynamic combi-
natorial chemis-
try


Reversible reaction creates a
library; binding to the recep-
tor shifts the equilibrium


Thermodynamic bind-
ing shifts the equilibri-
um


Receptor-accel-
erated synthesis


Binding of components to
receptor accelerates synthe-
sis of best inhibitors


Binding and proximity
increases rate of cou-
pling


Pseudo-dynamic
combinatorial
chemistry


Formation and destruction
of library are separate irre-
versible reactions; binding
slows destruction reactions


Kinetic destruction en-
hances the thermody-
namic selectivity
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brary member upon addition of a receptor. We define the
selectivity for a pair of library members as their relative am-
plification divided by their relative binding constants (see
Table 2). Selectivities beyond one make it easier to distin-
guish between library members with similar binding con-
stants.


Dynamic combinatorial libraries (DCLs) were the first
RACC method to be developed. These libraries use synthet-
ic equilibria to form mixtures of library members. The re-
ceptor binds the tightest-binding library members, removing
them from solution. The synthetic equilibrium shifts to in-
crease the amounts of these tightest binding library mem-
bers according to LeChatelier�s principle.


Balancing both the synthetic and receptor-binding equi-
libria in DCLs causes amplification. For a simple case—a
compound isomerizes to form a library of compounds (e.g.
through structural isomerization) that bind the receptor
tightly, but with varying strengths—the product of synthesis
and binding equilibrium constants for each isomer give the
relative amounts of each isomer.[4] Thus, the selectivity be-
tween two isomers in such a system cannot be greater than
one.


However, most DCLs contain not only a single isomeriz-
ing starting material, but several components combining to
form hetero- and/or homodimers (or hetero- and homo-
oligomers). In these cases, selectivity may be either greater
or less than one. In certain cases, the selectivity may even
invert, where a less tightly bound library member is ampli-
fied more than more tightly bound species. Computational
simulations indicate that these undesirable cases are possible
when homo- and heterodimers compete and the homodimer
binds more tightly than the heterodimer, and where a series
of oligomers compete and an oligomer containing many


building blocks binds more tightly than a library member
formed from only a few building blocks.[5]


Homodimers are not common in drug discovery where
the goal is to fill a complicated, nonsymmetrical pocket in a
biomolecule. In these cases, selectivity close to one is ex-
pected, although they may be greater or less than one. In
practice, no one has reported selectivities greater than one
in a drug-discovery context for thermodynamically control-
led systems. However, adding a kinetic component (see
below) can raise the selectivity beyond one.


In receptor-accelerated synthesis (RAS) the receptor
binds several starting components and promotes their cou-
pling due to proximity, forming a new, presumably tighter-
binding species. The rate-acceleration of this coupling reac-
tion identifies the best binding compounds and determines
the amplification. Selectivity arises from two factors: bind-
ing of the starting components to the receptor and the abili-
ty of the receptor to catalyze their coupling, but both of
these are difficult to predict. Upon coupling to form prod-
uct, the binding interactions of the starting materials to the
receptor may strengthen or weaken. Similarly, the rate ac-
celeration due to proximity is difficult to predict because
the receptor is not normally a coupling catalyst. On the


Figure 1. Three receptor-assisted combinatorial methods. In dynamic
combinatorial libraries (DCLs), because library synthesis and binding to
the receptor are reversible, thermodynamics control both amplification
and selectivity. In receptor-accelerated synthesis (RAS), starting materi-
als with strong receptor affinity come together in the active site and
couple due to their proximity, forming a stronger inhibitor due to kinetic
control. In pseudo-dynamic combinatorial libraries (pDCLs), kinetic de-
struction enhances the thermodynamic selectivity.


Table 2. Terms in receptor-assisted combinatorial chemistry.


Amplification Ratio of the amount of a library member synthesized
in the presence of a receptor as compared to its
amount in the absence of the receptor, [IA]receptor/
[IA]no receptor. In pseudo-dynamic libraries, all com-
pounds are eventually destroyed in the absence of the
receptor, so the amplification is infinite. In these
cases, it is more useful to compare yield, which is the
concentration of a compound in the binding chamber
compared to the concentration of the receptor, [IA]/
[R]. The maximum yield is 100 %.


Casting versus
molding


Casting forms a small molecule using a receptor-bind-
ing site as a template. Drug discovery seeks to cast a
drug lead using the receptor. Molding forms a recep-
tor by surrounding a small molecule target. For exam-
ple, molding forms a crown ether around an ion.


Receptor Entity to which the library members should bind. In
drug discovery applications, receptors can be cell
membrane receptors, enzymes, interfaces for protein–
protein interaction, sites on RNA or DNA, etc. In
supramolecular receptor-building applications, recep-
tors are the supramolecules that are evolved to bind
the guest molecule.


Selectivity In DCL and RAS selectivity is the amplification of
two library members IA and IB, where IA is the stron-
ger binder, compared with their relative binding con-
stants, [([IA]receptor/[IA]no receptor)/([IB]receptor/[IB]no receptor)]
[(Ka(IA))/(Ka(IB))]�1. In pDCL, since all compounds are
eventually destroyed in the absence of the receptor,
any detectable amount of a library member would
result in an amplification of infinity. For pDCL, the
selectivity is [[IA]receptor/[IB]receptor][(Ka(IA))/(Ka(IB))]�1,
which compares the relative concentrations of the in-
hibitors to their relative binding constants.


Tethering A dynamic combinatorial method often involving for-
mation of disulfides where one component is a cys-
teine residue on the receptor. Tethering focuses the
binding to the region near the cysteine.
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other hand, the reaction is kinetically controlled, thus, the
selectivity may be very high.


A new receptor-assisted method, pseudo-dynamic combi-
natorial chemistry, uses an irreversible library synthesis,
combined with an irreversible destruction reaction that re-
generates some of the starting materials. These starting ma-
terials are then re-used in a new round of synthesis. Thermo-
dynamically controlled binding to a receptor protects strong
binding library members from the kinetically controlled de-
struction process. Amplification results from the receptor
protecting bound library members from the destruction be-
cause in the absence of receptor, the destruction reaction re-
moves all library members. Iterative synthetic cycles allow
the library members to build up in the system, thus increas-
ing their absolute amounts. The selectivity comes partially
from the initial reversible binding of the library members to
the receptor, but mainly from the kinetically controlled de-
struction of the weaker binders. The selectivity increases as
the destruction reaction proceeds and can significantly
exceed one.


Besides their potential for drug discovery, receptor assist-
ed combinatorial chemistry may also be an important step
in extending molecular evolution to small organic molecules.
Humans have controlled biological evolution for centuries
by breeding crops and domestic animals, and only recently
extended their control of evolution to the molecular level.
So far, this molecular evolution evolved only biomolecules
and still used nature�s biochemical machinery. For example,
researchers used directed evolution (recursive mutagenesis
and screening) to evolve proteins with increased stereoselec-
tivity, stability or substrate specificity.[6] One current frontier
of molecular evolution is to evolve non-biochemical mole-
cules. No one has yet reached this goal, but a number of
groups have reported steps in that direction.[7] The RACC
methods described here also contribute to these efforts.


Dynamic Combinatorial Chemistry: A
Thermodynamic Method


In the early 20th century LeChatelier showed that secondary
reactions could shift an equilibrium. Using this principle to
discover tight binding molecules is a more recent develop-
ment. For example, binding of short oligonucleotide sequen-
ces to a longer DNA strand[8] or binding of a tripeptide by a
cyclic diisophthalamide[9] shifted an imine and a disulfide
synthetic equilibrium, respectively. Huc and Lehn identified
the key requirements of DCL in 1997.[10] The creation of a
library should be reversible and occur in aqueous media in
the presence of a receptor which induces a detectable shift
in equilibrium. Huc and Lehn demonstrated the concept by
identifying inhibitors of carbonic anhydrase using a DCL of
imines formed from amines and aldehydes. To detect these
imines by HPLC, they “locked-in” the equilibrium by irre-
versible reduction of the imines with NaBH3CN to the cor-
responding amines. Analysis methods that involve separa-
tion of the library components (e.g. HPLC) require a lock-in


reaction to fix the library composition, but analysis methods
that detect library composition in situ (e.g. NMR,[11] X-ray
crystallography[12]) avoid a lock-in reaction.


Most dynamic combinatorial libraries reported so far use
formation of hydrazones, imines or disulfides as the linking
reaction, with disulfide exchange being the most common.
Disulfides rapidly equilibrate at pH values greater than 8,
but are “locked in” below pH 5. For example, a library of di-
sulfide-linked sugar dimers equilibrated at pH 7.4 in the
presence of the plant lectin, concanavalin A, which binds
mannose-rich oligosaccharides.[13] Lowering the pH locked
in the equilibrium. Subsequent separation on an affinity
column revealed an increase in the mannose-containing ho-
modimer.1


Researchers from Therascope Pharmaceuticals (now
Alantos Pharmaceuticals) created an imine library by con-
densing a diamine with more than fifty different ketones
(Figure 2)[14] in the presence of neuraminidase, a key influ-
enza virus enzyme. After reduction of the imines, LC/MS
analysis identified several hits. Control experiments—library
synthesis in the presence of bovine serum albumin (BSA)
and in the presence of neuraminidase and a known potent
inhibitor, Zanamavir—eliminated one of the initial hits
(bottom right of Figure 2). The relative amplifications of the
remaining true hits did not correspond directly to their bind-
ing affinities. One highly amplified compound was not a
potent inhibitor and the strongest inhibitor was amplified
approximately three-fold less. The authors suggest that this
puzzling result can be explained by the lock-in reaction. The
actual species undergoing equilibration are imines and hemi-
aminals. The receptor amplifies the amounts of these transi-
ent species and they are then trapped out, irreversibly, by
reduction. The reduced products have different structural
and electronic properties and thus their interaction with the
receptor may be worse, or better, than the intermediates
from which they are derived.


A recent DCL variation called “tethering” also used di-
sulfide exchange as the linking reaction.[15] The key advant-
age of tethering is the ability to focus on particular region
on a receptor. In this method the sulfur of a cysteine residue
(either existing near the site of interest or added by protein
engineering) underwent disulfide exchange with a library of
disulfides. Those fragments that bind tightly to the receptor
will form a more stable disulfide with the cysteine residue.
By screening 7000 disulfides in batches of 5–20 compounds,
MS analysis of the receptor-disulfides identified fragments
that bind tightly to a potent inhibitor of interleukin 2, a
target in immune-disorder therapy (Figure 3).[16] Adding
these fragments to a known inhibitor improved binding up
to 15-fold and with additional modifications up to 50-fold.
The screening required small batches to distinguish between
thiol fragments with identical molecular weight and between
thiol fragments with similar binding constants.


1 The computational simulations mentioned above suggest that this type
of DCL where homodimers compete with heterodimers can give unusu-
al results, however, this experiment did indeed identify the strongest
binder. Please refer to ref. [5] for more details.
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Researchers have already made DCLs containing hun-
dreds of compounds,[2] but current research seeks to further
increase the size and complexity of these libraries and well
as improve the screening strategies. Using a wider range of
equilibration reactions, researchers hope to generate libra-
ries rivaling diverse, natural product-based combinatorial li-
braries. In this regard, the use of organic solvents could
have significant benefit as there are more reactions that
have been developed in organic solvent than under aqueous


conditions. While organic
phases have been used in DCLs
focused on molding receptors
around small targets, drug dis-
covery applications are hin-
dered by the tendency of organ-
ic solvents to denature the
target (enzyme, receptor, etc.).
Thus methods of phase separa-
tion will need to be developed
in order to benefit from the full
force of organic synthesis.[17]


Although large libraries with
higher diversity are desireable,
screening larger libraries is
harder because it is increasingly
likely to find library members
with similar binding constants
and thus similar changes in con-
centration. In addition, the


changes in concentration are smaller in larger libraries be-
cause of this competition.[4] One solution, mentioned in the
tethering example above, is to screen compounds in small
batches.[15,16] Another solution is to make sub-libraries in
which each sub-library lacks one of the starting compounds.
Starting materials whose absence eliminated amplification
were those essential for binding, thus “deconvoluting” the
results.[18]


Receptor-Accelerated Synthesis: A Kinetic Method


In receptor-accelerated synthesis (RAS), a library of starting
materials competitively binds to a receptor, and cross-cou-
ples irreversibly to form a tight-binding ligand. The binding
of the starting materials to the receptor brings them close to
one another, speeding up a reaction that would not have oc-
curred in solution. Amplification and selectivity of product
formation come from both receptor affinity and the ability
of the receptor to accelerate the coupling.


Early examples of RAS successfully identified products
that bind to the target, but the selectivities were similar to
those for DCLs. Carbonic anhydrase accelerated the cou-
pling of alkyl chlorides to a-mercaptotosylamide, which con-
tains a sulfonamide group that binds to the active site
zinc.[19] This acceleration gave a two-fold increase for prod-
ucts that had nine-fold differences in binding constants, or a
selectivity of ~0.2. In a second example, vancomycin recep-
tor peptides accelerated dimerization of vancomycin ana-
logues by either disulfide formation or olefin metathesis.[20]


The dimerization rate accelerations correlated with the re-
ceptor affinity, suggesting selectivity near one. In a third ex-
ample, the protease kallikrein accelerated the rate of a nu-
cleophilic aromatic substitution with a five-amine library.[21]


The selectivities approached 1.5, indicating that the relative
amount of a binder to its closest competing compound was
1.5 times higher than their relative binding constants.


Figure 2. Condensation of a diamine with several ketones formed a library of potential neuraminidase inhibi-
tors.[14] Reduction followed by HPLC analysis identified several inhibitors, but the most amplified species were
not the strongest binders.


Figure 3. An example of “tethering” using DCL principles from Sunesis
pharmaceuticals.[16] 1) Crystal structure-guided mutations introduced a
cysteine near the binding site of IL-2. 2) Each mutant is individually
screened against 7000 disulfide-containing fragments in batches of 5–20
using dynamic combinatorial interactions. MS identified the most stable
disulfides. 3) Traditional medicinal chemistry approach added the tether-
ing hit to an existing inhibitor of IL-2 thereby improving binding 15-fold.
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The most successful example of RAS yielded a femtomo-
lar inhibitor of acetylcholine esterase (AChE) by optimizing
the linker length and orientation between a micromolar and
a nanomolar inhibitor of AChE.[22] In 49 parallel experi-
ments, binary mixtures of two polyaromatic AChE inhibi-
tors, one with a linker containing a terminal azide and the
other with a linker containing a terminal acetylene, were in-
cubated with AChE. Only the TZ2 + PA6 pair formed a
product, presumably because binding this pair of inhibitors
brought the azide and acetylene moieties close enough to
promote a [3+2] dipolar cycloaddition (Figure 4). The selec-
tivity in this reaction may be high since only one compound
formed, but the binding constants for all other potential
products are unknown. These researchers likely used paral-
lel experiments instead of a one-pot experiment because the
starting materials are such good inhibitors that exchange on
the receptor is slow.


The two challenges of RAS are binding the starting mate-
rials to the receptor and significantly accelerating their cou-
pling. For amplification to occur, the receptor must tightly
bind the two starting materials simultaneously. This require-
ment eliminates cases where two weakly binding species
link to form a strong binding one. Similarly, optimization of
substituents around a tightly binding core may be difficult
with RAS if the substituent fragments do not bind well.
RAS is probably best suited to optimize linkers between
two molecules that bind well at adjacent sites. The need to
significantly speed up coupling is also challenging because
the receptor is not a catalyst for the desired reaction, but
only holds the two reactants close to one another.


Adding Dynamics to Affinity Chromatography
Methods


For decades researchers have used affinity chromatography
to isolate tight binding compounds from a static mixture.
However, several groups have recently used affinity chroma-
tography in conjunction with DCLs. For example, Miller
and co-workers combined eight salicylaldimines with zinc di-
chloride to form a library of 36 bis(salicylaldiminato)zinc
complexes on an affinity column of immobilized poly (dA-T)
DNA.[23] After equilibration, elution and chemical analysis
correctly revealed which salicylaldimines did not bind to the
DNA. The missing salicylaldimine was the one that formed
a tight binding complex.


In another example, Eliseev and Nelen used iterative af-
finity chromatography in conjunction with UV-induced iso-
merization of dienoic acids to enrich the arginine-binding
compounds in a mixture. The cis and trans alkene isomers of
dienoic acids were passed through a column where they
could bind to immobilized arginine (Figure 5).[24] The eluted
dienoic acids, enriched in the less-tightly binding trans iso-
mers, were photoisomerized and passed through the column
again. After thirty cycles of Arg-binding and UV-induced
isomerization of eluted library members, the amount of the
tightest binding, cis,cis compound on the column was 50 %
greater than it was after one cycle. The selectivity was >2
for the tightest binding cis,cis compound. As this is a single
component DCL, one would normally expect the selectivity
to be close to one. The selectivity is higher because this ex-
periment included a kinetic component—the rate of elution
of more weakly bound compounds, and used iterative cycles


to increase the selectivity ach-
ieved through one binding/elu-
tion/isomerization cycle. Itera-
tive chromatography systems
require immobilization of a re-
ceptor onto a column, and a
process that can equilibrate the
compounds in the column
eluate. This method has not yet
been used in a drug discovery
application, but needs only the
above two conditions to be ful-
filled before it can be.


Pseudo-Dynamic
Combinatorial Chemistry


Pseudo-dynamic combinatorial
libraries (pDCLs) involve irre-
versible synthesis and destruc-
tion of library members in the
presence of a receptor. The
term “pseudo-dynamic” refers
to the irreversible synthesis and
destruction reactions, in place


Figure 4. An example of receptor-accelerated synthesis from Lewis et al.[22] Eight azides and eight acetylenes
were combined in the presence of acetylcholine esterase (AChE). Optimizing the linker length and geometry
between a micromolar and a nanomolar inhibitor allowed a [3+2] dipolar cycloaddition to form a femtomolar
inhibitor. This was possible because both starting materials could bind to adjacent sites on the receptor.
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of an equilibrium in a normal dynamic combinatorial library.
After library synthesis, the members associate with the re-
ceptor in a thermodynamically governed process. Next, the
destruction reaction removes unbound compounds rapidly,
weak binding members more slowly, and tight binding mem-
bers slowest of all. Thus, pDCLs exploit the relative affini-
ties of library members to a receptor (thermodynamics) to
protect strong inhibitors from a kinetic destruction reaction.


A new round of synthesis recycles some of the compo-
nents released in the destruction reaction. This recycling re-
introduces all library members to the receptor, allowing
strong binders to take up binding sites vacated by weaker
binders. This increases the relative amounts of strong bind-
ers in the system at the expense of weaker ones. Extending
the time between successive synthetic cycles decreases the
amount of synthesis relative to destruction. The ability to
adjust these relative rates allows tuning to yield only the
best inhibitor, giving pDCLs a potential advantage over
other RACC methods.


Creation of a pseudo-dynamic library required comple-
mentary and compatible combinatorial synthesis and de-
struction process. In the first model pseudo-dynamic library,
the combinatorial synthesis of dipeptide inhibitors of the re-
ceptor, carbonic anhydrase (CA), used an aqueous, solid-
phase approach.[25] Nucleophiles 1 (Phesa) and 2 (Phe) react-
ed with solid-supported active esters of N-Etoc protected
amino acids to release dipeptides into solution (Figure 6).
Nucleophile 1 contained a sulfonamide that was expected to
bind to the active site zinc of CA. A non-selective protease
(Pronase from S. griseus) catalyzed hydrolysis of the un-
bound dipeptides. Preliminary theoretical and experimental
studies showed that for a static library in the presence of a
receptor, a destruction reaction could increase the ratio of
the best binder relative to a weaker binder to levels beyond
the ratios of their inhibition constants.[4]


Dialysis membranes separated the active ester resin and
the protease from the CA in a three-compartment vessel to
prevent modification of the CA (Figure 7). Coupling of nu-
cleophiles 1 and 2 to active esters of Gly, Pro, Leu and Phe
made an eight-membered library. After optimizing the time
allowed for destruction between additions of active ester,
the ratio of the strongest binding dipeptide, EtocProPhesa,
over the second strongest was greater than 100:1, compared
with the ~2:1 ratio of their inhibition constants, giving a se-
lectivity greater than 50. HPLC did not detect any other di-
peptides. Furthermore, EtocProPhesa�s concentration rose
over the course of six additions of active ester to eventually
occupy 30 % of all available CA binding sites.[26] Although
potential selectivity in the destruction step could have com-
plicated the interpretation, these experiments, used large
amounts of Pronase so that the rate-limiting step in the de-
struction was nonselective diffusion across the membrane.


In pseudo-dynamic libraries, thermodynamics provide the
essential initial selective binding to the receptor, but, as in
dynamic libraries, this selectivity is often low. The kinetic
destruction during the temporary absence of synthesis
weans away non-, and poor inhibitors and greatly improves
the selectivity for the best binders. Iteration of the synthe-
sis–binding–destruction cycle allows better binders to build
up in the system, giving amplification. Iteration also im-
proves selectivity by re-introducing strong binders to the
system, allowing them to replace weaker binders that were
not completely removed in the previous destruction cycle.


In a pDCL all compounds are eventually destroyed in the
absence of the receptor, so the definition of amplification
used in Table 2 for DCLs and RAS implies that the amplifi-
cation would be infinite in all pDCL experiments. This is
misleading since some pDCL experiments generate more of
the best binding compounds than others. It is more useful to
discuss yield for pDCL, that is, the amount of a compound
present in the screening chamber relative to the amount of
receptor. This yield depends mainly on two factors: how
strongly the compound binds, and the length of time the de-
struction reaction is allowed to proceed unabated by new


Figure 5. The affinity column-UV generator loop by Nelen and Eliseev.[24]


A mixture of isomers is passed through the arginine column. UV-induced
isomerization to their most thermodynamically stable state occurs only to
compounds that do not bind. Re-introduction of the mixture to the
column adds more tight binders. Combining the thermodynamic binding
with the rate of introduction of the new library compounds (kinetic) re-
sults in amplification and high selectivity for the strongest arginine
binder.


Figure 6. An example of a pseudo-dynamic combinatorial library.[26] A
non-selective hydrolysis weans away weakly bound inhibitors. An itera-
tive addition of fresh activated esters recycles the sulfonamide-containing
amino acid. Each round of synthesis and destruction amplifies the
amount of best inhibitor at the expense of poorer ones. Optimization of
the relative synthesis and destruction rates yielded only the best-binding
library member.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1708 – 17161714


J. L. Gleason, R. J. Kazlauskas et al.



www.chemeurj.org





synthesis. The optimum cycle time removes all but the best-
binding compound, while keeping the yield as high as possi-
ble. Multiple cycles allow the yield to build up to a maxi-
mum of a stoichiometric amount compared to the receptor.


There are several potential advantages of pDCLs that
may make them useful for drug discovery. First, by combin-
ing the inherent thermodynamic selectivity of a receptor to-
wards a library of inhibitors of various strengths with a ki-
netic removal of weak binders, the selectivity of a receptor-
assisted combinatorial system can be vastly increased rela-
tive to a normal DCL. In addition, the particular receptor
type should not influence the success of these systems as it
does in RAS. Further, no lock-in reaction is needed as the
library members are synthesized irreversibly.


Further theoretical and experimental studies are essential
to evaluate the potential advantages of pDCLs relative to
other techniques. Importantly, the extension to large libra-
ries containing high diversity will be critical to its potential
success as a method for drug discovery. The key difference
between pDCLs and other methods is the destruction reac-
tion in pDCLs. When the library includes more tightly bind-
ing compounds, dissociation from the receptor may be
slower, thus, requiring longer reaction times for the destruc-
tion reaction to proceed. Some receptors may not be stable
long enough for this screening. Another design issue in
pDCLs is the nature of the kinetic destruction component.
It is not limited to peptide hydrolysis, but could include
other chemical reactions that destroy unbound library mem-
bers, or even physical separation steps that remove them.
Different types of library synthesis will require designing
new non-selective destruction methods to match.


Conclusion


Receptor-assisted combinatorial
chemistry is an emerging field
that can extend control of mo-
lecular evolution to small, or-
ganic molecules. It combines li-
brary synthesis and screening
into one step by making fo-
cused libraries in the presence
of the receptor. Thermodynam-
ics and kinetics control the am-
plification and selectivity of the
strongest-binding inhibitors in a
library. Thermodynamic control
often limits the amplification
and selectivity to the binding
constant differences. Kinetic
control can give high selectivity,
but it is harder to predict which
systems will succeed. By alter-
nating thermodynamic and ki-
netic control in pseudo-dynamic
libraries one gains the predicta-
bility of a thermodynamically


controlled system along with the high potential selectivity of
a kinetically controlled system.
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Optical Sensors Based on Hybrid DNA/Conjugated Polymer Complexes


Hoang-Anh Ho, Ma�t� B�ra-Ab�rem, and Mario Leclerc*[a]


Introduction


Intense research is being carried out worldwide with the
goal of developing rapid, simple, specific, and sensitive de-
tection tools for medical diagnostics and biomedical re-
search applications.[1–9] In this regard, many interesting opti-
cal and electrochemical transducers have been recently pro-
posed, including molecular beacons,[2] derivatized nanoparti-
cles,[3] redox-active nucleic acids,[4] and so forth.[5–9] Howev-
er, most of the available methods have the disadvantage of
requiring the chemical coupling of a photoactive, electroac-
tive, or radioactive tagging agent onto the target or the
probe prior to detection. Along these lines, we recently de-


veloped a new concept that utilizes a water-soluble, cationic
conjugated polymer as a “polymeric stain” that can specifi-
cally transduce the binding of an appropriate single-stranded
DNA probe (ss-DNA or oligonucleotides) to its target into
a clear optical (colorimetric or fluorometric) signal. This
simple, rapid, sensitive, and selective methodology is based
on conformationally flexible polyelectrolytes and comple-
mentary electrostatic interactions and does not require any
chemical modification on the probes or targets. This new
electrostatic methodology has already enabled the specific
detection of molecules of biological interest at the zepto-
mole level.


Nucleic Acid Detection


The sequence-specific detection of DNA is of central impor-
tance for genetic analysis to diagnose infections and various
genetic diseases. For this purpose, and on the basis of previ-
ous studies on thermochromic, solvatochromic, and affinity-
chromic (changing color upon binding) poly(3-alkoxy-4-
methylthiophene)s,[10] we designed and developed the fol-
lowing water-soluble, cationic polymeric transducer,
poly(1H-imidazolium-1-methyl-3-{2-[(4-methyl-3-thienyl)-
oxy]ethyl} chloride)[11,12] (Scheme 1). As expected, the re-
sulting cationic polythiophene derivative is soluble in aque-
ous solutions with a maximum absorption at 397 nm. This
absorption maximum, which is at a relatively short wave-
length, should be related to a random-coil (nonplanar or
nonconjugated) conformation of the polythiophene deriva-
tive, as any twisting of the conjugated backbone leads to a
decrease of the effective conjugation length. In contrast, in
the solid state, the maximum absorption wavelength is locat-
ed at 540 nm that is attributed to an aggregated (planar or
conjugated) form (Figure 1).


As with any water-soluble cationic polyelectrolytes, this
polythiophene derivative can form strong electrostatic com-
plexes with negatively charged oligomers and polymers. As
a proof-of-concept for the electrostatic sequence-specific de-
tection of oligonucleotides, we utilized four different nega-
tively charged oligonucleotides: a capture probe sequence
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(X1: 5’-CATGATTGAACCATCCACCA-3’), a perfect com-
plementary target (Y1: 3’-GTACTAACTTGGTAGGTGGT-
5’), a two-mismatch complementary target (Y2 : 3’-GTAC-
TAACTTCGAAGGTGGT-5’), and a one-mismatch comple-
mentary target (Y3 : 3’-GTACTAACTTCGTAGGTGGT-5’).
Upon addition of one equivalent (on a monomer unit basis)
of capture oligonucleotide X1, the yellow polymeric solution
(Figure 2A a and B a) becomes red (lmax =527 nm; Ab and
B b), because of the formation of a so-called duplex between
the polythiophene and the oligonucleotide probe
(Scheme 2). Such stoichiometric (neutral) polyelectrolyte
complexes (coacervates) tend to be insoluble in the medium
in which they are formed. These red-violet aggregates (prob-
ably formed from planar polymer chains) have an absorp-
tion spectrum similar to that obtained in the solid state.
After five minutes of mixing in the presence of one equiva-
lent of the complementary oligonucleotide Y1, the solution
again becomes yellow (lmax =421 nm, Figure 2A c and B c);
this change is presumably caused by the formation of a new
more soluble complex (Scheme 2) between the cationic
polymer and hybridized oligonucleotides. This new negative-
ly charged complex, called a triplex, was characterized by


circular dichroism measure-
ments, which revealed a right-
handed helical (twisted) orien-
tation of the polythiophene
backbone compatible with the
binding of the polymer to the
negatively charged phosphate
backbone of double-stranded
DNA.[11]


To verify the specificity of
this polymeric optical transduc-
er in the presence of imperfect
or incomplete hybridizations,
two different 20-mer oligonu-
cleotides differing by only one
or two nucleotides (but placed
around the middle of the
ssDNA) were investigated. A
very distinct, stable, and repro-
ducible UV-visible absorption
spectrum is observed in the
case of oligonucleotide target
with two mismatches Y2 (Figur-
e 2 B d) when compared to per-
fect hybridization (B c). In
some cases, it is even possible
to distinguish only one mis-
match (Figure 2Ae and B e).


Fluorometric detection of oli-
gonucleotide hybridization is
also possible, since the fluores-
cence of poly(3-alkoxy-4-meth-
ylthiophene)s is quenched in
the planar, aggregated form.[10]


Scheme 1. Synthesis of a cationic poly(3-alkoxy-4-methylthiophene).


Figure 1. Conformational changes and their corresponding UV-visible absorption spectra of cationic polythio-
phene: a) in an aqueous solution; b) in the solid state.


Figure 2. A) Photographs of 7.9 � 10�5
m (on a monomeric unit basis) solu-


tions of a) cationic polymer alone, b) polymer/X1 duplex, c) polymer/X1/
Y1 triplex, d) polymer/X1/Y2 mixture, and e) polymer/X1/Y3 mixture
after five minutes of mixing at 55 8C in 0.1 m NaCl/H2O. B) UV-visible
absorption spectra corresponding to the different assays of photograph
A. Reprinted with permission from reference [11], copyright (2002)
Wiley-VCH.
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For instance, at 55 8C, the yellow form of cationic polythio-
phene is fluorescent (quantum yield of 0.03 with a maximum
of emission at 530 nm, see Figure 3 curve a), but upon addi-
tion of one equivalent of a negatively charged capture oligo-
nucleotide probe X1 the fluorescence intensity decreases


and the maximum of emission is slightly red-shifted
(curve b). When hybridization with the perfect complemen-
tary strand Y1 takes place, the formation of the more solu-
ble and helical polymeric triplex leads to a fivefold rise in
fluorescence intensity (curve c). Interestingly, upon addition
of one (Figure 3 curve d) or even 100 equivalents (curve d’)
of the target oligonucleotide with two mismatches Y2, the
fluorescence intensity is not significantly modified. Oligonu-
cleotides with one mismatch can be discriminated (Figure 3
curve e). By measuring the fluorescence intensity at 530 nm
(without recording the entire emission spectrum) with a
dedicated fluorometer, a few hundred copies of either DNA
or RNA were specifically detected.[12] The turn-on of the
fluorescence intensity and the good stability of the electro-


static complexes should explain
this sensitivity comparable to
the best methods reported in
the literature so far.[2–9] Howev-
er, it must be pointed out that
the electrostatic approach ne-
cessitates the presence of
ssDNA targets only and will
suffer from interferences
coming from other poly-
electrolytes or double-stranded
(ds) DNA.


Ion Detection


To further investigate the po-
tential of this new concept, we


used artificial nucleic acid ligands (i.e., aptamers) that are
known to exhibit high affinity and selectivity against a varie-
ty of targets, including ions, small organic molecules, amino
acids, proteins, and so forth. RNA and DNA aptamers are
generally selected and generated by the so-called SELEX
procedure,[13,14] which involves repeated cycles of selection,
recovery, and amplification. The monovalent potassium
cation was our first target, because of its known fold-induc-
ing properties for several classes of nucleic acids.[15] In
agreement with our previous results, an aqueous solution of
the polythiophene alone shows a maximum of absorption
(lmax) around 400 nm (illustrations a in both panels of
Figure 4). A red color (lmax =527 nm) was observed in the
presence of LiCl (illustrations b), NaCl (illustrations c),
RbCl (illustrations e), and ss-DNA (X2 : 5’-


Scheme 2. Schematic description of the formation polythiophene/single-stranded nucleic acid duplex and poly-
thiophene/hybridized nucleic acid triplex.


Figure 3. Fluorescence spectrum of a 2.0� 10�7
m (on a monomeric unit


basis) solution of a) cationic polymer alone, b) polymer/X1 duplex,
c) polymer/X1/Y1 triplex, d) polymer/X1/Y2 mixture, d’) polymer/X1/Y2
(100 equivalents) mixture, and e) polymer/X1/Y3 mixture at 55 8C, in
10mm Tris buffer containing 0.1 m NaCl (pH 8). Reprinted with permis-
sion from reference [11], copyright (2002) Wiley-VCH.


Figure 4. A) Photographs and B) UV-visible absorption spectra of the
cationic polymer (2.9 � 10�9 mol on a monomer unit basis) in the presence
of X2 (1.9 � 10�10 mol of the 15-mer) and different salts in 100 mL of
water, at 25 8C. Reprinted with permission from reference [16], copyright
(2004) American Chemical Society.
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GGTTGGTGTGGTTGG-3’). This red shift is related to a
stoichiometric complexation between unfolded anionic ss-
DNA and the cationic polythiophene derivative (Scheme 3,


path A). However, the optical properties (illustrations d in
both panels of Figure 4) are different when potassium ions
are present. The formation of a quadruplex state of oligonu-
cleotide X2 stabilized by K+ allows polythiophene to wrap
this folded structure (Scheme 3, path B) through electrostat-
ic interactions. Moreover, similar results were observed
when the chloride counterion was replaced by a bromide or
an iodide anion, indicating the specificity of the detection
toward potassium cations.[16]


Protein Detection


Detection of the human a-
thrombin is also possible using
the same strategy, since
oligonucleotide X2 (5’-
GGTTGGTGTGGTTGG-3’) is
also known to be a specific
binding sequence (i.e. , an ap-
tamer) of this protein.[17] A con-
formational change occurs
when the aptamer binds to the
thrombin molecule. Both
NMR[18] and X-ray diffraction
studies[19] have revealed that
the aptamer adopts a compact
unimolecular quadruplex struc-
ture with two G-quartets.
Therefore, as shown in
Scheme 4, the specific detection
of human a-thrombin could be


realized due to the formation of a quadruplex structure of
the aptamer (X2).


The 1:1:1 complex formed between cationic polymer, ap-
tamer X2, and thrombin has the same orange color and UV-
visible absorption spectrum (Figure 5 curve b) as that in-
duced by K+ . The thrombin promotes the formation of
quadruplex form of the thrombin aptamer, and the cationic
polythiophene wraps around this quadruplex structure; this
wrapping seems to partially hinder the aggregation and pla-
narization of the positively charged polymer in the presence
of ssDNA X2 (Scheme 4, path A). It is worth noting that
only the stoichiometry of the aptamer (in terms of negative
charges) and of the polymeric transducer (in terms of posi-
tive charges) has to be balanced, whereas an excess of
thrombin does not influence its detection. In order to
verify the specificity of the detection, two control
experiments with a nonbinding sequence (X3 : 5’-
GGTGGTGGTTGTGGT-3’; Figure 5 curve c) and BSA
(bovine serum albumin; curve d) were carried out under
identical conditions. In both cases, an important red shift to-
wards the lower energy (lmax =505 nm) was observed, and
the color of these solutions was red-violet, a typical color of
the planar and highly conjugated structure of the polythio-
phene backbone when mixed with unfolded ssDNA
(Scheme 4, path B).


Once again, fluorometric detection of the human a-
thrombin is possible, since the fluorescence of poly(3-
alkoxy-4-methylthiophene) is quenched in the planar, aggre-
gated form. The yellow, random-coil form of polymer is flu-
orescent (Figure 6 curve a) with an emission maximum at
525 nm. With use of non-specific thrombin aptamer (X3)
(curve c) or the absence of human thrombin (curve d), the
red-violet, highly conjugated form has a much lower fluores-
cence intensity and the maximum of emission is red-shifted
(lem =590 nm). However, when the 1:1:1 complex (human


Scheme 3. Principle for the specific detection of potassium ions.


Scheme 4. Schematic description of the specific detection of human a-thrombin using ss-DNA thrombin ap-
tamer and cationic polythiophene.
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thrombin/specific thrombin DNA aptamer X2/polymer) is
formed (Figure 6 curve b), the resulting orange intermediate
form is less fluorescent than the yellow form, but more fluo-
rescent (ca. sixfold increase) than the red-violet form. This
higher intensity (turn on) of emission could be related to a
partially planar conformation of the polythiophene chain,
but with less aggregation of the chains. By using a standard
spectrofluorimeter, a detection limit of 2 � 10�15 mol (this is
a concentration of 1 � 10�11


m in 200 mL) of the human a-
thrombin was obtained.[16]


Enantiomer Detection


Finally, as a fourth example, we describe here an easy and
rapid methodology for the enantiomeric resolution of d-
and l-adenosine. This approach is based on the fact that two
stacked G-quartets are formed by mixing d-adenosine to the
aptamer X4 (5’-ATTATACCTGGGGGAGTATTGCG-
GAGGAAGGTATAAT-3’), which is not the case with l-ad-
enosine.[20]


As usual, the cationic polythiophene gives a yellow color
in an aqueous solution with a maximum absorption at
397 nm (Figure 7 curve a). Then, since l-adenosine is not


supposed to induce a conformational change of the aptamer
X4, the cationic polythiophene should bind to the aptamer
and lead to the formation of a duplex. As expected, when
the polymer is put in the presence of both the aptamer X4
and l-adenosine, the aqueous solution becomes red with a
maximum of absorption at 500 nm (Figure 7 curve b). In
contrast, a maximum of absorption at 410 nm (with still a
shoulder near 500 nm) is observed when the cationic poly-
thiophene is added to a solution containing d-adenosine and
its aptamer X4 (curve c).


Since fluorescence spectroscopy is more sensitive than
UV-visible absorption spectroscopy, the emission properties
of the cationic polymer can also be used in this case to
detect small quantities of d-adenosine. The yellow aqueous
solution of the cationic polythiophene is fluorescent with a
maximum of emission at 525 nm (Figure 8 curve a). When l-
adenosine is put in presence of aptamer X4, the fluores-
cence of the optical transducer is red-shifted and quenched
(curve b). In the case of the complexation between d-adeno-
sine and the aptamer X4, a partial recovery of the fluores-
cence of the cationic polymer is observed (Figure 8 curve c).
The limit of detection obtained by using a standard spectro-
fluorimeter is about 2 � 10�14 mole of d-adenosine in a total
volume of approximately 200 mL.


Conclusion


These four examples of specific detections with hybrid
DNA/polythiophene complexes have clearly shown the


Figure 5. UV-visible absorption spectra corresponding to the different
assays recorded at 5 8C: a) Polymer alone in water; b) Complex(1/1/1):
human thrombin/specific thrombin DNA aptamer (X2)/polymer; c) mix-
ture: human thrombin/nonspecific thrombin DNA aptamer (X3)/poly-
mer; and d) mixture: BSA/specific thrombin DNA aptamer (X2)/poly-
mer. Reprinted with permission from reference [16], copyright (2004)
American Chemical Society.


Figure 6. Fluorescence spectra of a) polymer, b) human thrombin/X2/
polymer complex, c) human thrombin/X3/polymer mixture, and d) X2/
polymer complex in water, measured at 5 8C. Reprinted with permission
from reference [16], copyright (2004) American Chemical Society.


Figure 7. UV-visible absorption spectra of a) the cationic polymer (1.08 �
10�7 mol) in water (200 mL) at 5 8C; b) a mixture of l-adenosine (2.9 �
10�9 mol), DNA d-adenosine aptamer X4 (1.08 � 10�7 mol based on mon-
omeric negative charge or 2.9� 10�9 mol of 37-mer) and polymer (1.08 �
10�7 mol based on charge unit) in water (200 mL) at 5 8C; and c) a mix-
ture of d-adenosine (2.9 � 10�9 mol), DNA d-adenosine aptamer X4
(1.08 � 10�7 mol based on monomeric negative charge or 2.9� 10�9 mol of
37-mer) and polymer (1.08 � 10�7 mol based on charge unit) in water
(200 mL) at 5 8C.
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great potential of this new, rapid, specific, sensitive, and ver-
satile electrostatic approach. This methodology does not re-
quire any chemical modification of the probes or the analy-
tes and is based on conformational modifications of the con-
jugated backbone of a cationic poly(3-alkoxy-4-methylthio-
phene), when mixed with single-stranded DNA and an ap-
propriate target. This electrostatic concept could therefore
be adapted[11, 12,16, 21] to provide various inexpensive means
for the rapid detection and identification of target nucleic
acids, proteins, or other biological molecules as well as inter-
esting tools for high-throughput screening for drug discov-
ery.
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Figure 8. Fluorescence spectra of a) the cationic polymer (1.08 � 10�7 mol)
in water (200 mL) at 5 8C; b) a mixture of l-adenosine (2.9 � 10�9 mol),
DNA d-adenosine aptamer X4 (1.08 � 10�7 mol based on monomeric neg-
ative charge or 2.9 � 10�9 mol of 37-mer), and polymer (1.08 � 10�7 mol
based on charge unit) in water (200 mL) at 5 8C; and c) a mixture of d-ad-
enosine (2.9 � 10�9 mol), DNA d-adenosine aptamer X4 (1.08 � 10�7 mol
based on monomeric negative charge or 2.9� 10�9 mol of 37-mer), and
polymer (1.08 � 10�7 mol based on charge unit) in water (200 mL) at 5 8C.
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Organic Intercalation Material: Reversible Change in Interlayer Distances by
Guest Release and Insertion in Sandwich-Type Inclusion Crystals of Cholic
Acid


Kazunori Nakano,[a] Kazuki Sada,[b] Kenji Nakagawa,[c] Kazuaki Aburaya,[c]


Nungruethai Yoswathananont,[c] Norimitsu Tohnai,[c] and Mikiji Miyata*[c]


Introduction


Intercalation and deintercalation are defined as phenomena
of reversible insertion, release, and exchange of guest mole-
cules into or from the interlayer region of an inorganic, lay-


ered host framework.[1] With the movements of the guests,
the interlayer distances between the layered host frame-
works vary with the steric dimensions of the incorporated or
released guests; however, the layered host frameworks are
preserved during the guest movements, because they are
formed by robust two-dimensional ionic or covalent net-
works. These phenomena are ubiquitous for inorganic, lay-
ered intercalation materials such as graphite, clays, and lay-
ered metal phosphates.[2] However, in organic crystalline
materials, the intercalation and deintercalation by opening
and closing the layered structures are quite rare.[3–6] This is
in contrast to recent extensive studies of nanoporous crystal-
line materials based on three-dimensional organic host
frameworks[7–11] or three-dimensional metal–organic frame-
works[12] that retain nanoporosity upon evacuation of the in-
cluded component molecules. We report here the intercala-
tion and deintercalation of the sandwich-type inclusion crys-
tals of cholic acid (CA) as a new example of organic interca-
lation materials.


CA is one of the commercially available steroids, and for-
mation of its inclusion compounds has been extensively in-
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Abstract: Cholic acid (CA) forms in-
clusion crystals that have a sandwich-
type lamellar structure constructed by
the alternative stacking of host bilayers
and guest layers. Five disubstituted
benzenes, o-toluidine, m-fluoroaniline,
o-chlorotoluene, o-bromotoluene, and
indene, are accommodated in the two-
dimensional void space between the
host bilayers at 1:2 host–guest stoichio-
metries. Thermal gravimetric analysis
of the inclusion crystals revealed that
all the guest molecules, except o-tolui-
dine, are released in two separate
steps, indicating the formation of inter-


mediate crystals after the first guest re-
lease. Adequate heat treatment of the
four inclusion crystals induces release
of half or three quarters of the guest
molecules. X-ray diffraction patterns of
the intermediate crystals revealed that
the crystals have a bilayer structure the
same as those of the common CA in-
clusion crystals. They have one-dimen-
sional cavities, in which the guest mole-


cules are included at a 1:1 or 2:1 host–
guest stoichiometry. These facts indi-
cate that the host bilayers move 1.6–
4.5 � perpendicular to the layer direc-
tion by desorption of the guest mole-
cules. Furthermore, a reverse structural
change is also achieved by absorption
of the guest molecules to regenerate
the starting sandwich-type inclusion
crystals. This reversible change in the
host bilayer by the guest sorption and
desorption is a novel example of organ-
ic intercalation materials.


Keywords: cholic acid · hydrogen
bonds · inclusion compounds · inter-
calations · layered compounds
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vestigated.[13–17] Guest molecules in CA include a wide range
of organic compounds such as aromatic compounds, small
aliphatic alcohols, ketones, esters, and so on. X-ray crystallo-
graphic studies revealed that CA usually forms bilayer-type


structures, as shown in Figure 1. This structure consists of
hydrophilic and lipophilic layers that alternately stack
through hydrogen-bonding of the steroidal a-faces and the
lipophilic steroidal b-faces; a one-dimensional void space, a
molecular channel, runs through the lipophilic layers to ac-
commodate the guest molecules.[13a] On the other hand, Shi-
bakami and co-workers recently reported that a CA inclu-
sion crystal with m-fluoroaniline has a unique sandwich-type


structure with a two-dimensional void space.[16a] In the sand-
wich-type structure, CA forms the same host bilayers as
those in the bilayer-type, but the guest molecules are sand-
wiched between the host bilayers. Consequently, the inter-
layer distance is wider than that of the bilayer-type due to
accommodation of the guest molecules. This prompted us to
investigate the reversible change in the interlayer distances
by guest insertion and release.


Results and Discussion


Survey of guests that form the sandwich-type structures : To
survey the guests that form the sandwich-type structures, we
investigated the formation and crystal structures of the in-
clusion crystals of CA with various disubstituted benzenes.
Among the thirty guest candidates,[18] five disubstituted ben-
zenes, o-toluidine (1), m-fluoroaniline (2), o-chlorotoluene
(3), o-bromotoluene (4), and indene (5), formed sandwich-
type inclusion crystals with CA at 1:2 host–guest ratios.


Only the crystal structure of CA·2 has been reported pre-
viously.[16a] The X-ray crystal structures of all the host–guest
complexes are depicted in Figure 2. The host framework is
constructed from the bilayers of the host molecules, and the
guest molecules are accommodated in the two-dimensional
void space between the lipophilic layers. In the hydrophilic
layer of the host bilayer, a cyclic hydrogen-bond network is
formed in the sequence of OH(C3), OH(C7), OH(C12),
and CO2H(C24) from four different host molecules, as
shown in Figure 3, and the hydrogen-bond lengths are sum-
marized in Table I (Supporting Information). This network
tightly connects the host molecules along the two directions
and is the same as that of the common bilayer-type structure
of CA inclusion crystals.[13a] In addition to the cyclic hydro-
gen-bond network, the amino group of the guest molecules
in CA·1 and CA·2 interact weakly with the cyclic networks;
this is a similar situation to that found for the CA inclusion
crystal with aniline.[16a]


The five guests incorporated in the sandwich-type struc-
ture have two main molecular features; 1) 1,2-disubstituted
benzenes, except 2, and 2) molecular volumes in the narrow
range of 95–124 �3. However, these factors are not prereq-
uisite for the sandwich-type structure. Thermal gravimetry
(TG) and powder X-ray diffraction revealed that the other


Abstract in Japanese:


Figure 1. Typical bilayer-type crystal structure with one-dimensional
cavity. Hydrophilic layers are shadowed.
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seven 1,2-disubstituted benzenes (o-xylene, o-fluorotoluene,
o-fluoroaniline, 1,2-dicholorobenzene, 1,2-dibromobenzene,
indane, salicylic acid), which have similar steric dimensions,


are accommodated in the bilay-
er-type structures in 1:1 or 2:1
host–guest ratios. These facts
suggest that a subtle difference
in size, shape, and polarity in
the guests affects the host
frameworks.


Stepwise guest release from the
sandwich-type inclusion crys-
tals : Table 1 shows the TG
result for the five sandwich-
type inclusion crystals. All the
guest molecules are completely
released up to 130 8C, and the
total observed weight-loss
amounts correspond to those
calculated from each inclusion
crystal in 1:2 host–guest ratios.
Interestingly, they exhibit two
separate endothermic peaks at
two different temperatures as-
cribed to the guest release; the
first and second are in the
range of 67–82 8C and 112–
122 8C, respectively. The
weight-loss amounts during the
first and second stages on the
TG curve are dependent on the
guests. Figure 4a shows the TG
curve for CA·3, in which the
guest molecule is released in
two steps; three quarters of the
whole weight-loss occurs during
the first stage (50–90 8C), and
the rest during the second stage
(90–120 8C). The first weight-
loss corresponds to a change in
the host–guest ratio from 1:2 to
2:1, and the second one is the
guest-free crystal of CA. Simi-
lar TG curves are observed in
the inclusion crystals of CA·4
and CA·5, as shown in Fig-
ure 4b and c. In the case of
CA·2, only half is reduced
during the first stage (60–
90 8C), and the rest during the
second stage (90–120 8C), as
shown in Figure 4d, which indi-
cates formation of the 1:1 inclu-
sion crystal after the first stage.
On the other hand, the TG
curve of CA·1 is unclear as to


whether the weight-loss is one step or two steps,[19] as shown
in Figure 4e, although the two endothermic peaks are clearly
observed.


Figure 2. Crystal structures of CA with a) 1, b) 2, c) 3, d) 4, and e) 5. The figures are viewed down along the
crystallographic b axis. Hydrogen atoms are omitted for clarity. The carbon, nitrogen, oxygen, and halide
atoms are represented by open, dotted, filled, and shadowed circles, respectively.


Figure 3. Hydrogen-bond networks of CA with a) 1, b) 2, and c) 3. The carbon, nitrogen, and oxygen atoms
are represented by open, dotted, and filled circles, respectively.
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Deintercalation of the guest from sandwich-type inclusion
crystals : The two-step release of the guest molecules by
heating led us to identify the intermediate state[20,21] between
the sandwich-type crystals and guest-free crystals. To isolate
the intermediate state, we optimized the heat conditions for
the guest release by changing the heating times. The inclu-
sion crystal of CA·3 was heated at the first guest-release
temperature (72 8C) for two minutes, ten minutes, and three
hours. Figures 4a and 5a–e show the TG curves and X-ray
diffraction patterns for the crystals, respectively. After heat-


ing for two minutes, the guest is still released at 40–80 8C on
the TG, suggesting that the time for heating is too short. At
this stage, the XRD patterns have already changed (Fig-
ure 5b). When heated for ten minutes, the resulting crystal
released the guest molecule in only one step at 114 8C, and
the weight-loss observed is 12 %, as shown in Table 1. The
thermal behavior is similar to that of the second step in the
starting inclusion crystal. This indicates transformation to
the intermediate inclusion crystal at the 2:1 host–guest ratio,
which is also confirmed by the 1H NMR spectrum. More-


over, the XRD measurements
demonstrated that the crystal
has a completely different dif-
fraction pattern (Figure 5c)
from that of the starting sand-
wich-type crystal, indicating
that the guest release by heat-
ing induces the structural
change in the host framework.
When heated for three hours,
the crystal has a reduced
amount of weight-loss (6 %)
than the second step, indicating
the inclusion crystal changes to
the guest free crystal. This is
supported by the X-ray diffrac-
tion pattern after three hours
(Figure 5d), which has the
mixed pattern of the intermedi-
ate crystal and the guest-free
crystal. The prolonged heating
for more than 24 h produced
the guest-free crystal,[4] con-
firmed by TG and XRD (Fig-
ure 5e). As a result, heating for
ten minutes at the guest-release
temperature is the best condi-
tion to produce the intermedi-
ate inclusion crystal. In the
same way, the 2:1 intermediate
inclusion crystals of CA·4 and
CA·5 were obtained from the
sandwich-type 1:2 inclusion
crystals. The resulting crystals
have XRD patterns (Figure 5f
and g) similar to the intermedi-
ate crystal from CA·3, indicat-


ing that they have identical host frameworks. Although the
crystal of CA·2 also produces the intermediate crystal with
the same heat treatment, the resulting crystal has a 1:1 host–
guest ratio confirmed by TG (Figure 4d) and 1H NMR spec-
troscopy. The XRD pattern of the intermediate crystal of
CA·2 (Figure 5k) is different from that of the intermediate
inclusion crystals of the above three guests. In contrast to
the four crystals, the intermediate crystal is not isolated
from CA·1 owing to the unclear thermal behavior of the
weight-loss. The various heat treatments produce a mixture


Table 1. Release temperature (Tr), weight-loss (M), and host–guest
(H:G) stoichiometry for original and intermediate crystals.


Original crystal Intermediate crystal
Tr


[a] M[b] H:G Tr
[a] M[b] H:G


[8C] [%] [8C] [%]


o-toluidine (1) 67, 113 33 (34.4) 1:2 – – –
m-fluoroaniline (2) 68, 112 33 (35.2) 1:2 111 21 (21.4) 1:1
o-chlorotoluene (3) 72, 114 39 (38.3) 1:2 114 12 (13.4) 2:1
o-bromotoluene (4) 72, 117 46 (45.6) 1:2 119 19 (17.3) 2:1
indene (5) 82, 122 36 (36.2) 1:2 120 11 (12.4) 2:1


[a] Determined by DTA. [b] Calculated value is in parenthesis.


Figure 4. TG-DTA diagrams of inclusion crystals of CA with a) 3, b) 4, c) 5, d) 2, e) 1, and f) 3 after soaking
for seven days.
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of the original or guest-free crystal and an unknown crystal
that could be the intermediate crystal.


To reveal the host frameworks of the intermediate crys-
tals, we tried to analyze the structure of a single crystal by
X-ray crystallography. However, the transparent single-crys-
tal turned white after heating
because of the occurrence of
many cracks. As a result, the
host frameworks of the four in-
termediate crystals were deter-
mined by comparison of the X-
ray powder diffraction patterns
of the known inclusion crystals
of CA. The intermediate crys-
tals from CA·3, CA·4, and
CA·5 have diffraction patterns
similar to one of the poly-


morphic inclusion crystals of CA·o-xylene (Form II)[13g] ob-
tained by recrystallization (Figure 5h). We have already re-
vealed the crystal structure of this form by X-ray crystallog-
raphy, as shown in Figure 6a. This form is the bilayer-type
structure that has been observed in various inclusion crystals


of CA.[13–16] The guest molecule, o-xylene, is accommodated
in the one-dimensional channel at the 2:1 host–guest ratio,
which is in agreement with the ratios of these three inter-
mediate crystals. On the other hand, the intermediate crystal
from the CA·2 has an XRD pattern identical to the CA·ani-
line inclusion compound obtained by recrystallization (Fig-
ure 5l). Figure 6b shows the crystal structure, which is also a
bilayer-type structure.[16c] The guest molecules are incorpo-
rated in the molecular channel at the 1:1 host–guest ratio,
which is in agreement with that of the intermediate crystal
of CA·2. These results indicate that the heat treatment
changed the sandwich-type to the bilayer-type structure with
the release of the guest molecules.


Figure 7 shows a schematic representation of the structur-
al change, in which the guest release closes the two-dimen-
sional host cavity between the host bilayers. To clarify the
structural change, two interlayer distances, I1 and I2, are in-
troduced, and these values are summarized in Table 2. The
former can be derived from the crystal data. The interlayer
distances I1 correspond to the (100) plane for the sandwich-
type crystal of CA·1 and CA·2, the (001) plane for CA·3,
CA·4, and CA·5, and the (101̄) plane for the bilayer-type
crystals of CA (see Figures 2 and 6). The XRD diffraction
peaks corresponding to I1 are marked, as shown in Figure 5,
whereby the peaks of the intermediate crystals are on the
higher angle side than those of the starting crystals. The in-
terlayer distances I1 of CA·3, CA·4, and CA·5 decrease by


Figure 5. X-ray diffraction patterns of inclusion crystals; a) CA·3, b) after
heating for two minutes, c) for ten minutes, d) for three hours, e) for
24 h, f) CA·4 after heating for ten minutes, g) CA·5 after heating for ten
minutes, h) CA·o-xylene (Form II), i) intermediate crystal of CA·3 after
soaking, j) CA·2, k) after heating for ten minutes, l) CA :aniline, and m)
intermediate crystal of CA·2 after exposure for one month. Peaks corre-
sponding to I1 are marked.


Figure 6. Molecular packing diagrams of CA with a) o-xylene (Form II)
and b) aniline. The carbon, nitrogen, and oxygen atoms are represented
by open, dotted, and filled circles, respectively. The hydrogen atoms are
omitted for clarity.


Figure 7. Schematic representation of reversible structural change of CA by heating and soaking. Host bilayers
are shadowed.
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4.36–4.53 � (DI1) through heating, while that of CA·2 de-
creases by only 1.61 �. This is due to the difference in the
side-chain conformation[13a] of the host molecule in the start-
ing and intermediate crystals. In contrast to DI1, all the crys-
tals have similar values of DI2 (2.87–3.48 �), which corre-
sponds to the subtraction of the interlayer distances between
opposite sides of the steroidal skeletons.[22] These values
agree with the thickness of the aromatic guest molecules in-
corporated in the layers. Before and after the heat treat-
ment, the host bilayers are preserved due to the robust hy-
drogen-bond network among the host molecules. Therefore,
we believe that the structural change with guest release
from the sandwich-type to bilayer-type inclusion crystals is a
rare example of deintercalation from organic crystalline ma-
terials. On the other hand, the guest release from the inter-
mediate bilayer-type to guest-free crystals accompanies the
drastic change in the host frameworks and hydrogen-bond
networks that closes the molecular channels.


Intercalation into the bilayer-type intermediate inclusion
crystals : The successful deintercalation from the sandwich-
type crystals prompts us to investigate the reverse process;
the insertion of the guest molecules into closed host bilay-
ers.[4,20,23] Since the CA are sparingly soluble in these guests
except for 2, the intermediate bilayer-type crystals were
soaked into each liquid guest at room temperature. The
weight-loss of the resulting crystal of CA·3 upon TG rose to
28 % after soaking for one hour, and then reaches 31 %
after incubation for seven days, as shown in Figure 4f. The
TG diagram demonstrates that the two endothermic peaks
at 72 and 116 8C are ascribed to the guest release. Figure 5i
shows the X-ray diffraction pattern of the crystal after soak-
ing for seven days. This pattern is assigned mostly to the
sandwich-type crystal and partially to the intermediate bi-
layer-type crystal. The intermediate crystals of CA·4 and
CA·5 have similar insertions of the guest molecules. The X-
ray diffraction patterns of the two crystals after soaking for
seven days are assigned to the starting crystals and a small
amount of the intermediate crystals. This is also supported
by the TG results; the observed weight-losses after soaking
are 32 and 33 % for CA·4 and CA·5, respectively. The three
crystals after the soaking correspond to nearly 1:2 host–
guest ratios, which were also confirmed by 1H NMR spectro-
scopy. During the soaking in the guests, the crystal habits
were essentially unchanged in all these cases, and the guest


insertion occurred without dis-
solution and recrystallization of
CA. In the case of CA·2, the in-
termediate crystal was exposed
to the saturated vapor of the
guest due to the high solubility
of CA. Figure 5m shows the dif-
fraction pattern of the resulting
crystal after exposure for one
month, which is very similar to
that of the starting sandwich-
type crystal (Figure 5j). Ther-


mal analysis revealed regeneration of the starting crystal
that has a 31 % weight-loss with the two endothermic peaks
at 67 and 118 8C. These results indicate that the guest mole-
cules are inserted between the host bilayers, and the inter-
layer distances increase back to those of the starting sand-
wich-type structures (Figure 7). Furthermore, we confirmed
that the intercalation and deintercalation processes can be
repeated several times over. Therefore, the sandwich-type
inclusion crystals of CA exhibit intercalation and deinterca-
lation of the guest molecules similar to inorganic layered
crystals.


Conclusion


We described the reversible insertion and release of the
guest molecules in CA inclusion crystals by interconversion
between a sandwich-type structure and a bilayer-type struc-
ture. These movements of the guest molecules change the
interlayer distances, but do not change the two-dimensional
layered host frameworks as a result of the robust hydrogen-
bond networks. This dynamic behavior associated with the
opening and closing of the two-dimensional host cavity is
similar to the intercalation and deintercalation phenomena
observed in inorganic layer crystals. This system is a quite
rare example of an organic intercalation material, as host
frameworks in nanoporous organic materials generally col-
lapse during desorption of guest molecules. We believe that
this finding promotes further studies for controlling the dy-
namic behavior of the guest compounds in the two-dimen-
sional host cavities constructed by organic layered crystals.
Investigation of the intercalation phenomena with other or-
ganic host compounds is currently in progress.


Experimental Section


General methods : All chemicals and solvents were commercially availa-
ble and used without purification. Differential thermal analysis (DTA)
and thermal gravimetry (TG) were performed on a SEIKO TG/DTA 200
system; ca. 10 mg of the inclusion crystals was heated from 30 to 230 8C
at a rate of 5 8C min�1. The 1H NMR spectra were measured at 23 8C by
using a JEOL 400 MHz spectrometer. The volumes of the guest mole-
cules were calculated from the Macromodel.


Table 2. Interlayer distances of I1 and I2.


I1sc
[a] [�] I1int


[b,c] [�] DI1 [�] I2sc
[d,e] [�] I2int


[f] [�] DI2 [�]


o-toluidine (1) 13.84 – – 8.19 –
m-fluoroaniline (2) 13.53 11.92 1.61 7.91 5.04[g] 2.87
o-chlorotoluene (3) 14.97 10.61 4.36 8.47 5.05[h] 3.42
o-bromotoluene (4) 15.05 10.58 4.47 8.53 5.05[h] 3.48
indene (5) 15.06 10.53 4.53 8.57 5.05[d] 3.52


[a] I1sc = I1 of starting crystal. [b] I1int = I1 of intermediate crystal. [c] Determined by XRD. [d] I2sc = I2 of starting
crystal. [e] Distance between C(13) and C(15) is adopted. [f] I2int = I2 of intermediate crystal. [g] Distance be-
tween C(11) and C(15) in the crystal of CA·aniline is adopted. [h] Distance between C(11) and C(15) in the
crystal of CA·o-xylene is adopted.
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Preparation of inclusion crystals


Method A : CA (200 mg) was dissolved by warming in 1 (0.5 mL) and in 2
(1 mL), and the resulting solution was allowed to stand at room tempera-
ture. The needlelike crystals were collected and dried on filter paper.


Method B : Since the other three guests do not have a sufficient solubility
for CA, 1-butanol was used as the solvent. CA (130 mg) was dissolved
with warming in the 1-butanol (0.4 mL), and the liquid guest (1 mL) was
poured into the resulting solution. The crystals were isolated in the same
manner as in Method A.


Determination of single-crystal structures by X-ray crystallography : X-
ray diffraction data were collected on a Rigaku AFC-7R four-circle dif-
fractometer or a Rigaku RAPID imaging plate with two-dimensional
area detector and graphite-monochromatized MoKa radiation. All the
crystallographic calculations were performed with the TEXSAN software
package from the Molecular Structure Corporation.[24] Each crystal struc-
ture was solved by direct methods (SIR-92, SIR88, or SHELXS86), and
refined by the full-matrix least-squares method. All non-hydrogen atoms
were anisotropically refined. Hydrogen atoms were located in idealized
positions and were not subjected to further refinement. In the case of
CA·1, X-ray diffraction study was performed at 93 K, but the aromatic
ring of 1 in interlayer distorted due to static disorder. We constrained the
structure and advanced the analysis because the slight difference of the
ring conformation was irrelevant for this discussion.


CCDC-245785 to CCDC-245789 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 CB2 1EZ, UK;
fax: (+44) 1223-336-033; or deposit@ccdc.cam.uk).


Determination of crystal structures by powder X-ray diffraction : The
structures of the crystals after heating or soaking were determined by X-
ray powder diffraction (Rigaku RINT-1100) at room temperature. Dif-
fraction patterns of the 2q angle in degrees with relative intensity in pa-
renthesis are as follows.


Crystals after heating for ten minutes


CA·2 : 7.13 (34), 7.41 (40), 11.92 (9), 12.40 (33), 12.89 (17), 13.19 (21),
14.84 (100).


CA·3 : 7.51 (6), 8.33 (40), 10.80 (2), 12.75 (35), 13.33 (4) 14.20 (7), 14.52
(3).


CA·4 : 7.50 (2), 8.35 (20), 10.88 (1), 11.24 (1), 12.82 (27), 13.38 (4), 14.00
(6), 14.51 (4).


CA·5 : 7.36 (35), 8.39 (50), 10.85 (2), 12.81 (56), 13.40 (3), 13.97 (15),
14.48 (5).


Crystals after soaking for seven days or exposing for one month


CA·2 : 5.71 (5), 6.42 (34), 7.25 (26), 9.73 (19), 11.40 (16), 12.48 (10), 12.86
(20), 13.37 (7), 14.86 (10).


CA·3 : 5.85 (41), 6.82 (4), 7.74 (6), 8.04 (2), 9.75 (2), 11.14 (4), 11.71 (25),
12.54 (6), 12.98 (8), 13.18 (12), 13.34 (13), 13.73 (10), 14.97 (17).


CA·4 : 5.87 (100), 6.89 (17), 7.25 (13), 8.29 (20), 9.73 (5), 11.24 (9), 11.74
(38), 12.59 (13), 12.87 (25), 13.10 (11), 13.83 (10), 14.89 (22).


CA·5 : 5.81 (3), 6.78 (3), 7.75 (18), 9.78 (3), 11.04 (10), 11.64 (5), 13.01
(10), 13.28 (42), 13.74 (7), 14.94 (27).
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Ellipticity: A Convenient Tool To Characterize Electrocyclic Reactions


Carlos Silva L�pez,[a] Olalla Nieto Faza,[a] Fernando P. Coss�o,[b] Darrin M. York,[c] and
Angel R. de Lera*[a]


Electrocyclic reactions[1] are the subset of pericyclic reac-
tions that involve the cyclization of an n–p electron system
to an (n�1)–p + 1–s electron system and the reverse proc-
ess. Electrocyclization/ring-opening reactions are enjoying
renewed interest by the synthetic community and have been
recently used as steps in cascade pericyclic reactions for the
construction of complex natural products.[2–5] From a theo-
retical perspective, pericyclic reactions are usually character-
ized by means of descriptors related with the aromatic char-
acter of their transition states, in line with Zimmermann�s
model[6,7] (Table 1). In this regard, magnetic susceptibility
and nucleus independent chemical shifts (NICS)[8] have
been widely used to identify reactions involving transition
states that exhibit aromaticity.[9,10] Natural bond orbital
(NBO)[11] analysis has also become a general method for
characterizing pericyclic reactions.[9,10,12–16]


Controversy arises when the computed values of the
above magnitudes lie in borderline regions, which is


common for non-prototypical-hydrocarbon systems, leading
to ambiguous characterizations.[9,16] Estimation of aromatici-
ty by means of magnetic criteria would be one of the most
convenient tools to describe these reactions, but the way to
interpret the current calculations of aromaticity is still sub-
ject to debate.[17–20] Other widely employed tools such as
population analysis present the problem of the arbitrary par-
titioning of the density matrix. Furthermore, an analysis
based on localized orbitals is far from adequate to describe
transition structures whose orbitals are essentially diffuse.
Thus, no unambiguous criteria has been published to ascer-
tain the nature of several of these intriguing rearrange-
ments.[21]


Here we propose that the ellipticity, which is obtained by
topological analysis of the electron density and therefore
reliant on a non-arbitrarily modified physical observable, is
an unambiguous tool to characterize the nature of electro-
cyclic reactions. This method is based on the topological
analysis of the electron density[22] along the reaction path-
way. Critical points of the electron density unequivocally
define positions of the space associated with nuclei, bonds,
rings, and cages depending on the rank and the signature of
the matrix of the second derivatives of 1(r) (i.e. the Hessian
of 1(r)).


Critical points whose Hessian satisfies rank= 3 and signa-
ture=�1 define bonds (BCP, bond critical points).[22] These
mathematical requirements merely reflect the chemist�s in-
tuitive view of how the density develops around a bond. At
the BCP the electron density is a minimum along the line
linking both atoms (the bond direction) and maxima in the
remaining two normal directions (Figure 1). Ellipticity, e, is
defined as Equation (1), where l1 and l2 are the negative ei-
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pseudopericyclic reactions
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characterize electrocyclic reactions. The study of the electron density offers several
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genvalues of the Hessian of the electron density at the BCP,
ordered such that l1<l2<0<l3.


e ¼ l1=l2�1 ð1Þ


The ellipticity at the BCP can be interpreted as a measure
of the anisotropy of the curvature of the electron density in
the directions normal to the bond (a zero value indicates no
anisotropy), and therefore serves as a sensitive index to
monitor the p character of double bonds.[23] Moreover, the
ellipticity is robust since it provides sensitivity not only to
directional p-bonding but also to any lateral overlap per-
turbing the sigma bond symmetry (Figure 1).


The changes of the electron density in the bonding region
that occur in the course of a pure electrocyclic process are
mainly due to the lateral overlap of p bonds,[24] whereas
changes that occur in the course of a pseudopericyclic reac-
tion are due to the in-line overlap of disconnected orbitals
(see Scheme 2). The ellipticity at the bond critical point is a
direct measure of the degree to which the electron density is
unequally distorted in perpendicular directions away from
the bond axis (Figure 1). Hence, in the case of a pure pseu-
dopericyclic reaction, the in-line overlap does not produce
any such unequal distortion and results in a negligible value
of the ellipticity. Alternatively, for a pure electrocyclic reac-
tion, the lateral p-bond overlap leads to a considerable
excess distortion of the electron density in the direction of
the p bonds, and this in turn leads to a relatively large ellip-
ticity value. The simple physical connection afforded by the
ellipticity at the bond critical point makes it a robust, intui-
tive index for the characterization of electrocyclic and pseu-
dopericyclic reactions (Table 1).


The change of ellipticity
along the reaction path for
several selected electrocyclic
reactions (Scheme 1, series:
A, B, C, and D) is shown
in Figure 3. Calculations were
performed with Gaussian03[25]


at the B3 LYP/6–311+G(d,p)
level.[26–28] Minima and transi-


tion states were located for all the reactions and were char-
acterized by means of the diagonalized matrix of the second
derivatives. The intrinsic reaction coordinate (IRC)[29, 30] was
calculated in mass-weighted Cartesian coordinates in steps
of 0.1 amu1/2 bohr, and initial force constants were obtained
analytically.


Hydrocarbon electrocyclic ring closures (Scheme 1, series
A) involve the formation of a new s bond by lateral overlap
of two rotating atomic p orbitals. The electron density is
therefore highly asymmetric at the BCP at the early stages
of the reaction. Moreover, this lateral overlap is the major
contribution to the electron density as opposed to the prod-
uct energy minima, for which the s bond is the largest com-
ponent to the total electron density. Hence, the ellipticity is
expected to be much larger at these stages of the reaction
where the p orbitals initiate their rotation than in the
minima (Figure 2). As a bond develops the density at the
BCP gains s character and the values of the ellipticity are


Table 1. Characteristic properties of pericyclic and pseudopericyclic electrocyclizations.[a]


Reaction type Aromaticity Barrier p-orbital
array


Ellipticity
profile


Ellipticity
value


pericyclic di-rotatory high variable 0 disc. max large (>4)
pericyclic mono-rotatory medium variable 1 disc. max medium (~1)
pseudopericyclic low very low 2 disc. no max small (<0.5)


[a] Conventional indexes used to characterize pericyclic and pseudopericyclic reactions (presence of aromatici-
ty at the transition state, activation barrier, and number of disconnections in the cyclic array of overlapping or-
bitals), together with the ellipticity descriptors for these reactions proposed in the present work.


Figure 1. Schematic representation of the eigenvectors of the Hessian of
1(r) (u1, u2, and u3). The associated eigenvalues (l1, l2, and l3) are em-
ployed to calculate the ellipticity at the BCP between nuclei A (NA) and
B (NB).


Scheme 1. Series of ring-closure reactions studied by means of the ellip-
ticity of the electron density at the BCP between the termini atoms.
Series A presents classical electrocyclizations, whereas series B includes
reactions previously described as pseudopericyclic. Series C groups cycli-
zations of molecules that show one disconnection in the array of overlap-
ping orbitals. Series D presents three controversial reactions
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expected to decrease rapidly as the reaction progresses (see
Figure 3, structure a3). Consistent with this analysis, the el-
lipticity at the BCP of the forming s bond shows a defined
maximum (8.1 for a2, 15.4 for a3, and 3.9 for a4)[31] before
reaching the transition state. This general feature is inde-
pendent of the rotational preference (disrotatory in a2, a3,
and a4, and conrotatory in a1) of the cyclizing termini of the
reactant.[32]


Pseudopericyclic reactions have been defined by Lemal et
al[33] as concerted transformations whose primary changes in
bonding encompass a cyclic array of atoms, at one (or more)
of which nonbonding and bonding atomic orbitals inter-
change roles. The expression interchange roles means a dis-
connection in the cyclic array of overlapping orbitals due to
orthogonality (Scheme 2), and therefore these reactions
would be neither symmetry-allowed nor forbidden. From a
theoretical point of view, precise differentiation of pericyclic
and pseudopericyclic reactions proved challenging, since
both are concerted in nature, proceed with no intermediates,
and involve a shift in the p pattern of the reactant. In previ-
ous studies of these processes, Birney and co-workers con-
cluded that the prototypical pseudopericyclic reactions ex-
hibit three main features (Table 1):[34]


1) A pseudopericyclic reaction may be orbital-symmetry al-
lowed via a pathway that maintains the orbital discon-
nections, regardless of the number of electrons involved.


2) Barriers to pseudopericyclic reactions can be very low,
or even nonexistent.


3) Pseudopericyclic reactions will have planar transition
states if possible.[35]


Electrocyclizations depicted in series B of Scheme 1 con-
tain two orthogonal disconnections in the cyclic array of p


orbitals. The ring closure of b1 has been previously charac-
terized as pseudopericyclic,[36] and the isoelectronic system


b2 was expected to display analogous features. These reac-
tions are conceived to proceed through the in-line overlap
of two disconnected orbitals that are conveniently oriented
in the reactant. Regarding the electron density, pseudoperi-
cyclic reactions may be visualized as processes with higher
cylindrical symmetry in the bond formation region com-
pared to those described above. Ellipticity is expected to be
small in these reactions because of the predominant in-line
overlap which preserves the cylindrical symmetry of the
electron density along the full reaction path. Indeed, the
values displayed in Figure 3 for series B of cyclizations are
very small (lower than 0.5) compared to those for classical
electrocyclic reactions in series A. Furthermore, as the bond
is being formed, overlapping orbitals from both cyclization
termini gradually gain more s character, thus ellipticity


Figure 3. Ellipticity along the reaction coordinate of the concerted ring-
closures depicted in Scheme 1: di-rotatory pericyclic (top), mono-rotatory
pericyclic (middle), and pseudopericyclic (bottom). Note the scale of the
upper plot (di-rotatory electrocyclizations, series A) is ten times that of
the lower two plots below it (mono-rotatory electrocyclizations and pseu-
dopericyclic reactions).


Scheme 2. Schematic representations of the p-orbital arrays in reactants
of series A, B, and C. The disconnections (see text) between orthogonal
orbitals are shown in black.


Figure 2. Representation of the anisotropy of the electron density at the
bond critical point (BCP) for structures a3, c2, d2, and d3 corresponding
to the reaction coordinate value of �1 amu1/2 bohr. The green ellipse
shown at the BCP between the bonding atoms reflects the anisotropy of
the Hessian of 1(r) (the magnitude of the elliptical axes are proportional
to the eigenvalues of the Hessian).
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values decrease almost monotonically along the reaction co-
ordinate.


The presence of a heteroatom or a cumulene carbon atom
(series C) at only one of the cyclizing termini implies the in-
troduction of one disconnection (either a lone pair or an or-
thogonal p bond, according to Lemal�s definition) in the
array of orbitals (see Scheme 2). The consequence is a con-
siderable lowering of the ellipticity values along the IRC rel-
ative to those of the prototypical series A (values being
lower than 1.25 for reactions in series C, whereas they are
greater than 4 for all the structures in series A). The behav-
ior of the ellipticity within these reactions can be readily ex-
plained by the nearly cylindrical electron density around the
cumulene carbon atom or heteroatom. The result is a varia-
tion of the electron density in the directions normal to the
bond path reduced relative to electrocyclic series A.


From the comparative analysis of processes A to C sever-
al conclusions can be drawn. The use of ellipticity is appro-
priate to distinguish between pericyclic and pseudopericyclic
rearrangements (see Table 1). The wide range of reactions
studied here can be divided in two distinctive groups; those
that exhibit a maximum of ellipticity along the reaction
pathway and those whose ellipticity decreases monotonically
as the cyclization proceeds. The former is a feature which
groups together all the pericyclic rearrangements, whereas
the latter is exhibited by reactions previously described as
pseudopericyclic.[36] It can be observed that the values of el-
lipticity are also clearly different. Pseudopericyclic processes
show small values (always below 0.5) that decrease almost
parallel to each other. In contrast, the group of pericyclic re-
actions present maximum values larger than 1. Classical
neutral electrocyclizations show exalted ellipticity maxima
compared to electrocyclic reactions of systems with one ter-
minal cumulene or heteroatom, in which only one terminus
of the reaction is required to rotate (mono-rotatory electro-
cyclic reactions).


Ellipticity analysis of the controversial 2(Z)-hexa-2,4,5-tri-
enal and the corresponding imines (Scheme 1, series D) un-
equivocally shows that the behavior of the aldehyde d1 and
the (E)-Schiff base derivative d3 fit with that of the pseudo-
pericyclic reactions. The ellipticity shows no maximum along
the reaction profile and its values are smaller than 0.5. Fur-
thermore, representations for both d1 and d3 run almost
parallel to classical pseudopericyclic reactions b1 and b2.
On the other hand, (Z)-imine d2 exhibits a clear maximum
of 1.15 in the ellipticity, which lies in the range displayed by
molecules in series C. In fact, the (Z)-imine d2 presents the
same geometrical features as molecules in series C, that is,
one terminus of the cyclization (the N–H substituent) has to
rotate to achieve orbital overlap, whereas the other (the
allene) is already adequately oriented in the reactant.


Figure 2 shows an early stage (corresponding to �1amu1/2-
bohr to allow comparison) of the cyclization of representa-
tive systems of Scheme 1. The distortion of the electron den-
sity at the BCP is represented through an ellipse with axes
proportional to the eigenvalues of 1(r). For the classical hex-
atriene electrocyclic reaction a3 the rotating terminal C�


Hout and C�Hin bonds are aligned with the major and minor
axes, respectively. A considerably distorted electron density
is also observed for the mono-rotatory process c2 and d2,
for which the rotating C�Hin and N�H bonds run almost
perpendicular to the major axis of the ellipse. In contrast,
cyclization of the (E)-imine d3 maintains an almost circular
section of the electron density and has the major axis of the
ellipse nearly parallel to the N�H bond. The orientation of
the terminal hydrogen atoms is consistent among the entire
series of reactions in Scheme 1, and highlights the relevance
of light atoms as probes for the properties of transition
states of pericyclic reactions.[37]


In summary, the ellipticity of the electron density at the
bond critical point has been demonstrated to be a robust,
sensitive topological index for characterizing electrocycliza-
tions. This approach has three main advantages over the
evaluation of aromaticity and population analysis in the
transition state. First, since the electron density is a physical
observable, the present method avoids any arbitrary proc-
essing of the wave function (i.e., orbital localization or den-
sity matrix partition). Second, the electron density and its
topological properties are known to be fairly independent of
the basis set size.[38] Third, this method evaluates the elec-
tronic changes in the molecular complex along the full reac-
tion pathway, not only the stationary points. Although they
are the focus of most studies, very often stationary points lie
quite separated on the potential energy surface and there-
fore many changes in the electron density of the reacting
molecules that can take place between them can go unno-
ticed.[39] The ellipticity of the electron density at the BCP
has been shown to be extremely sensitive to changes in the
electron density, such as those generated by lateral or in-line
overlap, thus providing an unambiguous tool to describe
electrocyclic and pseudoelectrocyclic reactions.
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Structure Determination of Homoleptic AuI, AgI, and CuI Aryl/Alkylethynyl
Coordination Polymers by X-ray Powder Diffraction


Stephen S. Y. Chui, Miro F. Y. Ng, and Chi-Ming Che*[a]


Introduction


Electron rich d10 metal acetylide complexes have been re-
ceiving considerable attention due to their rich structural di-
versity,[1] intriguing photoluminescent properties,[2] as well as
potential applications in organic optoelectronics[3] and lumi-
nescence signalling.[4] Homoleptic [RC�CM] complexes con-
stitute a useful class of metal–acetylide precursor materials
for the syntheses of related organometallic complexes.[5] To
our knowledge, well-characterized homoleptic [RC�CM]
compounds are sparse in literature. In 1993, Weiss and co-
workers reported a [(tBuC�CCu)24] cluster.[6] Later the
gold(i) double-catenane complex [{(tBuC�CAu)6}2] was re-
ported by Mingos and co-workers.[7] Recently Mingos� group
also prepared an unprecedented rhombohedral silver(i) clus-
ter cage [(tBuC�C)12Au14X]Y by using various anionic tem-


plates (X=Cl, Br; Y= OH, BF4).[8] All these examples dis-
play diverse coordination modes and there are extensive in-
termolecular interactions between [RC�CM] units. Appar-
ently, the [(RC�CM)n] aggregates have a poor solubility
unless the R group is sterically encumbered. Many [(RC�
CM)n] compounds are therefore believed to have polymeric
structures, though these structures are poorly understood.


Past and recent developments in structure determinations
using X-ray powder diffraction data have become increas-
ingly important for intractable crystalline materials. Early
contributions in this field by Zachariasen and Ellinger,[9] Ko-
kotailo and Breck,[10] and Werner and Berg[11] had been wit-
nessed to tackle some of the difficult structural problems.
With the advances in radiation source, detector technology,
and computing algorithms, a wide range of unknown structures
of organic, inorganic, organometallic, and protein systems
have been determined by using powder diffraction data.[12]


To acquire insights on the structures of polymeric [(RC�
CM)n] solids, a program on structure determination from X-
ray powder diffraction data was initiated. Preliminary ex-
periments revealed that this class of [(RC�CM)n] com-
pounds could be polycrystalline with moderate X-ray dif-
fracting strength. Elemental analyses confirmed the phase
purity of the [(RC�CM)n] solids in accordance with their
formulations.[13] Herein we describe the structure determina-
tion of five unprecedented solid-state structures of [(RC�
CM)n] solids (R= tBu, M=Cu 1; R= nPr, M= Cu 2 ; R=Ph,
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HKU-CAS Joint Laboratory of New Materials and
Open Laboratory of Chemical Biology of The Institute of
Molecular Technology for Drug Discovery and Synthesis
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Abstract: This article describes the
structure determination of five homo-
leptic d10 metal–aryl/alkylacetylides
[RC�CM] (M =Cu, R= tBu 1, nPr 2,
Ph 3 ; R=Ph, M=Ag 4 ; Au 5) by using
X-ray single-crystal and powder dif-
fraction. Complex 1·C6H6 reveals an
unusual Cu20 catenane cluster structure
that has various types of tBuC�C!Cu
coordination modes. By using this
single-crystal structure as a starting
model for subsequent Rietveld refine-
ment of X-ray powder diffraction data,


the structure of the powder synthesized
from CuI and tBuC�CH was found to
have the same structure as 1. Complex
2 has an extended sheet structure con-
sisting of discrete zig-zag Cu4 subunits
connected through bridging nPrC�C
groups. Complex 3 forms an infinite


chain structure with extended Cu�Cu
ladders (Cu�Cu= 2.49(4)–2.83(2) �).
The silver(i) congener 4 is iso-structural
to 3 (average Ag�Ag distance 3.11 �),
whereas the gold(i) analogue 5 forms a
Au···Au honeycomb network with
PhC�C pillars (Au�Au=2.98(1)–
3.26(1) �). Solid-state properties in-
cluding photoluminescence, n(C�C)
stretching frequencies and thermal sta-
bility of these polymeric systems are
discussed in the context of the deter-
mined structures.


Keywords: alkyne ligands · chain
structures · layered compounds ·
structure elucidation · X-ray
diffraction
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M=Cu 3 ; R= Ph, M=Ag 4 ; and R=Ph, M=Au 5) using
laboratory X-ray powder diffraction data. We found that 1
possesses a Cu20 cluster structure, while 2–5 have either one-
or two-dimensional polymeric structures. Their solid-state
properties such as photoluminescence, thermal stability and
n(C�C) stretching frequencies have been recorded and are
discussed in connection to their structures.


Experimental Section


All starting materials were used as received without further purification.
Samples 1–5 were prepared according to published methods.[13] Single
crystals of 1 (ca. 5 %) were obtained by slow diffusion of 1:1 (v/v) etha-
nol/acetone mixture into benzene solution (2 mL) over one month. At-
tempts to obtain crystals of 2–5 with sizes suitable for structure determi-
nation were not successful, since the as-precipitated products were in-
soluble in common organic solvents. Elemental analyses were performed
at the Institute of Chemistry, Chinese Academy of Science in Beijing. El-
emental analysis calcd (%) for 1: C 49.82, H 6.23; found: C 49.46, H
6.29; elemental analysis calcd (%) for 2 : C 45.97, H 5.36; found: C 45.65,
H 5.33; elemental analysis calcd (%) for 3 : C 58.35, H 3.03; found: C
58.30, H 3.01; elemental analysis calcd (%) for 4 : C 45.97, H 2.39; found:
C 45.75, H 2.20; elemental analysis calcd (%) for 5 : C 32.24, H 1.68;
found: C 32.10, H 1.58.


Solid-state photoexcitation and emission spectra were recorded on Spex
Fluorolog Model I168 fluorescence spectrophotometer equipped with
Hamamatsu R-928 photomultiplier tube. Low-temperature (77 K) spectra
were recorded by immersing a quartz sample tube in a quartz Dewar
flask filled with liquid N2. FT-IR spectra (KBr) were collected on a Bio-
Rad FTS-7 Fourier transform infrared spectrophotometer (4000–


400 cm�1). Thermal gravimetric curves were recorded under nitrogen at-
mosphere using Perkin Elmer TGA7 Analyzer.


Intensity data of a capillary-sealed single crystal of 1 with size 0.5� 0.4�
0.05 mm3 was collected at 233 K on a Bruker Smart Apex CCD diffrac-
tometer with graphite-monochromated MoKa (l=0.71073 �) radiation.
Data reduction and absorption correction of the data were applied by
using the SAINT and SADABS routines,[14a] respectively. Structure so-
lution (SHELXS)[14b] was obtained by direct methods and the structure
refinement (SHELXL) was performed by full-matrix least-squares meth-
ods on jF2 j algorithm in SHELX-97 suite X-ray programs (ver-
sion 6.10).[14c]


All samples 1–5 were freshly prepared, dried, and ground into a fine
powder. Step-scanned X-ray powder diffraction data were collected on
Philips PW3710 powder diffractometer by using graphite-monochromat-
ed CuKa (l= 1.5406 �, Ni-filter) radiation, operated at 40 kV and 30 mA.
Data collection for 4 and 5 were carried out in the dark environment.
Samples were unpacked and reloaded onto the sample holders for repli-
cation data collections to minimize the systematic errors from particle
statistics and preferred orientation of the samples. All samples were free
of known oxides and metal impurities checked by ICCD database match
search. Data collection parameters of 2–608 (2q), step size=0.028, and
scan speed= 0.0048 s�1 were used to optimize the count statistics and
peak shape profiles. Unit-cell determination from DICVOL91[15] program
was achieved by indexing the first 20 peak positions in each diffraction
pattern. Intensity extraction was performed by Pawley fit method[16] and
the calculated intensities for those hkl reflections were used to evaluate
the systematic absences for the lattice type and space group. Initial struc-
tural models were built according to standard bond lengths and angles.[17]


These models were used to calculate a large number of trial structure so-
lutions using simulated annealing algorithm implemented in DASH.[18a] A
chemically sensible solution was selected and subjected to the Rietveld
profile refinement[18b] by using the GSAS program.[18c] Details of struc-
ture determination from powder diffraction data and Rietveld refinement
plots of 1–5 are summarized in the Supporting Information. Crystallo-
graphic data for polymers 2–5 are given in Table 1. Molecular graphics


Table 1. Structure determination and refinement results of 1–5 from powder data.


1 2 3 4 5


crystal system triclinic monoclinic monoclinic monoclinic triclinic
space group P1̄ P21/n P21 P21 P1̄
a [�] 15.982(5) 19.253(4) 15.451(3) 18.512(4) 6.238(1)
b [�] 16.099(5) 4.221(1) 5.287(2) 4.971(1) 7.531(1)
c [�] 26.909(9) 14.767(3) 10.283(2) 13.413(3) 15.017(1)
a [8] 79.77(2) 90.00(0) 90.00(0) 90.00(0) 86.90(1)
b [8] 79.48(5) 117.56(2) 109.23(1) 111.68(1) 78.73(1)
g [8] 81.72(4) 90.00(0) 90.00(0) 90.00(0) 83.26(1)
V [�3] 5821.5(4) 1063.8(4) 793.3(5) 1146.9(6) 686.8(2)
Mr 5787.1 1045.2 658.0 835.9 1192.4
1calcd [gcm�1] 1.506 1.632 1.379 1.210 2.883
2q range [8] 2–35 2–60 3–60 2–55 2–60
figure of merit[a] M(20)=10.8 M(18) =36.8 M(20)=24.9 M(20)= 21.0 M(20)=10.3
(DICVOL91indexed cell)[b] F(20)=41.7 F(18) =28.8 F(20)=38.5 F(20) =48.8 F(20)=20.4


(0.0137, 35) (0.006, 46) (0.0113, 46) (0.0137, 30) (0.0175, 56)
reflections 1488 581 563 624 759
observed reflections 1649 2899 2850 2650 2899
variables 12 83 131 132 134
restraints 10 29 30 37 38
Rp [%][c] 5.27 5.19 6.60 11.28 9.08
Rwp [%][d] 7.68 7.55 9.08 15.27 12.95
Rwp(expected) [%][e] 3.23 3.70 5.51 6.88 7.37
goodness of fit 2.39 2.06 1.67 2.54 1.84
max. [shift/esd]2 (mean) 0.28 (0.06) 1.05 (0.15) 0.66 (0.07) 2.41 (0.28) 1.44 (0.20)


[a] Figure of merit M(20) and F(20) were described in P. M. De Wolff, J. Appl. Crystallogr. 1968, 1, 108–113. [b] Initial unit cell parameters are empirical-
ly determined by indexing peak positions of diffraction patterns using DICVOL91 program and these are subsequently refined by Rietveld method in
GSAS program to give the values listed. [c] Rp =�i jyi,o�yi,c j /�i jyi,o j . [d] Rwp = [�iwi(yi,o�yi,c)


2/�iwi(yi,o)
2]1/2. [e] Expected Rwp =Rwp/c


2; c2 =�iwi(yi,o�yi,c)
2/


(Nobs�Nvar) in which yi,o and yi,c are the observed and calculated intensities at point i of the profile, respectively. Nobs is the number of theoretical Bragg
peaks in the 2q range considered. Nvar is number of the refined parameters. Statistical weights wi are normally taken as 1/yi,o.
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were created by the crystal structure visualization program Mercury ver-
sion 1.2 that was downloaded free of charge.[19] CCDC-242487 (single
crystal data for 1) and CCDC-242488–242492 (powder diffraction data
for 1–5, respectively) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif.


Results and Discussion


Structure descriptions of 1–5 : Crystal structures of 1 and its
benzene solvate were obtained by X-ray powder and single-
crystal diffraction data,[20] respectively. Figure 1 depicts the
ORTEP diagram of the molecular structure of 1, showing
the Cu20 cluster with twenty crystallographically indepen-
dent tBuC�CCu units. The molecular symmetry has no in-
version center, but a pseudo C2 axis passes through the mid-
points of Cu10�Cu16, Cu9�Cu15, and Cu14�Cu20 bonds.
The cluster architecture can be viewed as an interlocking of
a distorted Cu8 ring with two puckered hexagonal Cu6 rings
(see Figure 2), supported by various tBuC�C!Cu coordina-
tion modes. The bond lengths are given in Table 2. The Cu�
C distances are 1.862(6)–2.471(7) �. Altogether there are
two m,h1,1-C�C!Cu2, and eight m,h1,2-C�C!Cu2 bridging
modes are associated with the copper atoms in the Cu8 and
Cu6 rings. In addition, four m3,h


1,1,2-C�C!Cu3 and six
m4,h


1,1,1,2-C�C!Cu4 bridging modes are found to fuse the Cu
atoms of different rings together. Extensive Cu�Cu contacts


of 2.498–3.482(1) � are found and similar Cu···Cu contacts
were also observed in various types of copper(i) sulfido/sele-
nido/tellurido phosphine nanoclusters.[21] Some of these Cu�
Cu distances are less than the sum of metallic radii (2.56 �)
and the van der Waals radii (2.8 �)[22a] of two Cu atoms, re-
vealing the occurrence of cuprophilic interaction.[23]


The isolation of 1 not only represents a rare example of a
homoleptic Cu20 cluster with an unprecedented copper(i)
ring catenation, but also provides a starting model for struc-
tural elucidation of the fine powder obtained from rapid
precipitation. The structure refinement for the observed dif-
fraction data of the fine powder using this Cu20 model af-
forded a good agreement (Rp =5.27 %, Rwp = 7.68 %) be-
tween the experimental and calculated data. The crystal
structure derived from X-ray powder diffraction data is a
nearly identical cluster structure to the one determined by
single-crystal X-ray analysis and the observed Cu�C and
Cu�Cu distances are 1.822–2.640(5) � and 2.403–3.457(1) �,
respectively. It is noted that the unit cell volume decreases
from 6552 �3 for [(tBuC�CCu)20]·C6H6 (determined by
single-crystal data) to 5821 �3 for [(tBuC�CCu)20] (deter-
mined by indexed powder diffraction data), implying remov-
al of benzene solvent molecules from the crystal lattice
leads to closer molecular packing of the Cu20 clusters.


Figure 3 (top) depicts the polymeric sheet structure of 2.
It consists of two crystallographic non-equivalent Cu atoms
Cu1 and Cu2 and two bridging nPrC�C groups. A discrete
zig-zag Cu4 subunit is formed by connecting Cu1 and its in-


version-symmetry equivalence
Cu1A. As shown in Table 3, the
observed Cu1�Cu2 and Cu1�
Cu1A distances are 2.61(2) and
2.44(3) � respectively. Two dis-
tinctive coordination modes,
m,h1,2-C�C!Cu2 and m3,h


1,1,2-C�
C!Cu3 are found with Cu�C
distances of 1.96(1)–2.23(1) �.
As viewed from the [101] direc-
tion, each Cu4 subunit is inter-
connected to the four neighbor-
ing subunits through the acety-
lenic carbons C10 of the m,h1,2-
C�CPr ligands to generate an
extended two-dimensional
sheet structure. Within the sub-
unit a m3,h


1,1,2-bridging coordi-
nation to Cu1, Cu1A and Cu2
is found. This type of metal–
ligand connectivity renders the
propyl groups pillaring perpen-
dicular to the plane of the sheet
(Figure 3, bottom). The average
intermolecular aliphatic C�
H···H�C separation of 2.03 �
indicates significant hydropho-
bic interaction throughout these
propyl chains.


Figure 1. 35% ORTEP diagram of crystal structure of Cu20 molecular cluster 1. All hydrogen atoms are omit-
ted for clarity. The Cu···Cu contacts are 2.498–3.482(1) �. The Cu···C and C···C distances are 1.862–2.471(6) �
and 1.165–1.244(8) �, respectively.
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Changing the R group from an alkyl to an aryl moiety
produces a [{PhC�CCu}¥] chain polymer 3. As shown in
Figure 4 (top), a crystallographic 21 screw axis is parallel to
the polymer chain direction which bisects Cu�Cu bonds
such that the PhC�C groups alternatively project up and
down along the chain. Both Cu1 and Cu2 atoms adopt the
same m,h1,2-C�C bridging mode and the refined Cu�Cu dis-
tances are 2.49(4)–2.83(2) �, while the Cu�C distances are
1.95(1)–2.63(1) � (Table 3). The longer Cu�C distances such
as Cu1�C17 and Cu2�C7 are simply regarded as kinds of
weak Cu···C bonding interaction because they lie between
the sum of covalent radii (2.2 �) and van der Waals radii
(3.1 �) for a pair of Cu and C atoms. For Cu�Cu contacts
less than the sum of van der Waals radii for two CuI ions,
the presence of closed-shell cuprophilic interaction along
the chain is evident. The occurrence of this ladderlike chain
topology is unprecedented and different from the discrete
Cu4 zig-zag subunits reported in previous examples
[(PhC�CCu)4(Ph2PCH2(CH2OCH2)2CH2PPh2)2],[5i] [{PhC�


CCu(PMe3)}4],[38] and 2. Figure 4 (bottom) depicts the pack-
ing diagrams of the polymer chains viewed along [010] di-
rection, showing extensive long-range intermolecular inter-
actions among the aromatic rings throughout the crystal lat-
tice. Very weak C�H···p interaction (d>3.35 �) and insig-
nificant p···p stacks (d>3.7 �) are noted.


For the powder diffraction pattern of 4 (Figure S4 in the
Supporting Information), the first three diffraction peak
maxima (5.198, 7.128 and 10.278) are apparently shifted
toward the low 2q angle, relative to those (6.088, 9.168 and
12.128) in the pattern of 3 (Figure S3 in the Supporting In-
formation). The origin of this angular shift in 4 is not
known. In addition, these three strong peaks have similar
relative intensity variation in both cases. Indexing the peak
positions of the XRD pattern of 4 gave similar monoclinic
cell parameters to those found in 3, but the associated unit
cell volume is larger (Table 1) indicating that 4 might struc-
turally resemble the [(PhC�CCu)¥] polymer. The slightly ex-
panded metal–ligand connectivity for the Ag and PhC�C


Figure 2. Schematic drawing showing the cluster assembly of three interlocking [tBuC�CCu] rings: Central Cu8 unit (medium gray) and two peripheral
Cu6 units (dark gray and light gray).
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entities is not unexpected, because Ag�Ag (3.11–3.15(1) �)
and Ag�C bond lengths (2.12–2.32(2) �) are in general
slightly longer than Cu�Cu and Cu�C bonds.[17] Attempts to
locate a chemically sensible trial structure using the ob-
served XRD data were unsuccessful. Thus a model of
[(PhC�CAg)¥] derived from that of [(PhC�CCu)¥] was re-
adjusted and used to refine the diffraction data of 4. With
the use of Ag�C distances restraints, the structure refine-
ment finally attained a stable convergence and the overall
polymeric structure of 4 is shown in Figure 5 (top). Unlike


3, the degree of zig-zag folding of the ladderlike Ag�Ag
chain is greater than that for the Cu�Cu chain as they have
different M-M-M angles (105.28 for Ag and 163.58 for Cu).
The refined Ag�Ag distances are approximately 3.13(1) �,
which fall between the metallic radius (2.89 �)[22b] and the
sum of van der Waals radii of two silver atoms (3.4 �).[22b]


This could be taken as evidence to reflect that no or only
very weak AgI�AgI interactions are present[24] in the chain.
In addition, the interchain packing diagram (Figure 5,
bottom) reveals similar packing of phenyl groups as shown


Table 2. Selected bond lengths [�] of 1 from single-crystal structure solution.[a]


Cu�Cu contacts within the Cu8 ring unit
Cu1�Cu2 2.614(1) Cu2�Cu3 3.482(1) Cu3�Cu4 2.609(1) Cu4�Cu5 3.209(1)
Cu5�Cu6 2.718(1) Cu6�Cu7 3.456(1) Cu7�Cu8 2.609(1) Cu8�Cu1 3.166(1)


Cu�Cu contacts within the two Cu6 ring units
Cu9�Cu10 2.590(1) Cu10�Cu11 2.992(1) Cu11�Cu12 2.498(1)
Cu12�Cu13 2.580(1) Cu13�Cu14 3.172(1) Cu9�Cu14 2.755(1)
Cu15�Cu16 2.557(1) Cu16�Cu17 2.838(1) Cu17�Cu18* 2.783(1)
Cu18*�Cu19 2.733(1) Cu19�Cu20 3.125(1) Cu15�Cu20 2.713(1)


Cu�Cu contacts between the Cu6-Cu8 ring units
Cu2�Cu15 2.583(1) Cu2�Cu20 2.577(1) Cu3�Cu9 2.703(1) Cu3�Cu15 2.735(1)
Cu3�Cu16 2.665(1) Cu3�Cu17 3.043(1) Cu3�Cu18* 2.792(2) Cu3�Cu19 2.700(1)
Cu3�Cu20 2.916(1) Cu4�Cu9 2.618(1) Cu6�Cu14 2.591(1) Cu6�Cu9 2.585(1)
Cu7�Cu9 2.749(1) Cu7�Cu10 2.637(1) Cu7�Cu12 2.918(1) Cu7�Cu13 2.674(1)
Cu7�Cu14 2.930(1) Cu7�Cu15 2.759(1) Cu8�Cu15 2.659(1) Cu9�Cu15 2.841(1)
Cu9�Cu20 3.018(1) Cu14�Cu15 3.038(1) Cu14�Cu20 2.712(1)


C�C bond lengths
C1A�C1B 1.253(7) C6A�C6B 1.224(8) C11A�C11B 1.236(7) C16A�C16B 1.212(8)
C2A�C2B 1.224(7) C7A�C7B 1.224(8) C12A�C12B 1.229(8) C17A�C17B 1.235(8)
C3A�C3B 1.217(7) C8A�C8B 1.234(7) C13A�C13B 1.211(8) C18A�C18B 1.234(8)
C4A�C4B 1.244(7) C9A�C9B 1.220(8) C14A�C14B 1.165(8) C19A�C19B 1.198(8)
C5A�C5B 1.221(8) C10A�C10B 1.227(8) C15A�C15B 1.223(8) C20A�C20B 1.185(8)


Cu�C bond lengths
m,h1,1-(C�C)!Cu2 mode m,h1,2-(C�C)!Cu2 mode
C15A�Cu11 1.909(8) C9A�Cu10 1.906(6) C10A�Cu17 1.963(6) C13A�Cu12 2.003(6)
C15A�Cu12 1.936(6) C9B�Cu11 2.166(7) C10B�Cu17 2.254(7) C13B�Cu12 2.306(6)
C19A�Cu1 1.949(6) C9A�Cu11 1.988(6) C10A�Cu16 1.893(6) C13A�Cu13 1.925(7)
C19A�Cu2 1.952(7) C14A�Cu18* 2.015(7) C16A�Cu18* 1.862(6) C17A�Cu1 2.002(5)


C14B�Cu18* 2.163(7) C16B�Cu18* 2.330(7) C17B�Cu1 2.136(7)
C14A�Cu19 1.968(6) C16A�Cu17 1.900(7) C17A�Cu8 1.899(6)
C18A�Cu5 1.999(5) C20A�Cu5 1.953(8)
C18B�Cu5 2.138(6) C20B�Cu5 2.471(7)
C18A�Cu4 1.903(6) C20A�Cu6 1.948(6)


m3,h
1,1,2-(C�C)!Cu3 mode


C3A�Cu14 2.086(5) C6A�Cu20 2.076(6) C11A�Cu19 2.092(6) C12A�Cu13 2.096(6)
C3B�Cu14 2.182(6) C6B�Cu20 2.168(6) C11B�Cu19 2.122(6) C12B�Cu13 2.107(6)
C3A�Cu15 1.942(6) C6A�Cu9 1.944(6) C11A�Cu2 2.176(6) C12A�Cu6 2.225(7)
C3A�Cu20 2.224(5) C6A�Cu14 2.232(6) C11A�Cu20 1.916(6) C12A�Cu14 1.920(6)
m4,h


1,1,1,2-(C�C)!Cu4 mode
C1A�Cu16 2.113(5) C2A�Cu2 2.231(6) C4A�Cu6 2.192(6) C5A�Cu10 2.096(5)
C1B�Cu16 2.157(6) C2B�Cu2 2.228(6) C4B�Cu6 2.179(6) C5B�Cu10 2.126(6)
C1A Cu7 2.063(6) C2A�Cu15 2.159(6) C4A�Cu7 1.968(6) C5A�Cu9 2.008(6)
C1A�Cu8 2.282(5) C2A�Cu16 2.202(6) C4A�Cu9 2.142(5) C5A�Cu3 2.103(6)
C1A�Cu15 2.008(6) C2A�Cu3 1.973(6) C4A�Cu10 2.207(6) C5A�Cu4 2.228(5)
C7A�Cu8 2.078(6) C8A�Cu4 2.074(5)
C7B�Cu8 2.109(5) C8B�Cu4 2.119(5)
C7A�Cu12 2.373(6) C8A�Cu3 2.005(5)
C7A�Cu13 2.124(6) C8A�Cu18* 2.283(5)
C7A�Cu7 1.991(6) C8A�Cu19 2.144(6)


[a] * represents the mean position of the two disordered components: Cu18 and Cu18’.
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in 3. The shortest intermolecular aromatic C�H···H�C dis-
tance is 3.3 �, which induces apparent organic–inorganic
segregation for the phenyl rings stacking and Ag�Ag
double-chain.


The structure determination was further continued for the
gold congener [(PhC�CAu)¥] (5). A lower crystal symmetry
of triclinic P1̄ was found and the structural refinement using
the XRD data revealed a layered Au···Au network with


Figure 3. Top: Layered structure of 2 showing m,h1,2- and m3,h
1,1,2-coordi-


nation modes among the zig-zag Cu4 and nPrC�C entities. Only acetyle-
nic carbon and copper atoms are shown. Bottom: Side view of the nPrC�
C-pillared layered structure.


Table 3. Selected bond lengths [�] and angles [8] for powder structures 2–5.


2 3 4 5


Cu1�Cu1 2.44(3) Cu1�Cu2 2.49(4) Ag1�Ag2 3.11(1) Au1�Au1 3.25(1)
Cu1�Cu2 2.61(2) Cu1�Cu2 2.51(2) Ag1�Ag2 3.15(1) Au2�Au2 2.98(1)


Cu1�Cu2 2.83(2) Ag1�Ag2 3.13(1) Au1�Au2 3.175(8)
Au1�Au2 3.265(8)


Cu1�C5 2.23(2) Cu1�C8 1.95(1) Ag1�C8 2.12(1) Au1�C8 2.151(7)
Cu1�C5 2.05(2) Cu2�C8 1.94(1) Ag1�C7 2.71(1) Au1�C8 2.093(6)
Cu2�C9 2.64(1) Cu1�C17 2.63(1) Ag1�C18 2.32(1) Au1�C18 2.256(7)
Cu2�C5 2.05(2) Cu1�C18 1.95(1) Ag2�C8 2.15(2) Au2�C17 2.415(8)
Cu2�C4 2.48(1) Cu2�C18 1.93(1) Ag2�C18 2.12(1) Au2�C18 2.060(8)
Cu2�C10 2.23(1) Cu2�C7 2.61(1) Au2�C18 2.239(9)
Cu2�C10 1.96(1)


C4�C5 1.25(3) C7�C8 1.20(4) C7�C8 1.19(5) C7�C8 1.182(4)
C9�C10 1.24(6) C17�C18 1.20(4) C17�C18 1.19(5) C17�C18 1.250(5)


Cu1-C5-Cu1 79.2(8) Cu1-C8-Cu2 93.0(7) Ag1-C8-Ag2 94.3(4) Au1-C8-Au2 99.8(3)
Cu2-C10-Cu2 123.7(7) Cu1-C18-Cu2 80.3(8) Ag1-C18-Ag2 89.0(4) Au2-C18-Au2 87.5(5)
Cu1-C5-C4 90.8(5)


129.8(2)
Cu1-C8-C7 109.7(7)


155.8(6)
Ag1-C8-C7 109.9(7)


157.4(9)
Au1-C18-Au2 89.8(5)


141.7(4)
Cu2-C10-C9 115.0(8)


115.7(8)
Cu2-C18-C17 164.5(2) Ag2-C18-C17 133.5(4)


128.6(5)


Figure 4. Top: Polymeric chain 3 showing m,h1,2-bridging ligands PhC�C
connected to CuI ions. Bottom: Perspective view of solid-state packing of
chains 3 in [010] direction.
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PhC�C pillars. Figure 6 (top) depicts a schematic represen-
tation of the Au�Au honeycomb-like network. In particular
the network topology can be viewed as an array of Au···Au
distorted hexagons. The Au-Au-Au bond angles associated
with Au1 are 97.7, 107.2, and 151.28 ; and for Au2 82.9,
123.8, and 151.28. Comparing with the similar pillared sheet
structure 2 [(nPrC�CCu)¥], half of Cu atoms (Cu1) are
slightly displaced by about 0.9 � from the mean plane gen-
erated by the other Cu atoms (Cu2), while in 5 all Au atoms
are nearly coplanar to each other. The refined Au···Au con-
tacts are 2.98(1)–3.27(1) �, which are longer than the metal-
lic radii of Au (2.88 �)[22b] and comparable to the values
(3.083–3.136 �) of some published polynuclear phenylacety-
lide gold(i) complexes with phosphine ancillary ligands[5e,g,h]


and other gold(i) clusters/polymers.[26a,c,d] Therefore, these
gold(i) atoms are weakly interacting[25] within the sheet.
Two-dimensional polymeric gold(i) compounds with weak
Au···Au interactions (d=3.104(1) �) have been shown to
display multistate photoluminescence in the solid state.[26b]


The theoretical approach to study metallophilic interactions
of copper(i), silver(i), and gold(i) developed by Pyykkç et al.
and Laguna et al. suggests that metallophilic attraction is
indeed present for all coinage metals as a correlation effect
and strengthened by relativistic effect for gold.[27]


Unlike the one-dimensional chains in 3 and 4, two types
of coordination modes m,h1,1-C�C!Au2 and m3,h


1,1,2-C�C!
Au3 are noted in 5. The Au�C distances are 2.060–
2.481(8) �. It is intriguing that the PhC�C groups coinciden-


tally form pillars on the surface of the Au�Au sheet
(Figure 6, bottom) and display a distinctive herringbone-like
packing among themselves. Weak hydrogen bonding interac-
tions[28] C�H···p (dC15�H15···C5 =2.63 � and dC6�H6···C11 = 2.75 �)
are observed, while intermolecular phenyl C�H···H�C sepa-
rations between adjacent sheet polymers are 1.81–2.39 �.
These distances are consistent with optimal hydrophobic in-
teractions among the aromatic rings.


Solid-state photoluminescence : Solid-state emission spectra
of 1–5 recorded at 298 K and 77 K are depicted in the Fig-
ure S6 in the Supporting Information. Excitation of solid 1
at 350 nm gave a red emission with lmax at 720 nm at 298 K.
At 77 K, this band is resolved into three peak maxima at
620, 700, and 825 nm. The reason for this is unclear, and
probably structural distortion of the molecular cluster or
phase transition has occurred. When the same excitation
energy was used for solid 2, the emission spectra recorded
at 298 K and 77 K display a similar broad orange emission
near 588 nm. In contrast, the room temperature emission
spectrum of 3 shows peak maxima at 515, 575, and 618 nm.
The emission band at 515 nm is assigned to a metal-pertur-
bed ligand-centered p–p* (acetylide) emission. In addition,
another distinctive band of higher energy at 410 nm also
merges and may be ascribed to intraligand p–p* emission of
phenylacetylide. At 77 K, this high-energy band disappears
and lmax of the low-energy emission band is red-shifted to
580 nm. The silver congener 4 shows a yellow-green broad


Figure 5. Top: Polymeric chain 4 possessing metal–phenylacetylide con-
nectivity similar to 3, but with a higher degree of “folding” along the
metal chain. Bottom: Perspective view of chain packing of 4 in [010] di-
rection.


Figure 6. Top: Simplified representation of the distorted two dimensional
honeycomb network in 5 with AuI···AuI contacts of 2.98–3.27(1) �.
Bottom: PhC�C-pillared network in 5 with herringbone-type C�H···p in-
teractions among phenyl rings.
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emission near 450–700 nm at room temperature. No evident
change on the emission spectrum was detected when the
solid was cooled to 77 K. In contrast, the emission spectrum
of 5 at 298 K displays complex features with several peak
maxima at 413, 468, 550, and 592 nm as well as peak shoul-
ders at 621, 636, 653, 670, and 694 nm. In the literature, the
emission of gold(i) phenylacetylide complexes in the 500–
700 nm region have been attributed to arise from intraligand
3(pp*) transition, modified by weak AuI···AuI interactions.
The photophysics and photochemistry of luminescent poly-
nuclear gold(i) clusters have been extensively investigated in
the past decades.[2]


FT-IR spectroscopy : FT-IR spectra of 1–5 (Figure S7 in the
Supporting Information) show that n(C�C) stretching fre-
quencies of the coordinated RC�C� ligands are lower than
those values found for the free ligands (n(tBuC�CH)= 2104,
n(nPrC�CH)=2118, and n(PhC�CH)=2114, 1954,
1888 cm�1). Cluster 1 shows an extremely weak band at
2025–1975 cm�1. This value is slightly lower than that for
[(tBuC�CCu)(PPh3)] (2055 cm�1)[29a] and resembles that
found for the [(tBuC�CCu)4L2] cluster (2001–1976 cm�1; L=


3,3,6,6-tetramethyl-1-thia-4-cycloheptyne).[29b] Two charac-
teristic bands at 1939 and 1900 cm�1 in 2 are tentatively as-
signed to m,h1,1-C�C and m3,h


1,1,2-C�C bridging modes, re-
spectively. Indeed, they are comparable to that found for
the [(nBuC�C)8Cu18(hfac)10] disc-shaped cluster (1922 cm�1;
hfac= hexafluoroacetylacetonate) reported by Higgs.[30] For
the two isostructural chains in 3 and 4, the bands at 1928
and 1875 cm�1 in 3 and 1948 and 1890 cm�1 in 4 are attribut-
ed to the m,h1,2-C�C bridging modes. Previous infrared and
Raman spectroscopic studies also did not support the pres-
ence of two chemically different types of C�C bonds in the
solid-state structure of [{PhC�CCu}¥] and [{PhC�
CAg}¥].[31a,b] The higher energy band at 2052 cm�1 in 4 is as-
cribed to asymmetric C�C stretching due to weak silver–
acetylide interactions.[31c] All these observed frequencies are
comparable with related literature values: 1917 cm�1 in
[(PhC�CCu)4(Ph2PCH2(CH2OCH2)2CH2PPh2)2],[5i] 2044 cm�1


in [(PhC�CAg)4(PPh3)4],[32b] and 2076 cm�1 in [(PhC�
CAg)4(PCy3)2].[5k] Moreover, considering the similar n(C�C)
bands at 1964, 1983 and 2002 cm�1 for the bridging modes in
[{(tBuC�CAu)6}2]


[7] complex, polymer sheet 5 also possesses
two similar broad absorption bands at 2019 and 1985 cm�1


that are assigned to the doubly and triply bridging modes of
the complex. Nevertheless, these values are somewhat lower
than those found in the [PhC�CAu(PCy3)] monomer[5j]


(~2113 cm�1) and the [(PhC�CAu)2(m-dppe)] dimer[5e]


(~2098 cm�1) in which only the terminal s-bound PhC�C!
Au mode is involved.


TGA studies : The results of the TGA measurements are de-
picted in Figure S8 in the Supporting Information. From the
curves, the residues from compounds 1–3 (43 % for 1, 52 %
for 2 and 49 % for 3) are mainly carbonaceous copper(i)
oxide, characterized by energy dispersive analysis of X-ray
(EDAX) and powder X-ray diffraction. The pyrolyzed prod-


ucts of 4 and 5 were different from that of CuI compounds
as only metallic Ag and Au were left. Compounds 1, 2, and
5 decomposed at lower onset temperatures (98 8C for 1,
125 8C for 2, and 135 8C for 5) than those for 3 (160 8C) and
4 (185 8C). The molecular cluster 1 exhibits the lowest ther-
mal stability. The polymer sheet 2 is less stable than the
chain polymers 3 and 4, probably due to weaker binding
forces associated with the zig-zag Cu4 subunits and the
propyl ligands. The color of solid 3 quickly darkened as it
was heated at 125 8C, implying that some reaction might
have taken place. To examine the possible structural change
at elevated temperature, X-ray diffraction data of various
annealed solids 3 in 25–650 8C were collected, from which a
phase transition between 120–150 8C was found. At 150 8C,
the original polymeric structure was completely lost and the
formed amorphous material gradually re-crystallized into
copper(i) oxide at 650 8C (Figure S9 in the Supporting Infor-
mation). The reason for poor thermal stability of 5 is un-
clear and we suggested that a reducing atmosphere during
thermal decomposition of these carbon-rich materials has
facilitated the formation of those metallic products for 4
and 5.


Discussion


In this study, the success of using this approach to solve the
structures of [(RC�CM)¥] is attributed to the following fac-
tors: 1) the well-defined and rigid geometry of RC�C
ligand, 2) the availability of metal–carbon bond lengths and
known coordination modes of RC�C!M obtained from
previous studies, and 3) the small volume and simplicity of
the unit cells. The first factor reduces the numbers of struc-
tural variables such as torsion angles of the input model and
time spent for locating the chemically sensible structure so-
lution. The second facilitates the evaluation of chemically
sensible trial structures generated from the simulated an-
nealing calculations. Finally the last factor implies that
fewer symmetry constraints or restrictions in a small lattice
space are needed for structure solution searching. The deter-
mined structures of complexes 1–5 reaffirm that RC�C li-
gands are versatile building units and that weak metal–
metal interactions are responsible for the formation of poly-
meric metal–acetylide aggregates. The crystal structure of
[tBuC�CCu] cluster systems obtained is strongly dependent
upon the crystallization conditions. In contrast to the synthe-
sis of 1 described in this work, the reaction of CuBr·(CH3)2S
with tBuC�CLi in diethyl ether produces another oligomer
[(tBuC�CCu)24].[6] Also in this work, a small amount of
yellow plate crystals of [(tBuC�CCu)24] in addition to 1 was
found if a trace amount of CH2Cl2 or CHCl3 was added into
the benzene mother liquid. In addition, Bruce and co-work-
ers reported the rational syntheses of various [tBuC�CM]
coordination compounds (M=CuI and AgI), by using
[MCl(PPh3)3] and sodium metal in methanol; however, their
crystal structures have not yet been described.[29a] To our
knowledge, no polymeric or extended architecture of
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[(tBuC�CM)¥] has been reported, except for the cationic
polymer [(tBuC�C)2Ag3]


+ , in which the non-coordinating
BF4 anions reside in the channels of the polymer lattice.[33]


Changing the alkyl group from tBu to nPr results in a
two-dimensional polymeric sheet formation (See Figure 3
for structure of 2). The less bulky propyl (butyl) hydrocar-
bon chains are likely to encapsulate the metal ions to form
cluster molecules such as those found in the [(nBuC�
C)8Cu18(hfac)10] and [(nPrC�C)15Cu26(hfac)11] (hfac=hexa-
fluoroacetylacetonate) “disc-shaped” clusters reported by
Higgs and Tasker.[30,34] In the absence of a coordinated hfac
ligand, the propyl substituents form pillars capping the top
and bottom of the polymer sheet.


Unlike the alkylacetylides, the formation of isostructural
polymer chains 3 and 4 hinges on the role of the phenyl
rings in tailoring the crystal structures. The electronic influ-
ence and steric demand of phenyl substitutent offers a
subtle structural optimization among the metal ions and
arylacetylide building units. The less electron-donating
phenyl substitutents may not favor high coordination to Cu
atoms, unlike the tert-butyl substituent in cluster 1, which
displays multidentate m3- and m4-bridging modes. On the
other hand, the planarity of phenyl ring offers a unique mo-
lecular handle to induce supramolecular stacking of phenyl
groups.


Though the propensity of d10 monovalent metals to form
oligomeric metal–metal aggregates is anticipated, the forma-
tion of extended ladderlike metal aggregates such as those
in 3 and 4 is unprecedented. In the literature, a variety of dis-
crete molecular compounds containing [(PhC�CCu)n] units
such as the Cu2 dimer unit in [(PhC�CCu)2(Ph2PMe)4],[35]


triangular Cu3 in [(PhC�C)nCu3(m-dppm)3][BF4]m (n=1, m =


2;[36a] n=2, m =1[36b]) and [(PhC�C)nCu3(m-dppm)3(m3-Cl)]
[BF4],[36c] the discrete zig-zag Cu4 unit in [(PhC�
CCu)4(PMe3)4]


[37] and [(PhC�CCu)4(Ph2P-R-PPh2)2] com-
plexes (R=�CH2(CH2OCH2)2CH2- linker),[5i] as well as the
unusual Cu4 cubanoid unit in [(PhC�CCu)4L4] (L =PPh3,


[38a]


PPh2py= (2-(diphenylphosphine)pyridine,[38b] P(p-F-C6H4)3
[39]


and P(p-tolyl)3
[39]) have been found. All these complexes


have low nuclearity and are encapsulated by the bulky phos-
phine and phenylacetylide ligands. Unlike the PhC�CCu
system, structural investigation on the related PhC�CAg
system remains sparse. A triangular isosceles Ag3 unit in the
[(PhC�C)2Ag3(dppm)3]


+ complex[32a] along with the rhom-
bus-like Ag4 unit and the square Ag4 aggregate units in
[(PhC�CAg)4(PPh3)4]


[32b] and [(PhC�CAg)4(PCy3)4],[5k] re-
spectively, have previously been reported. In these complexes,
Ag···Ag contacts (2.866–3.084 �) dominate throughout these
complexes. Moreover, it is interesting to compare the struc-
tures of [(PhC�CCu)4(PMe3)4] and [{(PhC�CAg)(PMe3)}¥].
The former is a molecular complex with a zig-zag Cu4 unit,
while the later forms an extended one-dimensional Ag¥


chain. The preference of forming an extended structure
might be favorable for [(PhC�CAg)¥] due to the slightly
larger AgI ion relative to CuI, though the difference in cova-
lent radii of the two metal (1.52 � for Cu and 1.59 � for Ag)
ions is small.


For the AuI ion, which has a smaller covalent radius than
CuI and AgI, in the absence of auxiliary ligands, the formed
two-dimensional honeycomb Au···Au network polymer in 5
reflects the importance of the phenyl substitutent in direct-
ing the final pillared sheet structure of the gold–acetylide
complex. The present study complements the earlier work
by Mingos et al.[7] on the [{(tBuC�CAu)6}2] catenane cluster
and studies with auxillary phosphine ligands on the PhC�
CAu complexes.[5e,g,h] In 5, the weak Au···Au interaction and
the herringbone-like arrangement of phenyl rings may favor
an unrestricted Au···Au network extension along the ab di-
rection. The Cambridge Structural Database (CSD) survey
on gold(i) compounds reveals that the extended chains[40]


and sheet[2b, 5h, 41] structures are known. However, our present
two-dimensional honeycomb network topology in 5 with
significant Au···Au interactions is relatively uncommon
and contrast to some polymeric examples of
[{(CN)Au(CNMe)}¥],[41a] [{(PhC�C)Au(2,6-(Ph2P)py)}¥],[5h]


[{(PhC�C)Au(CNC6H3Me2–2,6)}¥][2b] and [(tpa)2Au]
[Au(CN)2] (tpa =1,3,5-triaza-7-phosphaadamantane)[40g]


structures, which show linear arrays of weakly interacting
AuI atoms.


Conclusion


In this work, the structure determination of several [RC�
CM] solids from X-ray powder diffraction data was pursued
to unveil the structural complexity of these oligmeric and
polymeric species, for which the preparation of sufficiently
large crystals for single-crystal diffraction measurements is
difficult. Various structures such as discrete molecular clus-
ters, one-dimensional chains, and two-dimensional sheets
were formed and these structures are affected by a subtle in-
terplay of 1) electronic and steric features of the RC�C li-
gands, 2) metal–metal interactions, and 3) the supramolec-
ular assembly associated with those alkyl/aryl RC�C ligands.
Besides the novelty of these structures, the polymeric nature
of the [(RC�CM)¥] solid allows extensive d-orbital overlap-
ping for these d10 metal ions. In the context of transport
properties that had been previously studied by means of the-
oretical calculations,[42] the electrical conductivity of these
one-dimensional polymers might be potentially modified so
that the band gaps of these solids can be readily perturbed
by adding trace amount of iodine as a dopant.[43] Finally, the
complicated solid-state effect on material properties of
these polymeric materials demonstrates the importance and
necessity of previous studies on related [RC�CM] molecular
analogues.[2b,c,k,5e,5g,5i,5k,30,32–39] Further investigations for other
archetypal of this class of compounds are in progress.
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Design and DNA Binding of an Extended Triple-Stranded Metallo-
supramolecular Cylinder


Carsten Uerpmann,[a] Jaroslav Malina,[b] Mirela Pascu,[b] Guy J. Clarkson,[b]


Virtudes Moreno,[a] Alison Rodger,[b] Anna Grandas,*[a] and Michael J. Hannon*[b]


Introduction


For most organisms, DNA encodes the molecular basis of
life. Increasing amounts of information about the genetic se-
quence of ourselves and other species is becoming available,
together with enhanced understanding of how this informa-
tion is processed and regulated and how the processing is in-
fluenced by the environment. This offers many potential
benefits for the quality of life. In particular, the ability to
promote or to prevent the processing of specific genes will
be crucial in the fight against many diseases, arising both


from under- or over-processing of or damage to our own
DNA and arising from external DNAs (as from viruses).
For this reason drugs that act on DNA (at specific sequen-
ces) and can modulate DNA processing have great potential
to form part of the armoury of drugs used within medicine
in the 21st century.


Sequence-specific recognition of DNA by biomolecules
occurs primarily through non-covalent interactions between
the DNA and the surface motifs of proteins, and most com-
monly (though by no means exclusively) such recognition
takes place in the DNA major groove.[1] This groove con-
tains a more diverse pattern of hydrogen bond donor and
acceptor units than the minor groove and its size and shape
vary more with base sequence. DNA recognition by proteins
is also sometimes associated with concomitant bending and
coiling.[1] Synthetic agents that recognise DNA, in part be-
cause of their smaller size, most usually either intercalate
between the base pairs[2] or bind in the minor groove.[3] We
have recently demonstrated that metallo-supramolecular as-
sembly may be used to prepare synthetic agents that are a
similar size to the DNA recognition motifs found on pro-
teins (such as zinc fingers or a-helices).[4] In particular we
have developed metallo-supramolecular cylinders[4,5] that
are a similar size and shape to zinc finger units and which
do indeed seem to bind in the DNA major groove. Such


Abstract: A new tetracationic triple-
stranded supramolecular cylinder is
prepared from a bis(pyridylimine)
ligand containing a diphenylmethane
and two ketimine groups in the spacer.
The cylinder is longer and slightly
wider than the corresponding cylinder
containing just diphenylmethane
spacers. Inter-strand CH···p interac-
tions are not observed and this affects
the relay of the chiral information
within the cylinder; a mixture of rac
and meso isomers results, with the


meso isomer being the dominant so-
lution species and characterised in the
solid state by crystallography. This new
cylinder does bind to DNA as con-
firmed by induced circular dichroism
signals in both the metal-to-ligand
charge transfer (MLCT) and in-ligand


bands of the cylinder. Flow linear di-
chroism demonstrates that the cylinder
binds to DNA in a specific orienta-
tion(s) and is consistent with (major)
groove-binding as seen for the shorter
cylinder. Some DNA bending/coiling is
observed but the effect is much less
dramatic than observed for the cylinder
with diphenylmethane spacers confirm-
ing that coiling is not solely a conse-
quence of the tetracationic charge, but
rather is related to the precise size and
shape of the cylinder.
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metal-based assembly of these cylinders not only allows the
nanoscale structure to be created but also imparts cationic
charge (the cylinder is a tetracation). This is important since
electrostatics will contribute significantly to the strength of
the non-covalent binding of such species to the anionic
DNA. Fascinatingly, the cylinders not only seem to target
the major groove but also induce dramatic intramolecular
DNA coiling which is unprecedented with synthetic agents
and, in part, reminiscent of DNA coiling induced by histo-
nes in the cell nucleus. This is exciting since such coiling
might represent a way to prevent gene processing. However,
the precise manner in which the molecular-level major
groove binding interaction of the cylinder leads to the ob-
served macromolecular DNA coiling effect remains to be
elucidated and represents a complex challenge because of
the different size-scales on which these two events take
place. To try to learn more about the essential design fea-
tures, we have initiated a programme to investigate the ef-
fects of modifications to the basic cylinder structure on both
the DNA binding and coiling. Herein we investigate a cylin-
der system in which we keep the same tetracationic charge
as the original cylinder but increase the size of the cylinder
unit.


The interaction of metal complexes with DNA has attract-
ed particular interest because cis-platin, and its analogues
carboplatin, nedaplatin and oxaliplatin are the most widely
used clinical anticancer agents and DNA is believed to be
their target.[6] Cis-platin forms metal-nitrogen bonds to N7
of two adjacent purine bases (intra-strand GG and to a
lesser extent GA lesions) which causes a kink (~458) in the
DNA which can then be recognised by nuclear HMG pro-
teins. Mononuclear metal complexes that bind through non-
covalent interactions (rather than forming bonds from the
metal to the nitrogen atoms of the bases) have also been ex-
plored: For example, [Cu(phen)2]


+ and “clip-phen” ana-
logues bind in the minor groove and can cause oxidative
backbone lesions.[7] [Ru(phen)3]


2+ also binds non-covalently
to DNA although the precise binding modes of its D and L


enantiomers seems complex.[8] Functionalised analogues in
which one phen ligand is extended to form an intercalation
site have been developed and these metallo-intercalators
may insert either from the major and minor grooves.[9] They
have been applied to detect base pair mismatches[10] and
rhodium(iii) analogues have been used as photoactive foot-
printing agents.[11] Dinuclear analogues have been prepared
which are proposed to thread through the DNA.[12] However
none of these various non-covalent DNA-binding metal
complexes are reported to exhibit the dramatic intramolecu-
lar DNA coiling observed with the cylinder. This may be be-
cause they are quite different in size and shape from the cyl-
inders that we have developed, being smaller than the binu-
clear cylinders and affording smaller molecular surfaces
which span only two-to-three DNA base pairs, and as such
do not approach the size scale of nature�s DNA recognition
motifs.


Results and Discussion


To probe the effect of extending the cylinder structure, we
made some modifications to the ligand structure. We were
keen to try to retain structural similarity with the parent
complex, [Fe2(La)3]


4+ , while simultaneously increasing the
dimensions. Our approach was to insert into the ligand
design (Lb) ketimine spacer units between the pyridylimine


metal binding units at the ends of the ligand and the diphe-
nylmethane central spacer unit. In this way we aimed to
retain the basic structural features found in the original
ligand La and its complex, but to extend the structure. While
we have focused on pyridylimine binding sites in ligands for
design of supramolecular architectures, Albrecht et al.[13]


and Lehn et al.[14] have explored imine groups as spacer
units in helicate design; the new design herein combines
both approaches.


The ligand Lb was prepared by reaction of 4,4’-diacetyldi-
phenylmethane with two equivalents of hydrazine and sub-
sequent condensation of the product with pyridine-2-carbox-
aldehyde to give the ligand. Reaction of the ligand Lb with
iron(ii) tetrafluoroborate in a chloroform–methanol mix at
room temperature afforded the red complex [Fe2(Lb)3]
[BF4]4. The corresponding chloride salt could be prepared
by an analogous route from iron(ii) chloride. Electrospray
mass spectrometry of an acetonitrile solution of the tetra-
fluoroborate salt revealed peaks corresponding to
{Fe2(Lb)3(BF4)2}


2+ , {Fe2(Lb)3F}3+ and {Fe2(Lb)3}
4+ consistent


with a dinuclear triple-stranded array.
The IR spectrum shows peaks corresponding to the coor-


dinated ligand and the tetrafluoroborate counterion. The
UV/Vis absorption spectrum revealed a band centered at
525 nm (e= 12 000) together with a shoulder at 485 nm (e=


10 000) corresponding to metal-to-ligand charge transfer
(MLCT) transitions which are also observed in other iron(ii)
polypyridyl[15] and iron(ii) pyridylimine complexes[4,5] and
which confirm coordination of the iron(ii) centre to three
pyridylimine units in a low spin configuration. Acetonitrile
solutions of the complex retain their red colour, arising from
this visible MLCT transition, over a period of days indicat-
ing that the complex is stable in acetonitrile solution.
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The 1H NMR spectrum of the complex in acetonitrile so-
lution reveals sharp peaks in the region 0–10 ppm confirm-
ing the diamagnetic nature of the complex. Two distinct sets
of signals are observed in a ratio of about 7:1 indicating the
presence of two solution species. Within a dinuclear triple-
stranded formulation two configurations are possible: a heli-
cal or rac isomer in which the stereochemistry of the two
metal centres is the same (and the isomer is thus chiral and
is one of a pair of enantiomers) and a meso isomer in which
the stereochemistry is different at the two metal centres ren-
dering the structure achiral.[5,16–18] The central CH2 reso-
nance of the ligand can be used to distinguish these two iso-
mers.[5,17] In the rac isomer the two protons of the CH2


group are equivalent and give rise to a singlet, whereas in
the meso isomer they are different and give rise to two dou-
blets and we have previously observed this effect in the di-
nuclear double-stranded systems of ligand La.


[17] For this
triple-stranded dinuclear complex of Lb we similarly observe
a pair of doublets and a singlet for the central CH2 reso-
nance and this enables us to identify the dominant species
(85–90 %) as the meso isomer and the minor component
(10–15 %) as the helical rac isomers. This contrasts with the
iron(ii) complex of La in which the sole products are the two
enantiomeric helical rac isomers in both solution and the
solid state. This change is presumably a consequence of the
greater conformational and tortional flexibility introduced
by the additional ketimine units in the spacer and is dis-
cussed further below.


Recrystallisation of the tetrafluoroborate salt from an ace-
tonitrile solution by slow diffusion of benzene afforded red
crystals which proved suitable for investigation by X-ray dif-
fraction. The crystal structure (Figure 1) reveals a dinuclear


triple-stranded cylinder. However, in contrast to the iron(ii)
complex of the parent ligand La which is helical in both so-
lution and the solid state, with ligand Lb the meso isomer
crystallises in which the configuration of the two metal cen-
tres within the cylinder is opposite leading to an achiral
(meso) structure. It is pertinent to contrast the structures of
the two different cylinders obtained with La and Lb


(Figure 2 and Figure 3).
As would be anticipated the longer spacer leads to an in-


crease in the metal–metal separation (14.67 � for the Lb cyl-
inder, 11.52 � for the La cylinder) and an increase of around


12 % in the overall length of the cylinder (C···C along the
metal–metal vector: 20.38 � for Lb, 17.34 � for La: H···H
21.92 � for Lb, 19.46 � for La). The radius of the new Lb cyl-
inder is also increased (measured at the central CH2 unit
4.66 � to C; 5.82 � to H) and is approximately 8 % larger
than that of the corresponding La cylinder (radius 4.43 � to
C; 5.39 � to H).


While in the complex of La the central aryl rings within
the cylinder are all face–edge p-stacked together forming
CH···p interactions, such interactions are absent in this
longer cylinder (Figure 4). The pyridylimine units are planar
(pyridylimine torsion angles 0.28) and the phenyl and keti-
mine are also approximately coplanar (torsion angles ~23).
Twisting within the ligand occurs primarily about the N�N
bond between the imine and ketimine units (torsion angles
~858).


The solid-state and solution structures are also pertinent
to a recent report[19] by Albrecht et al. on the ’even-odd
principle’[20] in helicate-box formation. In Albrecht�s cate-
chol-based systems he notes a tendency for systems with
odd numbers of methylene units in the spacer to give meso
isomers and those with even numbers to give helicates. He
attributes this to the energetics associated with the confor-
mation of the methylene chain. In a very recent study aimed
at design of “two nanometer-dimensioned” helicates he has


Figure 1. Crystal and molecular structure of the [Fe2(Lb)3]
4+ cation. Hy-


drogen atoms are omitted for clarity.


Figure 2. Space-filling representations of the cations rac-[Fe2(La)3]
4+ (left)


and meso-[Fe2(Lb)3]
4+ (right). Hydrogen atoms are omitted for clarity.


Figure 3. Overlay of the structures of the cations [Fe2(La)3]
4+ (dark) and


[Fe2(Lb)3]
4+ (light). Hydrogen atoms are omitted for clarity.
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employed the diphenylmethane spacer and linked it through
imine links to catechol binding units.[19] The result is a
ligand in which the chelating units are positioned in a simi-
lar fashion to Lb and with titanium(iv) the dicatechol ligand
gives a solid-state triple-stranded dinuclear meso isomer
similar to the pyridylimine structure herein, and only slightly
shorter (19.3 � C···C along the metal-metal vector). To this
extent the bis(pyridylimine) meso cylinder herein obeys Al-
brecht�s “even-odd principle” as Albrecht�s related bis-cate-
chol. The previously reported La complex,[5] which is exclu-
sively a triple-helix, is clearly at odds with the “even-odd”
principle. Albrecht attributes this to the rigidity of that
ligand system which enforces the same chirality at each
metal centre.[19] We would concur, noting further that in the
La system the extensive CH···p interactions at the centre of
the complex will further increase the structural rigidity and
thus facilitate the relay of the chiral information from one
metal centre to the other. In Lb the additional ketimine
units provide both additional conformational freedom and
move the aryl rings of the spacer apart thereby removing
that element of rigidity too. This presumably removes the
constraints and allows the spacer conformational energetics
associated with the “even-odd principle” to influence the
stereochemistry. Nevertheless these constraints may not be
completely relaxed as indicated by the presence of 10–15 %
of the helical rac isomer in solution.


DNA binding studies : The tetrafluoroborate salt [Fe2(Lb)3]
[BF4]4 is soluble in acetonitrile but not water. To investigate
whether this salt could be used, the complex was dissolved
first in a small amount of acetonitrile and then water was


added to give an approximately 20 % acetonitrile solution.
Within a short time the compound precipitates to give a col-
ourless solution. Consequently DNA binding studies were
conducted with the chloride salt [Fe2(Lb)3]Cl4. Solutions of
the chloride salts, were prepared by dissolving in small
amounts of ethanol and then adding water to give a 20 %
aqueous ethanol solution. We observed a slow change in so-
lution colour from red to orange with time (accompanied by
an increase in the MLCT absorption and some changes in
the ligand bands). Consequently all solutions used in the
spectroscopic investigations were freshly prepared and dis-
carded after one hour.


Circular dichroism (CD) spectroscopy: Titrations of the
complex into calf thymus DNA solution were carried out at
constant concentrations of DNA (500 mm), NaCl (20 mm)
and sodium cacodylate buffer (1 mm). The complex itself
shows no CD signal. Any CD signals that arise in the spec-
troscopic regions of the complex are therefore a conse-
quence of its interaction with the DNA. On addition of the
complex to DNA, signals in the MLCT region of the com-
plex (~480 and 520 nm) and in the region of the ligand
bands (~315 nm) are observed confirming binding of the
cylinder to DNA (Figure 5). These induced signals are simi-


lar to those observed when the La triple-stranded cylinder
binds to DNA[4] although in this case the sign of the band is
inverted. The DNA CD bands (220–300 nm) confirm that
the DNA remains in a B-DNA conformation. The increase
in CD signal (314 nm) with concentration is linear up to five
base pairs: one cylinder consistent with a single binding
mode in this regime (from simple size considerations, the
cylinder would span five base pairs if groove bound).


Flow linear dichroism (LD) spectroscopy: LD is the differ-
ence in absorption of light polarized parallel and perpendic-
ular to an orientation direction. The technique is reliant on
orientation of the sample and for DNA we achieve this in
solution by orienting the biomacromolecule in a flow Cou-
ette cell with orientation through viscous drag.[21] The pri-


Figure 4. Comparison of the positions of the phenyl rings in the structures
of the cations [Fe2(La)3]


4+ (left, dark shading) and [Fe2(Lb)3]
4+ (right,


light shading) demonstrating the absence of the CH···p interactions in
the Lb complex.


Figure 5. CD spectra of ct DNA (500 m m) in the presence of
[Fe2(Lb)3]Cl4. Mixing ratio ([DNA]: [Fe2(Lb)3]Cl4) is indicated in the
figure.
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mary application of the technique has been to study drug-
DNA interactions: if drugs are bound in a specific orienta-
tion(s) on the DNA then they too will become orientated,
while drugs randomly bound to the DNA or free in solution
will not be orientated. Since drugs which are not oriented
will have identical absorptions of parallel and perpendicular
polarised light, only those drugs which are oriented will ex-
hibit an LD signal. Recently we have recognised that the
technique can also be used to probe changes in the orienta-
tion of the biomacromolecule induced by drug binding
events.[4] Thus for the La cylinders we observed dramatic
losses of DNA orientation associated with the bending or
coiling of the DNA by the cylinder. AFM imaging was able
to confirm that this arose from an intramolecular DNA coil-
ing effect.


To probe the binding of [Fe2(Lb)3]Cl4, titrations were car-
ried out at constant concentrations of DNA (500 mm), NaCl
(20 mm) and sodium cacodylate buffer (1 mm). The presence
of bands corresponding to cylinder transitions (~315,
520 nm) in the LD spectrum (Figure 6) confirms that the


cylinder binds to DNA and does so in specific orientation(s).
Some DNA bending or coiling is also observed as evidenced
by the decrease in the DNA band at 260 nm. The loss of ori-
entation is not as dramatic as that observed with the La


iron(ii) cylinder: In the LD of the DNA region the parent P
enantiomer of the La cylinder causes a 75 % loss of orienta-
tion at a 15:1 ratio and the M enantiomer is even more ag-
gressive in its coiling causing a 95 % loss at a 20:1 ratio. This
new Lb cylinder shows a loss of only about 40 % at 6:1.


Thermal stability : Thermal stability experiments (monitored
by measuring cylinder absorbance at 476 nm) indicated that
the complex was degraded as the temperature was increased
above ambient and that the presence of DNA had no signifi-
cant stabilising effect on the complex. For this reason, it is
unsurprising that the cylinder also exhibited no effect on the
melting temperature of ct-DNA.


Conclusion


The additional ketimine groups introduced into the spacer
unit of Lb increase the separation of the two metal binding
sites in the ligand and, as expected, extend the length of the
cylinder created. However they also move the phenylene
groups on different ligand strands apart and these phenyl-
enes no longer form the inter-strand CH···p interactions ob-
served in the complex of La. This affects the complex in sev-
eral ways. The removal of the inter-strand interactions
makes the relay of the chiral information from one metal
centre to the other less effective and a mixture of rac and
meso isomers results, with the meso isomer being dominant.
We have recently demonstrated that inter-strand interac-
tions are important in obtaining exclusively rac isomers in
the related double-stranded systems.[17a] The diameter of the
cylinder is also increased with respect to the La cylinder.
The stability of the complex in aqueous solution is reduced,
supporting the view that the inter-strand CH···p interactions
do contribute to the stability of the complexes of ligand La.


This new cylinder does bind to DNA as evidenced by the
observation of induced CD signals in the both the MLCT
and in-ligand bands of the cylinder. The induced signals are
similar to those observed for the La complex although oppo-
site in sign. We speculate that this may be related to the fact
that the La cylinder is rac, whereas the Lb cylinder is pre-
dominantly the meso isomer and contains metal centres with
opposite configurations which will have diferent transition
orientations. The lower aqueous stability of the Lb cylinder
makes it difficult to explore this further. The flow LD ex-
periment confirms that the Lb cylinder binds to DNA in a
specific orientation(s) (as the La cylinder). The sign of the
cylinder MLCT LD signal precludes this being an intercala-
tive binding mode (consistent with the cylinder�s large size
and shape) but is consistent with a (major) groove-binding
mode as seen for the La cylinder.


Some DNA bending/coiling is observed but the effect is
much less dramatic than observed for the La cylinder. It is
clear from this result that the DNA coiling observed with
the La cylinder is not solely a consequence of the tetraca-
tionic charge, but rather is related to the precise size and
shape of the cylinder. We are currently investigating other
related cylinder designs to try to probe further the essential
features of the design and their impact on the DNA recogni-
tion and coiling.


Experimental Section


General : All reagents and solvents were purchased from commercial
sources (Aldrich, Fluorochem, Acros, Fluka) and used without further
purification. NMR spectra were recorded on Varian Gemini 2000
(200 MHz) or Br�ker DPX 400 (400 MHz) instruments at 298 K using
standard Varian or Br�ker software. FAB mass spectra were recorded on
a Micromass VG-Quattro System or a Micromass AutoSpec spectrometer
using 3-nitrobenzyl alcohol as matrix. ESI mass spectra of the complex
were recorded on a Micromass Quatro II (low-resolution triple quadru-
pole mass spectrometer) instrument at the EPSRC National Mass Spec-


Figure 6. LD spectra of ct DNA (500 m M) in the presence of
[Fe2(Lb)3]Cl4. Mixing ratio ([DNA]: [Fe2(Lb)3]Cl4) is indicated in the
figure.
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trometry Centre, University of Wales, Swansea and of the ligand on an
Micromass ZQ System at U. Barcelona. Infrared spectra (solid pellets or
films prepared by evaporation of solutions mounted on NaCl plates)
were measured with a Perkin Elmer Paragon 1000 FTIR spectrometer or
a Nicolet 510 FT-IR Spectrometer. UV/Vis measurements were made
using a Jasco V-550 spectrophotometer.


Ligand Lb : 4,4’-Diacetyldiphenylmethane (0.508 g, 2 mmol) was dissolved
in methanol (15 mL). Hydrazine monohydrate (0.210 g, 4.2 mmol) was
added slowly over a period of 15 minutes and the mixture was stirred at
room temperature overnight. The white precipitate of the bishydrazone
formed (0.450 g, 1.6 mmol, yield 80 %) was collected by filtration, washed
with small portions of cold methanol (2 � 5 mL) and dried in vacuo.
1H NMR (200 MHz, CDCl3): d= 7.56 (d, J=8.2 Hz, 4H; Ph), 7.16 (d, J=


8.2 Hz, 4H; Ph), 5.32 (s, 4H; NH2), 3.98 (s, 2H; CH2), 2.11 ppm (s, 6 H;
CH3); 13C NMR (50 MHz, CDCl3): d 11.7, 41.3, 125.5, 128.8, 140.8,
147.3 ppm; MS (+ve FAB, NBA): m/z : 281 [M+ H]+ ; IR (film): ñ=


3354 s, 3220 s, 3083 m, 1654 m, 1604 m, 1509 m, 1436 m, 1368 m, 1335 m,
1108 mcm�1.


The bis(hydrazone) (0.135 g, 0.48 mmol) and pyridine-2-carboxaldehyde
(0.107 g, 1 mmol) were mixed in methanol (15 mL). After adding several
drops of acetic acid the clear solution was stirred at room temperature
overnight. The resulting yellow precipitate was collected by filtration and
dried in vacuo (0.202 g, 0.44 mmol, yield 91%).


Rf = 0.31 (silica; CH2Cl2:MeOH 98:2); 1H NMR (200 MHz, CDCl3): d=


8.68 (d, J= 4.4 Hz, 2 H; py-H6), 8.41 (s, 2H; N=CH), 8.14 (d, J=7.8, ,
2H; py-H3), 7.86 (d, J =8.4 Hz, 4 H; Ph), 7.73 (td, J=7.5, 1.8 Hz, 2 H;
py-H4), 7.35 (ddd, J =7.2, 4.8, 1.1 Hz, 2H; py-H5), 7.25 (d, J =8.2 Hz,
4H; Ph), 4.08 (s, 2H; CH2), 2.47 ppm (s, 6 H; CH3); 13C NMR (50 MHz,
CDCl3): d : 15.4, 41.6, 121.5, 124.5, 127.2, 129.0, 136.4, 143.0, 149.6, 153.6,
157.1, 163.9 ppm; IR (film): ñ =3095 m, 1649 m, 1610 s, 1436 m, 1369 m,
1343 m, 1115 mcm�1; MS (+ve FAB, NBA): m/z : 459 [M+H]+ ; MS (+ve
ESI): m/z : 459 [M+H]+ ; elemental analysis calcd(%) for C29H26N6: C
76.0, H 5.7, N 18.3; found: C 76.0, H 5.7, N 18.1.


Iron(ii) complex : Lb (0.023 g, 0.05 mmol) and iron(ii) tetrafluoroborate
(0.025 g, 0.075 mmol) in a mixture chloroform–methanol (1:1) were stir-
red for 6 h at room temperature. The red precipitate was collected by
vacuum filtration, washed with methanol and dried in vacuo under P4O10


(0.021 g, 70%). X-ray quality, red crystals were obtained by slow diffu-
sion of benzene into a solution of the complex in acetonitrile. The chlo-
ride salt was prepared by an analogous route from iron(ii) chloride.
1H NMR (400 MHz, CD3CN, 298 K): d= 8.31 (s, 2 H; Himine helix), 8.25 (s,
14H; Himine box), 8.18 (m, 16H; H4), 8.09 (m, 16H; H3), 7.79 (d, J=


8.3 Hz, 28H; Ph box), 7.66 (d, J =8.0 Hz, 4H; Ph helix), 7.59 (m, 32H;
H5& H6), 7.33 (d, J= 8.3 Hz, 28H; Ph box), 7.20 (d, J =8.0 Hz, 4 H; Ph
helix), 4.09 (s, 2H; CH2 helix), 4.06 (d, J =23 Hz, 7 H; CH2 box), 3.96 (d,
J =23 Hz, 7 H; CH2 box), 1.27 (s, 6 H; CH3 helix), 1.20 (s, 42H; CH3


box); 1H NMR (400 MHz, CD3OD, 298 K, chloride salt): d=8.58 (s, 2 H;
Himine helix), 8.532 (s, 14H; Himine box), 8.30 (m, 16H; H4), 8.24 (m, 16 H;
H3), 7.98 (d, J =8.0 Hz, 28 H; Ph box), 7.84 (d, J =7.8 Hz, 4H; Ph helix),
7.75 (m, 32 H; H5& H6), 7.37 (d, J=8.0 Hz, 28 H; Ph box), 7.20 (d, J=


8.0 Hz, 4 H; Ph helix), 4.13 (s, 2 H; CH2 helix), 3.97 (d, J=14 Hz, 7 H;
CH2 box), 3.88 (d, J= 14 Hz, 7H; CH2 box), 1.34 (s, 48H; CH3 helix &
CH3 box); IR (solid): ñ=1600 m, 1562w,1472 m, 1439w, 1413w, 1371w,
1306 m, 1187w, 1162w, 1053 s, 919w, 813w, 777 s, 760 s, 686w cm�1; UV/
Vis (MeCN): l=525 (e =12000), 485 nm (e =10000), 296 nm (e=


138 000), 260 nm (e=95 000); MS (+ ve ESI, MeCN): m/z : 372
{Fe2(L2)3}


4+ (100 %), 502 {Fe2(L2)3F}3+ (10 %), 830 {Fe2(L2)3(BF4)2}
2+


(5 %).


X-ray crystallography : Crystal structure data for C43.8H42.8B1.33F5.33Fe0.67-
N7.4O0.5, Mr =833.83, hexagonal, space group P6(3)/m, a =13.791(3), b=


13.791(3), c =44.622(10) �, U =7349(3) �3, Z=6, 1calcd =1.130 gcm�3,
m(MoKa) =0.270 mm�1. Character: purple blocks 0.28 � 0.28 � 0.04 mm. A
total of 30 463 reflections were measured, 3620 unique[R(int) =0.1462].
Goodness-of-fit on F2 was 1.051. R1 [for 2373 reflections with I>
2 s(I)] =0.0883, wR2=0.2225. Data/restraints/parameters 3620/22/327.
Crystal data was collected at 180(2) K with a Siemens-SMART-CCD dif-
fractometer[22] equipped with an Oxford Cryosystem Cryostream
Cooler.[23] Refinements used SHELXTL.[24] Systematic absences indicated


space group P6(3)/m or P6(3). The former was chosen on the basis of in-
tensity statistics and shown to be correct by successful refinement. The
structure was solved by direct methods with additional light atoms found
by Fourier methods. Hydrogen atoms were added at calculated positions
and refined by using a riding model with freely rotating methyl groups.
Anisotropic displacement parameters were used for all non hydrogem
atoms; hydrogen atoms were given isotropic displacement parameters
equal to 1.2 (or 1.5 for methyl hydrogen atoms) times the equivalent iso-
tropic displacement parameter of the atom to which the hydrogen atom
is attached.


The asymmetric unit contains half a ligand, an iron, a benzene molecule,
two partially occupied acetonitriles (N200–C202, 50% occupancy and
N400–C402, 20% occupancy) two partially occupied water molecules and
two very disordered BF4 counter ions (as detailed below). Fe1 sits on spe-
cial position 4f on a three-fold axis. C18, the central methylene of the
ligand lies on a mirror plane, special position 6h. B10 sits on special posi-
tion 4f on a three-fold axis and has the fluorine atoms disordered over
two positions in a 3:1 ratio. The major position F11/F12 has F11 on the
same three-fold axis and F12 in a general position. The minor component
F11 A/F12 A has F11 A on the three-fold axis and F12 A in a general po-
sition. B20 sits on special position 4e on a three fold axis and has very
disordered fluorine atoms over at least three positions. This was modelled
by placing four fluorine atoms (F21–F24) on B20 and making the sum of
their occupancies add up to a BF4. Acetonitrile N400–C402, as well as
being only partially occupied lies on the mirror plane, special position 6h.
Some additional electron density was modelled as partially occupied
water molecules O600 and O700. O600 lies on special position 4f on a
three-fold axis and is 50 % occupied. O700 lies on special position 4e on
a three-fold axis and is 25% occupied. The partial solvent occupancies
and no hydrogen atoms on the water molecules explains the fractional
formula.


CCDC-252893 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Biophysical experiments : Circular dichroism : Spectra were collected in
1 cm pathlength cuvettes (280–850 nm) or 2 mm pathlength cuvettes
(220–350 nm) using a Jasco J-715 spectropolarimeter. Spectroscopic titra-
tions were performed in which CD and UV/Vis absorbance spectra were
collected. Titrations were carried out at constant concentrations of DNA
(500 mm), NaCl (20 mm) and sodium cacodylate buffer (1 mm). The
DNA:metal complex ratio was decreased during the titration series by in-
crementing the concentration of metal complex in the cuvette from 0–
62.5 mM. Titrations were performed so as the concentrations of DNA,
NaCl and sodium cacodylate buffer in the cuvette remained unaltered.[25]


Flow linear dichroism : Flow LD spectra were collected by using a flow
couette cell in a Jasco J-715 spectropolarimeter adapted for LD measure-
ments. Long molecules, such as DNA (minimum length of ~250 base
pairs), can be orientated in a flow couette cell. The flow cell consists of a
fixed outer cylinder and a rotating solid quartz inner cylinder separated
by a 0.5 mm wide gap giving a total 1 mm pathlength.[21]


Thermal stability measurements : Thermal stability experiments used a
thermostatic cell-changer UV/Vis spectrophotometer on a Cary1E spec-
trophotometer in masked 1.2 mL cuvettes, monitoring cylinder absorb-
ance at 476 nm.
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Resolution of Seven-Coordinate Complexes


Anders Lennartson, Marcus Vestergren, and Mikael H�kansson*[a]


Introduction


In 1848, Pasteur resolved four-coordinate enantiomers by
hand-sorting the enantiomorphic crystals in a conglomerate
of ammonium sodium tartrate, and in 1911, Werner reported
the first resolution of a six-coordinate complex.[1] Instrumen-
tal to Werner�s success was the fact that many octahedral
complexes (like tetrahedral carbon compounds) are substi-
tutionally inert. Seven-coordinate chiral complexes (with ex-
clusively achiral mono- or bidentate ligands) frequently
enantiomerize in solution, and the resolution of such race-
mates has remained an unconquered challenge.[2] Indeed,
simply determining the enantiomeric excess (ee) in a labile
reaction product (i.e. , a resolution attempt) is problematic,
as rapid racemization in solution means that only solid-state
methods can be used. We recently reported the synthesis
and spontaneous resolution of eight-coordinate enantiomers
of [SmI2(dme)3] (dme =1,2-dimethoxyethane).[3] In this
work, we have attempted to isolate enantiopure bulk quanti-
ties[4] of seven-coordinate enantiomers of [Ln(dbm)3H2O]
(dbm =dibenzoylmethane). As can be seen from Figure 1,
such seven-coordinate complexes are the missing link in a


simple sequence; the first member is a six-coordinate
Werner complex with three bidentate ligands, and the last
member is eight-coordinate [SmI2(dme)3]. (Analogous to
six-coordinate Werner complexes with three bidentate li-
gands, see Figure 1, we named the seven- and eight-coordi-
nate enantiomers D and L, respectively.) We also investigat-
ed the potential of solid-state CD spectroscopy for the quan-
titative determination of the ee in bulk samples of stereo-
chemically labile molecules.


Abstract: The crystal structures of
[Pr(dbm)3H2O] (1), [Sm(dbm)3H2O]
(2), and [Er(dbm)3H2O] (3) have been
determined (dbm=dibenzoylmethane).
They display seven-coordinate propel-
ler-shaped molecules, which are chiral
and crystallize as conglomerates in
space group R3. Analysis of the crystal
structures reveals supramolecular inter-
actions, including formation of a quad-
ruple helix, which explain how stereo-
chemical information can be transfer-


red between stacks of molecules. A
method to quantify the ee in bulk sam-
ples of stereochemically labile com-
pounds by using solid-state CD spec-
troscopy is described. Using this
method, it has been shown that com-
pounds 1–3 undergo total spontaneous


resolution directly after synthesis,
forming a microcrystalline reaction
product that is essentially enantiopure.
The resolution of bulk quantities of
seven-coordinate complexes (without
chiral or polydentate ligands) is thus
reported for the first time. Because the
crystallization starts without seeding,
the overall preparation may be regard-
ed as absolute asymmetric synthesis.


Keywords: asymmetric synthesis ·
chiral resolution · chirality · circular
dichroism · lanthanides
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Figure 1. Together with the classical six-coordinate complexes, seven- and
eight-coordinate enantiomers (with three bidentate ligands) form a series
of chiral propeller molecules (with monodentate ligands on the threefold
axis).
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Results and Discussion


The synthesis of [Ln(dbm)3H2O] complexes is a straightfor-
ward process:[5,6] reaction of LnCl3 and dibenzoylmethane in
a basic solution leads to the formation of microcrystalline
products in high yield. The crystal structures of
[Pr(dbm)3H2O] (1), [Sm(dbm)3H2O] (2), and
[Er(dbm)3H2O] (3) all display chiral, propeller-like mole-
cules, in which the aqua ligand is situated on the crystallo-
graphic threefold axis (Figure 2); therefore, these com-
pounds are isostructural with the previously characterized
[Nd(dbm)3H2O][7] and [Ho(dbm)3H2O].[8]


Resolution : Complexes 1–3 crystallize in space group R3
and are conglomerates; that is, the D- and L-enantiomers
crystallize separately. The coordination geometry around
the Ln atoms is best described as a capped octahedron, in
which the six dbm oxygen atoms are at the corners of the
octahedron, and the aqua ligand caps one of its surfaces.
The pentagonal bipyramid and the capped trigonal prism
are other common seven-coordinate geometries that exhibit
similar stability.[9] Low transformational barriers between
the different coordination arrangements can be assumed,
which means that 1–3 should racemize rapidly in solution.
We found that this is indeed the case, because acetone solu-
tions of enantiopure (prior to dissolution) D-
[Sm(dbm)3H2O] show no optical activity. Such “labile con-
glomerates” can undergo crystallization-induced asymmetric
transformation (also known as total spontaneous resolu-
tion),[10] as depicted in Figure 3. If primary nucleation is
slow relative to secondary nucleation, preferential crystalli-
zation (e.g., single-colony crystallization) can give a product
with 100 % yield and ee. A necessary condition is, of course,
that enantiomerization in solution is fast compared to crys-
tal growth. If the crystallization starts without seeding, the
overall preparation may be regarded as absolute asymmetric
synthesis,[11–13] that is, the creation of optical activity from
achiral (or racemic) precursors without the participation of


molecular optical activity. Absolute asymmetric synthesis is
relevant to speculation concerning the origin of biomolecu-
lar homochirality.[14–23]


We concentrated our studies on [Sm(dbm)3H2O] (2), be-
cause it is easy to recrystallize the yellow bulk product ob-
tained after the mother liquor yielded by the synthesis of 2
is allowed to reach ambient temperature. By layering an
acetone/water solution of this microcrystalline product onto
a water surface, large needle-shaped crystals of good quality
can be obtained. In a first attempt to determine the ee from
such a recrystallization, we collected X-ray data from frag-
ments of ten large, single crystals, which represented ap-
proximately 10 % of the total batch mass. As shown by
anomalous dispersion,[24–25] all ten crystals had the D-config-
uration, which indicates a high ee in the product. It is likely
that the D-enantiomer content is higher than 93 %, because
0.9310 =0.48; however, a method that uses a sample repre-
sentative of the whole bulk product would clearly be more
informative, especially as collecting repeated diffraction
data sets is very time consuming. Furthermore, a general
method would be useful, because syntheses of new substan-
ces often result in microcrystalline products that are unsuita-
ble for single crystal analysis by using X-rays, polarized
light, or crystal shape.


Determination of ee in bulk samples of D-2 : Qualitative
characterization of microcrystalline samples by using solid-
state CD spectroscopy has recently been discussed.[26] How-
ever, use of the CD signal from stereochemically labile solid
samples for the quantitative determination of the enantio-
meric excess has not yet been reported. The spectra shown
in Figure 4 were obtained for selected single crystals of D-2
and L-2 (see Experimental Section), which had been very
carefully ground (to minimize dispersion effects and concen-
tration variations) together with KBr, and then pressed into
thin, translucent disks. The spectra of D-2 and L-2 were
mirror images and independent of disk rotation in the beam.
Because solutions of 2 are CD-silent, spectral artefacts due
to partial dissolution can be excluded, which is beneficial in
the recording of solid-state CD spectra of stereochemically
labile samples. A plot of the magnitude of the strong CD
signal at 292 nm versus the mass of enantiopure (and homo-
chiral) single crystals in the disk resulted in a straight line


Figure 2. View of D-[Ln(dbm)3H2O] along the threefold propeller axis.


Figure 3. Crystallization-induced asymmetric transformation of 2.
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for 0.05–0.20 mg of D-2 crystals (Figure 5). This was a wel-
come outcome, as we had suspected that variations in parti-
cle size and disk quality may have resulted in low reproduci-


bility. Consequently, we mixed D-and L-crystals in specific
proportions and prepared a KBr disk in the same manner as
for the enantiopure samples. The point representing the dif-
ference in mass between D-and L-crystals and the corre-
sponding CD signal fitted nicely to the line in Figure 5. This
means that for weighed samples of 2 of unknown optical
purity, the ee can be determined immediately after a calibra-
tion line, such as that in Figure 5, has been recorded. In
other words, the CD signal can be used as a quantitative
measure of the ee in a microcrystalline (powder) sample. A
subjective error estimate, considering crystal weighing errors
and CD signal variations for different disk orientations, sug-
gests a maximum error of �3 %. The maximum deviation
of the calibration points from the calibration line is <2 %.


After mixing and grinding all of the crystals in one batch,
followed by the removal of a sample (which represents the
whole batch), we could determine that recrystallized batches
of D-2 were essentially enantiopure, as the X-ray data from
ten different crystals had indicated. Remarkably, even the
bulk reaction product displayed ee�s of between 97 and
100 %, as indicated by the open circles in Figure 5. Appa-
rently, slow recrystallization is not neccessary to obtain an
enantiopure product, which means that preferential crystalli-
zation, and thus total spontaneous resolution, is indeed


spontaneous in this system. In fact, it is harder to obtain a
racemic product of 2 than an enantiopure product. If this is
a common behavior among labile conglomerates, it suggests
that a mechanism that couples crystallization-induced asym-
metric transformation with transfer of the chirality to stereo-
chemically inert molecules may have been instrumental in
the creation of a homochiral pool of molecules on prebiotic
Earth.


Crystal structure : The molecular structure of D-2 is shown
in Figure 6. Although D-1 and D-3 are isostructural, there


are variations in Ln�O lengths, according to the diminishing
ionic radius in going from Pr to Er, as demonstrated in
Table 1. Selected lengths and angles in D-2 are given in


Table 2. The coordination model that best describes these
propeller-shaped molecules is a capped octahedron. The
capping causes considerable flattening of the corresponding
tripod along the crystallographic threefold axis, which is re-


Figure 4. Solid-state CD spectra of D-2 (bold) and L-2.


Figure 5. The enantiopure crystal mass of D-2 in each KBr disk is directly
proportional to the magnitude of the CD signal at 292 nm. Open circles
show ee determination of the microcrystalline bulk product.


Figure 6. ORTEP drawing of D-2, showing the crystallographic number-
ing. Thermal ellipsoids enclose 50 % probability.


Table 1. Ln�O bond lengths [�] in D-1, D-2, and D-3.


Pr1�O1 2.452(6) Sm1�O1 2.447(5) Er1�O1 2.398(8)
Pr1�O2 2.356(3) Sm1�O2 2.354(3) Er1�O2 2.284(4)
Pr1�O3 2.335(3) Sm1�O3 2.342(3) Er1�O3 2.259(4)


Table 2. Selected bond lengths [�] and angles [8] in D-2[a] .


C5�C6 1.345(6) O1-Sm1-O2 130.70(8)
C6�C7 1.493(5) O1-Sm1-O3 74.82(7)
C9�C10 1.497(5) O2-Sm1-O3 72.24(10)
O2�C7 1.270(5) O2-Sm1-O2* 82.08(12)
O3�C9 1.260(5) O2-Sm1-O3* 152.88(10)
C7�C8 1.384(5) O3-Sm1-O2* 85.83(12)
C8�C9 1.395(6) O3-Sm1-O3* 113.40(6)


[a] Symmetry code *: y–x, 1–x, z.


Chem. Eur. J. 2005, 11, 1757 – 1762 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1759


FULL PAPERSeven-Coordinate Complexes



www.chemeurj.org





flected by the fact that the O3-Sm1-O3* angles exceed 1138,
whereas the O2-Sm1-O2* angles are approximately 828. Op-
posite the capped side of the octahedron, as can be seen in
Figure 7, the three O2 atoms are involved in hydrogen


bonding with the aqua hydrogen atoms of a neighboring
molecule. Because the aqua oxygen atom sits on a threefold
axis, the corresponding hydrogen atoms must be disordered,
which means that a detailed description of hydrogen bond-
ing can be only speculative, at best. The closest Caryl–Caryl


contact within each stack is 3.69 �, which is indicative of at-
traction; however, it is reasonable to assume that the hydro-
gen bonds also contribute significantly to the tendency of
these lanthanide complexes to form homochiral stacks. The
stacking may be described as resulting in polymers compris-
ing (-Ln-O-Ln-O-)8 chains, which resemble the eight-coordi-
nate complexes in Figure 1. The resolution of 1–3 relies on
the crystals to form a conglomerate, and the ability to
design molecules that crystallize as conglomerates is desira-
ble. Molecules that fit into rows or stacks, such as
[Ln(dbm)3H2O], can form phases in which heterochirality is
eliminated in at least one dimension. Regarding the other
two dimensions, along a and b, Figure 8 shows how stereo-
chemical information in 2 is transferred between stacks of
[Sm(dbm)3H2O] complexes by the interaction of aryl “pro-
peller wings” through short CH/p contacts. All six CH–p


distances indicated in Figure 8 are related by symmetry; the
distances are 2.79 � and the C-H-p angles are 163.58. Al-
though such vertex-to-face interactions are weak, they are
known to play a significant role in the assembly of crystal-
line compounds.[27] Figure 9 illustrates another set of CH/p
interactions in 2, in this case between molecules at different


heights (along c), in which CH–C distances of 2.88 � result
in left-handed helices (contrary to the right-handed D-helici-
ty of the molecule itself) along c. These helices, which in-
volve three stacks, are actually quadruple helices with a
pitch height of 25.54 � (the Sm–Sm distance within a stack
is 6.384 �).


Figure 7. Homochiral rows along c are formed in 2. The disordered aqua
hydrogen atoms (not shown) contribute to the homochiral stacking facili-
tated by intermolecular hydrogen bonds.


Figure 8. Short CH–p distances (2.79 �) in D-2 (indicated by solid lines)
mediate the transfer of stereochemical information between different
stacks.


Figure 9. Formation of three (A–C) quadruple helices (along c) in D-2.
Only one quarter of each quadruple helix is shown.
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Conclusion


The resolution of bulk quantities of seven-coordinate com-
plexes (without chiral or polydentate ligands) has been dem-
onstrated for the first time, and illustrates how crystalliza-
tion-induced asymmetric transformation can be a powerful
tool for resolving stereochemically labile isomers. Analysis
of the crystal structure of these [Ln(dbm)3H2O] complexes
reveals supramolecular CH/p interactions (including forma-
tion of a quadruple helix). These interactions demonstrate
how stereochemical information is transferred between
stacks of molecules, enabling [Ln(dbm)3H2O] to crystallize
as a conglomerate. The solid-state CD-spectroscopic method
described can be used to quantify the ee in bulk samples of
stereochemically labile compounds. Therefore, it is now pos-
sible to investigate whether labile conglomerates in general
are as willing as [Ln(dbm)3H2O] to undergo total spontane-
ous resolution.


Experimental Section


General : None of the complexes were air-sensitive; however, recrystalli-
zations were performed in sealed tubes to minimize contamination from
optically active trace impurities. Commercial dibenzoylmethane (Aldrich)
and lanthanide halides (Apollo Scientific) were used as received. Ace-
tone was purchased from Riedel de Haen (PA) or Scharlau (extra pure),
and the water was doubly distilled.


Preparation of D-[Pr(dbm)3H2O] (D-1): Dibenzoylmethane (1.30 g,
6.00 mmol) was dissolved in acetone (50 mL), and an aqueous solution of
KOH (12 mL, 0.5m) was added. The mixture was heated to reflux, and a
solution of PrCl3·7H2O (0.76 g, 2.00 mmol) in 10 mL water was added
drop-wise. The hot solution was filtered by suction, and green-yellow
needles started to form in the filtrate, which was cooled on an ice/salt
bath to complete crystallization. The
crystals were collected by filtration
and then washed with water and cold
diethyl ether. Yield: 1.51 g (91 %),
ee :>97%.


Preparation of D-[Sm(dbm)3H2O]
(D-2): Synthesis of the samarium
complex (D-2) was identical to the
preparation of the praseodymium
complex (D-1) described above; how-
ever, the fact that commercially avail-
able samarium(iii) chloride can vary
in hydrate content should be consid-
ered. Small, yellow needles of D-2,
obtained directly from the mother
liquor, were collected by filtration
and washed with water and cold di-
ethyl ether. Yield: 1.52 g (94 %),
ee :>97%. Large crystals could be
obtained by layering a solution
(0.034 m) of 2 in acetone onto a water
surface in a test tube.


Preparation of L-[Sm(dbm)3H2O]
(L-2): Numerous attempts to sponta-
neously crystallize L-2 from acetone/
water solutions of 2 failed, because
only D-2 crystals could be obtained.
An optically active trace impurity was
probably present in the laboratory,
which influenced the crystallization


process. Although extensive precautions were taken to exclude contami-
nation by D-2 seeds, their presence cannot be excluded. Only after spik-
ing the acetone/water solution of 2 with D-[Co(acac)3], as done by
Addadi and Lahav,[28–29] were crystals of L-2 obtained. Once the first L-2
crystals were obtained, seeding resulted in a crystalline bulk product with
ee>97%.


Preparation of D-[Er(dbm)3H2O] (D-3): Yellow-orange microcrystals of
this compound were obtained in the same way as for the praseodymium
and samarium complexes, but the yield was lower. Yield: 1.02 g (60 %),
ee :>97%. Recrystallization from acetone/water gave crystals of a quality
suitable for X-ray crystallographic analysis.


Solid-state CD spectroscopy : Solid-state CD spectra were recorded by
using a Jasco J-175 spectropolarimeter, together with thin (100 mg) KBr
disks of 13 mm diameter. For ee determinations, the CD signal at 292 nm
was averaged over 15 different positions for each disk. To avoid problems
with different background levels, the difference between the signals at
292 and 500 nm was recorded. The calibration line was obtained by pre-
paring disks containing various amounts of enantiopure (and homochiral)
crystals. The disks were prepared by weighing a crystal sample (approxi-
mately 1 mg) and then manually mixing and grinding it with a weighed
amount of KBr (approximately 1 g). The best result was obtained by
adding KBr in four small portions, with each addition being followed by
careful manual grinding, until a homogeneous mixture was obtained. Ap-
proximately 100 mg of the mixture was collected and weighed before
pressing it for 2 min at 8 ton into a disk. This resulted in a disk containing
approximately 0.1 mg crystal mass. A similar procedure was used for all
of the disks represented in Figure 5, in which the crystal mass and/or the
KBr-mediated dilution was varied.


Solution CD spectroscopy : Solutions were prepared by dissolving enan-
tiopure (and homochiral) single crystals of D-2 in acetone and CD spec-
tra were recorded immediately. No CD signal from the complex could be
detected, indicating rapid racemization.


X-ray crystallography : Diffracted intensities were recorded by using a
Rigaku R-AXIS IIc image plate system with graphite-monochromated
MoKa (l=0.710 73 �) radiation from a Rigaku RU200 rotating anode op-
erated at 50 kV and 90 mA. Cell constants were obtained by applying
least-squares refinement of all reflections. Diffraction data from 90 oscil-
lation photos with a rotation angle of 28 were processed by using the


Table 3. Crystallographic data for D-1, D-2, and D-3.


Compound D-1 D-2 D-3


empirical formula C45H35O7Pr C45H35O7Sm C45H35O7Er
formula weight 828.64 838.08 854.99
T [K] 293(2) 293(2) 293(2)
l [�] 0.71073 0.71073 0.71073
crystal system trigonal trigonal trigonal
space group R3 R3 R3
a [�] 22.547(5) 22.563(4) 22.692(5)
b [�] 22.547(5) 22.563(4) 22.692(5)
c [�] 6.3807(18) 6.3837(14) 6.3019(19)
V [�3] 2809.2(11) 2814.6(10) 2810.3(12)
Z 3 3 3
dcalcd [gcm�3] 1.469 1.483 1.516
m [mm�1] 1.353 1.617 2.292
size [mm3] 0.1� 0.1 � 0.1 0.1� 0.1� 0.1 0.1� 0.1 � 0.1
color yellow/green yellow yellow/orange
q range [8] 3.1–26.0 3.1–26.0 3.1–26.0
reflns collected 6582 6613 6579
independent reflns 2248 2365 2241
observed reflns 2247 2365 2218
parameters 164 164 164
R1 (all data) 0.0283 0.0276 0.0338
wR2 (all data) 0.0662 0.0655 0.0763
Flack parameter 0.078(16) 0.018(12) 0.019(17)
max peak [e ��3] 0.31 0.28 0.50
max hole [e ��3] �0.59 �0.61 �0.49
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CrystalClear software package. A multiscan absorption correction was
applied by using the REQAB program from CrystalClear. Crystal and re-
finement data for compounds 1–3 are summarized in Table 3. All struc-
tures were solved by using SHELXS-97[30] and refined by using
SHELXL-97[30] (full-matrix least-squares calculations on F2) operating in
the WinGX program package.[31] Anisotropic thermal displacement pa-
rameters were refined for all the non-hydrogen atoms. All hydrogen
atoms were included in calculated positions and refined by using a riding
model, except the two water hydrogen atoms, which were disordered
over three positions. Structural illustrations were drawn by using
ORTEP-3 for Windows[32] and PLUTON[33] from WinGX. CCDC 222388
(D-1), 222391 (D-2), 222389 (L-2), and 222390 (D-3) contain the supple-
mentary crystallographic data (excluding structure factors) for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
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Singlet Exciplexes between a Thioxanthone Derivative and Substituted
Aromatic Quenchers: Role of the Resonance Integral


Manuel Dossot, Xavier Allonas, and Patrice Jacques*[a]


Introduction


Charge-transfer quenching of the fluorescence of an excited
acceptor molecule A* by an electron donor D in solution
can follow two mechanisms:[1–4] full electron transfer[2,4,10–16]


or deactivation via exciplex formation.[16–22]


1) Pure photoinduced electron transfer (PET) corre-
sponds to the full transfer of one electron from D to A.
Light excitation creates a radical ion pair AC� DC+ , with the
distance between ions depending on the chemical nature of
A and D and the solvation properties of the surrounding
medium. The thermodynamics of PET is predicted by the
free-energy change DGet given by the Rehm–Weller equa-
tion.[1] The electronic coupling between the molecular orbi-
tals of the two partners is low (typically <0.05 eV), and the
reaction kinetics is relevant to the Marcus theory.[2,4,10–16,23–24]


2) The exciplex mechanism corresponds to the creation of
a complex with only partial charge transfer between A and
D and the excitation energy partly distributed over the two
molecules. Such exciplexes, noted (Ad� Dd+)* can emit fluo-
rescence. A strong electronic coupling between the molecu-
lar orbitals of the two partners is required to stabilize the


exciplex state energy. This stabilization is rationalized in the
literature[5–8,17–20] by writing the exciplex wavefunction Yexc


as a linear combination of the locally excited (LE) A*D and
the charge-transfer (CT) AC� DC+ wavefunctions ([Eq. (1)].


Yexc ¼ aYLE þ bYCT ð1Þ


The energetic stabilization is then related to the value of
the resonance integral b= hYLE/h/YCTi, with h the Hamil-
tonian of the system. The involvement of YCT in the exciplex
wavefunction implies that the free-energy change DGexc for
exciplex formation is related to DGet. The resonance integral
quantifies the relative contribution of the LE and CT states,
and consequently the charge-transfer degree of the exciplex
governs the fluorescence quantum efficiency.[25–31] For in-
stance, several studies have shown exciplex luminescence in
polar solvents such as acetonitrile, and these exciplexes gen-
erally had a low CT contribution.[17–18,26–33]


Herein we focus on the study of the role of the resonance
integral b on exciplex properties observed in the quenching
of 3-carboxyethyl-7-methyl-thioxanthen-9-one (ETX) by a
set of substituted benzenes. The collected data systematical-
ly extend a preliminary observation of exciplexes in polar
solvents[34,35] and are experimentally analyzed by both kinet-
ics and spectroscopy. A new statistical thermodynamic treat-
ment is proposed which relates DGexc and DGet and explicit-
ly takes into account both the role of the resonance integral
b and the effect of the medium. The very good agreement
between this new model and the experimental data help to


Abstract: Fluorescence quenching of a
thioxanthone derivative by methyl- and
methoxy-substituted benzenes (MeB
and MeOB, respectively) is performed
in solvents of different polarity. Emis-
sive exciplexes are observed even in
polar solvents and provide kinetic and
spectroscopic data over a large scale of
solvent polarity. These data were sub-
sequently analyzed by use of a new


theoretical model that leads to a ther-
modynamic relationship between exci-
plex and electron-transfer driving
forces DGexc and DGet, respectively.
The remarkable agreement found be-
tween this model and both kinetic and


spectroscopic data supports its validity.
Moreover, the difference observed be-
tween MeB and MeOB compounds in
quenching efficiency is analyzed by this
model and provides the main parame-
ters governing exciplex features, espe-
cially the resonance integral between
locally excited and charge-transfer
states.
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clarify the role of b on both the kinetics and spectroscopic
features of the exciplexes.


Experimental Section


All solvents were purchased from Fluka or Aldrich at the best purity
grade (generally spectrophotometric grade) and used as received. Hex-
amethylbenzene (HMB), 1,2,4,5-tetramethylbenzene (durene), 1,3,5-tri-
methylbenzene (135MeB), 1,2,4-trimethylbenzene (124MeB), 1,3-dime-
thylbenzene (m-xylene), toluene, 1,2,4-trimethoxybenzene (124MeOB),
1,3,5-trimethoxybenzene (135MeOB), 1,2-dimethoxybenzene (12MeOB),
1,3-dimethoxybenzene (13MeOB), 1,4-dimethoxybenzene (14MeOB),
methoxybenzene (anisole), and 4-methylanisole (4Meanisole), all from
Fluka and Aldrich, were either distilled or sublimed under vacuum. Steri-
cally hindered alkylbenzenes (HinMeB) hexaethylbenzene (HEB, Fluka),
1,1,4,4,5,5,8,8-octamethyl-1,2,3,4,5,6,7,8-octahydroanthracene (OMA,
Lancaster), and 1,3,5-tritertiobutylbenzene (TTB, Aldrich) were sublimed
under vacuum. 1,2,4,5-Tetramethoxybenzene (1245MeOB) was prepared
according to the reference [36] and purified by recrystallization (twice)
from dichloromethane. 3-Carbethoxy-7-methylthioxanthen-9-one (ETX)
was a gift from Pr. E. Haselbach (Fribourg, Switzerland). Other abbrevia-
tions used in this article are as follows: MeB for methyl-substituted ben-
zenes, MeOB for methoxy-substituted compounds, and HinMeB for en-
cumbered alkylbenzenes.


UV/Vis absorption spectra were recorded on a Beckman DU 640 appara-
tus. Steady-state excitation and emission fluorescence spectra were ob-
tained using a Fluoromax-2 spectrofluorimeter from Jobin-Yvon. No de-
viation occurred in excitation spectra under quencher addition. UV/Vis
spectra were composed from the sum of ETX and quencher absorption
bands, with no significant change that would have indicated a ground-
state complex formation. Note that the concentration of electron donors
was always chosen to ensure that at least 15 % of singlet excited ETX
were deactivated at the end of the quenching. The radius 1 of the Onsag-
er cavity was approximated from the molecular volumes calculated by a
grid method.[37, 38]


The singlet state energy of ETX is E0,0 =3.0 eV, the reduction potential
Ered(ETX)=�1.37 V versus SCE, and the oxidation potential of the elec-
tron donors Eox(D) were taken from reference [41] or measured for this
work under the same conditions, the solvent being acetonitrile in all
cases.


Results


Figure 1 reports the steady-state fluorescence spectra of sin-
glet-excited ETX quenched by HMB in acetone. Addition
of HMB results in a new red-shifted emission with respect
to that of ETX, and simultaneously, the ETX fluorescence
decreased. Since the solvatochromism of ETX fluorescence
indicates that light emission would have shifted towards
blue wavelengths by a reduction of polarity,[39] the red-shift-
ed emission cannot be attributed to a local decrease of
medium polarity under addition of HMB. Moreover, the dis-
persion effect due to a change in the refractive index was
ruled out since adding cyclohexane (up to 1m) to a solution
of ETX in acetonitrile did not induce any significant change
in the fluorescence spectrum. From all these experiments,
the attribution of the red-shifted luminescence can be confi-
dently assigned to the formation of an emissive exciplex be-
tween ETX and HMB.


To obtain both the exciplex emission spectrum and the
quenching rate constant kQ the usual subtraction method


was used, leading to a pseudo Stern–Volmer plot for the
ETX fluorescence quenching.[27,33,35, 40] The linearity of the
corresponding plot was always excellent (r2>0.98) and no
deviation was detected at high quencher concentrations.
Figure 1 shows a typical example of an exciplex spectrum
obtained by the subtraction method for the system ETX/
HMB in acetone. Table 1 compiles the quenching rate con-
stants kQ and the maximum of the exciplex emission bands
obtained in several solvents for different aromatic electron
donors. It can be seen that all MeB quenchers form exci-
plexes with ETX in all solvents studied, whereas MeOBs
react in a different way: in polar solvents, MeOBs with low
oxidation potential did not form emissive exciplexes, contra-
ry to those with high oxidation potential such as anisole. In
low polar media, MeOBs with high electron-donor abilities,
such as 135MeOB or 12MeOB, also formed weakly emissive
exciplexes with ETX. HinMeB did not form any exciplexes
with ETX, regardless of the solvent used.


Figure 2 plots log kQ versus DGet in acetonitrile for the
entire set of donors. The free-energy change DGet for the
electron-transfer reaction was calculated by the Rehm–
Weller relationship, in which the coulombic interaction was
neglected [Eq. (2)].[1]


DGet ¼ EoxðDÞ�EredðETXÞ�E0,0 ð2Þ


Note that the resulting values of DGet are then used in
either polar or nonpolar solvents, without any correction.


Discussion


It can be observed from Figure 2 that MeBs exhibit higher
reactivity than MeOBs or HinMeBs at the same DGet value.
In the case of TTB, the rate constant was so low that, within
experimental error, no quenching was measured until the
quencher solubility limit was reached. It has already been


Figure 1. Fluorescence spectra obtained by addition of increasing
amounts of HMB in an acetone solution of ETX. Insert : exciplex emis-
sion spectra obtained by the subtraction method.
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shown that steric crowding maintains reactants at large dis-
tances, which strongly diminishes the electronic coupling
and consequently constrains the two molecules to react
through a full electron transfer .[42–45] HinMeB data points
follow the Rehm–Weller curve, plotted as the bold line in
Figure 2, showing that they actually behave as pure electron
donors. This suggests that the electronic coupling controls
the relative efficiency of the PET versus exciplex mechanism.


Solvatochromism of exciplex emission bands : It is possible
to determine the dipole moment mexc of the exciplexes from
the solvatochromic study of their maximum emission wave-


length [Eq. (3)],[5,27,46–48] where (f�1
2f ’)=


�
e�1


2eþ 1
�1


2
ðn2�1Þ
ðn2 þ 1Þ


�
is the solvent polarizability-reorientation function, nmax is


the maximum of the exciplex emission in solution, n0
max is


the hypothetical gas phase exciplex fluorescence maximum
and 1 is the Onsager�s cavity radius.


nmax ¼ n0
max�


2m2
exc


hc13 ðf�
1
2


f 0Þ ð3Þ


The plot of nmax versus (f�1
2f’) gives a straight line (Fig-


ure 3a). As solvatochromic plots are more consistent with a
set of solvents having similar refractive indexes, CCl4 was
not used for the determination of exciplex dipole mo-
ments.[46] Table 2, which gathers the calculated values of 1


and the corresponding mexc values obtained from Equa-
tion (3), reveals a decrease of mexc with the decrease of
donor ability in the two sets of quenchers, as already ob-
served.[27,49] The decrease is surprisingly marked between
HMB and durene, the other MeB quenchers having a dipole
moment close to that of durene (5–7 D). A comparison of
the mexc values for 12MeOB, 13MeOB, HMB and anisole il-
lustrates that the dipole moment, and consequently the CT
character, changes rapidly from 16 D to 8 D in a small range
of DGet. The most polar exciplex reported in Table 2, ob-
tained with 12MeOB, has no emission in acetonitrile, which
is as expected for an exciplex with a high CT degree.[4,5,27,28]


Note that for a pure ion pair, and considering the size of the
molecules involved in this study, the dipole moment can be
expected to reach 16–18 D.[12,27, 28] The evolution from exci-
plexes with a high degree of CT to low polar exciplexes is
sudden and localized near DGet�0 eV, as shown in Fig-
ure 3b by plotting mexc versus DGet. Interestingly, both MeB
and MeOB families lie on the same plot, showing that the
exciplex dipole moment determined by solvatochromic plots
mainly depends on the redox properties of the acceptor/
donor systems. However, the real physical meaning of this


Table 1. Rate constants kQ and exciplex maximum emission energies hnexc of the fluorescence quenching of ETX by aromatic electron donors in various
solvents.


Solvent Acetonitrile Acetone Butyl acetate Ethyl acetate Dipropyl ether CCl4


(f�1/2f’)[a] 0.392 0.374 0.291 0.293 0.213 0.119
Donor Eox


[b] DGet
[c] log kQ hnexc log kQ hnexc log kQ hnexc log kQ hnexc hnexc hnexc


[V/SCE] [eV]


HMB 1.59 �0.04 9.97 2.48 9.8 2.53 9.83 2.62 9.85 2.60 2.69 2.63
durene 1.82 0.19 9.23 2.70 8.99 2.72 9.4 2.74 9.35 2.73 2.79 2.74
124MeB 1.88 0.25 8.61 2.73 8.28 2.75 8.97 2.77 8.88 2.76 2.84 2.80
135MeB 2.07 0.44 8.48 2.74 8.45 2.75 8.96 2.77 8.91 2.76 2.83 2.78
m-xylene 2.14 0.51 8.11 2.78 8.15 2.79 8.72 2.81 8.51 2.80 2.86 2.87
toluene 2.4 0.77 8.05 2.79 8.11 2.83 8.38 2.85 8.42 2.84 2.87 2.88
HEB 1.59 �0.04 8 – 7.9 – 8.1 – 8.22 – – –
OMA 1.84 0.21 5.72 – 5.9 – 6.42 – 6.35 – – –
TTB 2.1 0.47 nm – nm – nm – nm – – –
1245MeOB 0.81 �0.82 10.33 – 10.36 – 10.05 – 10.09 – – –
124MeOB 1.13 �0.5 10.28 – 10.28 – 9.95 – 9.87 – – 2.19
14MeOB 1.3 �0.33 10.15 – 10.25 – 9.83 – 9.91 – – 2.50
12MeOB 1.45 �0.18 9.86 – 10.09 2.26 9.65 2.49 9.72 2.48 2.73 2.69
135MeOB 1.49 �0.14 9.78 2.40 9.83 2.48 9.51 2.60 9.42 2.59 2.75 2.72
13MeOB 1.51 �0.12 9.64 2.57 9.25 2.64 9.28 2.75 9.11 2.74 2.8 2.75
anisole 1.75 0.12 7.98 2.75 7.66 2.79 8.87 2.85 8.71 2.84 2.89 2.87
4MeAnisole 1.56 �0.07 9.28 2.62 8.58 2.70 9.24 2.78 9.15 2.77 2.83 2.78


[a] Solvent polarizability-reorientation function, see text. [b] Oxidation potentials of donor taken from reference [41] or measured in the same conditions.
[c] Electron-transfer free-energy change calculated by Equation (2). (�) no exciplex emission detected (nm) too low to be properly measured.


Figure 2. Plots of the logarithm of quenching rate constants kQ versus
charge-transfer free-energy change DGet in acetonitrile: (*) MeB, (&)
MeOB, (&) 4-methylanisole, (^) HinMeB. Original Rehm–Weller curve
(bold line) and best fits of the experimental data by the exciplex kinetic
model for MeB (dashed line) and MeOB (dotted line).
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collapse of the two quencher families on a single curve re-
mains unclear at the present time.


Influence of DGet in low polar solvents : In low polar sol-
vents, the maximum of the exciplex emission band, hnmax


exc , is


related to the quantity (Eox(D)�Ered(A)) for exciplexes with
strong CT character [Eq. (4a)],[2,5–7] where the term
�0.15 eV originates from the empirical correlation obtained
by the Weller�s group for numerous systems in nonpolar sol-
vents.[5] For exciplexes with low charge-transfer character,
Equation (4 a) must include a stabilization term US due to
the resonance interaction between the LE and CT states
[Eq. (4b)][2,5–7]


hnmax
exc ðhigh CTÞ ¼ EoxðDÞ�EredðAÞ�0:15ðeVÞ ð4aÞ


hnmax
exc ðlow CTÞ ¼ EoxðDÞ�EredðAÞ�0:15�USðeVÞ ð4bÞ


The degree of failure of Equation (4 a) is interpreted as a
measure of the stabilization energy US, as shown in Figure 4.


The agreement is good between the MeOB quenchers and
Equation (4 a). The quencher anisole forms a less polar exci-
plex than the other MeOB, as can be seen from its lower
value of mexc in Table 2. The LE state is accordingly more in-
volved in the mixing, the stabilization energy US being
higher than for the other compounds. The fact that most of
MeOB follow the correlation given by Equation (4 a) is in
agreement with the large values of exciplex dipole moments
(Table 2). This confirms that most of the MeOB quenchers
form polar exciplexes with ETX.


The deviation of the experimental data from Equa-
tion (4 a) in the endergonic region (Figure 4) implies that US


becomes important. A valuable comparison can be made be-
tween the positions of HMB and 4MeAnisole data. In spite
of the higher dipole moment of the HMB exciplex (11.3 D,
see Table 2), this is the methoxy-substituted compound
which correlates well with Equation (4 a). A similar trend is
observed between anisole and durene: both have an exci-
plex dipole moment around 7 D but durene departs more
strongly from Equation (4 a). This indicates that the stabili-
zation term US for MeB exciplexes is higher than for MeOB


Figure 3. a) Solvatochromic plots (Eq. 3) of the maximum energy of exci-
plex emission towards the solvent polarizability-reorientation function (f-
1/2f’): (~) m-xylene (&) 124MeB (*) 13MeOB (*) 135MeOB. b) Plot of
the exciplex dipole moment vs. free-energy change for the full electron-
transfer reaction: (*) MeB, (&) MeOB, (&) 4-methylanisole.


Table 2. Onsager�s cavity radii 1 and exciplex dipole moments mex for the
different electron donors. Dipole moments result from solvatochromic
plots [Eq. (4)]. Electron-transfer free-energy change DGet extracted from
Table 1.


Donor 1[�] DGet [eV] mex [D]


HMB 5.23 �0.04 11.3
durene 5.01 0.19 6.7
124MeB 4.87 0.25 7.0
135MeB 4.89 0.44 6.8
m-xylene 4.71 0.51 5.9
toluene 4.51 0.77 5.2
12MeOB 4.85 �0.18 16.3
135MeOB 5.12 �0.14 14.0
13MeOB 4.90 �0.12 10.8
anisole 4.60 0.12 7.6
4MeAnisole 4.79 �0.07 9.7


Figure 4. Plots of hnmax
exc versus (Eox(Donor�Ered(ETX)) or DGet for (*)


MeB (&) MeOB and (&) 4-methylanisole in CCl4. Bold line: correla-
tion (4a). Dashed line: energy of the first excited singlet state of ETX.
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and is not related to the polarity feature of the exciplex.
The comparison of MeB and HinMeB quenchers in Figure 2
have shown that electronic coupling governs the balance be-
tween exciplex and PET mechanisms. In agreement with
this result obtained for kinetic data, the difference in terms
of stabilization energy is then certainly related to a differ-
ence in the value of b, since the value of the resonance inte-
gral depends on the ability of electronic coupling between
acceptor and donor molecules.[27, 28]


Analysis of kinetic data : The diffusional kinetic scheme
(Scheme 1) that describes fluorescence quenching was
postulated three decades ago,[50] in analogy with the scheme
proposed by Rehm and Weller for a full electron-transfer re-
action[1] and assuming that kp accounts for all the deactiva-
tion pathways.


Application of the steady-state approximation to
Scheme 1 yields Equation (5).


kQ ¼
kd


1þ k�d


kexc


�
1þ k�exc


kp


�
ð5Þ


An exciplex model based on this scheme has already been
proposed.[17] However, the influence of the solvent was not
explicitly taken into account. As kQ values are determined
in solution, the surrounding medium can not be ignored,
and it is a real challenge to describe its interaction with re-
actants. Experimental data have shown that solvent can in-
fluence the structure of the exciplex, principally through
change of the medium polarity.[2–22] It is especially true in
the exergonic region of DGet, where exciplexes are quite
polar. The role of the surrounding medium on the exciplex
structure can be accounted for through a global reorganiza-
tion energy term l (Figure 5).[18]


The parabolic model of Marcus[23,24] can be used to relate
the potential energy of CT and LE states to the reaction co-
ordinate q [Eq. (6) and (7)], where l is the sum of the sol-
vent and reactants reorganization energy to go from the LE
to the pure CT state.


ELE ¼ lq2 ð6Þ


ECT ¼ DGet þ lð1�qÞ2 ð7Þ


The reaction coordinate q describes both the nuclear reor-
ganization of the solvent cage and the redistribution of exci-
tation energy over the two reactants. As the formation of


exciplexes is a strongly adiabatic reaction, large interaction
occurs between the two parabolic curves before the crossing
point. This interaction is quantified by the value of the reso-
nance integral b= hYLE/h/YCTi. The exciplex potential
energy Eexc remains on the resulting adiabatic curve (see
Figure 5). Eexc can be calculated from the exciplex wavefunc-
tion [Eq. (8)], under the assumption that the spatial integral
S= hYLE/YCTi can be neglected.


Eexc ¼
ðELE þ ECTÞ


2
�


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
ELE�ECT


2


�
2 þ b2


s
ð8Þ


The additional stabilization energy due to the resonance
is given by Equation (9).[18]


Estab ¼ ELE�Eexc ð9Þ


DGexc can be calculated from the potential energy curves
reported in Figure 5 by averaging the corresponding quanti-
ty over the whole range of q, which is noted by the symbol
hiq (see Appendix). The final relation is given by Equa-
tion (10), which relates the microscopic potential energy
curves (via Estab) to the macroscopic quantity DGexc.


DGexc ¼ RTln
�
hexp


�
�EstabðqÞ


RT


�
iq
�


ð10Þ


As Estab depends on DGet through Equations (6)–(9),
Equation (10) constitutes a relationship between DGexc and
DGet, and therefore is the central equation of the exciplex
model. Finally, the Agmon–Levine relationship was used to
evaluate DGexc


¼6 from DGexc. This is justified by the fact that
the relationship applies in strongly adiabatic charge-transfer
process,[54] as was initially shown by Marcus.[55] The parame-
ter DG6¼exc(0) represents the ability of the exciplex to dissi-
pate the reaction energy [Eq. (11)].


Scheme 1.


Figure 5. Parabola of potential energy for the locally excited (LE) and
the charge-transfer (CT) states. The resulting exciplex energy Eexc is indi-
cated by the dashed curve. q0 is the reaction coordinate corresponding to
the crossing point of the two parabola.
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DG6¼exc ¼ DGexc þ
DG 6¼


excð0Þ
lnð2Þ ln


�
1þ exp


�
�DGexc � lnð2Þ


DG 6¼
excð0Þ


��
ð11Þ


The rate constants kexc and k�exc are then given by Equa-
tions (12) and (13), with k0 =1011s�1 the collision frequency
in solution.[1,17,18] The deactivation rate constant kp is as-
sumed to be constant on the whole range of DGet.


kexc ¼ k0 � exp
�
�DG6¼exc


RT


�
ð12Þ


k�exc ¼ kexc � exp
�


DGexc


RT


�
ð13Þ


By use of this new model, no assumption was made on
either the relative magnitude of k�exc and k0, or on the rever-
sibility of the exciplex formation, in contrast to refer-
ence [18]. Consequently, this model appears to generalize
the ones proposed in the literature[17,18] and rationalize the
exciplex formation through three main parameters: 1) b,
which characterizes the overall interaction of the partners
within the exciplex, 2) l, which describes the exciplex/sol-
vent interaction and 3) kp, which is related to the lifetime of
the exciplex.


The fluorescence quenching rate constants kQ were fitted
by this model using DG 6¼


exc(0) fixed at 0.12 eV, a typical value
in the Agmon–Levine relationship.[56,57] The diffusion rate
constant kd was taken as 3 � 1010


m
�1 s�1 in acetonitrile and


acetone, and 1.3 � 1010
m
�1 s�1 in ethyl acetate, these values


being close to the estimations that can be made from the
Stokes–Einstein equation.[58] The diffusion equilibrium con-
stant is given by Equation (14).


Kd ¼
kd


k�d
ð14Þ


The value was fixed at 0.8 m
�1 in the three solvents. l, b


and kp were taken as adjustable parameters to minimize the
sum of square errors c2. The results are reported in Table 3.


Figure 2 shows the best fitted curves obtained in acetonitrile.
Similar agreement between experimental data and theoreti-
cal curves was observed for the fits of MeOB and MeB kQ


values in both acetone and ethyl acetate.


The values of kp reported in Table 3 are of the same order
of magnitude (~3x107 s�1), except for the system ETX/
MeOB in ethyl acetate (kp =1.3x108 s�1); kp tends to in-
crease as the solvent polarity decreases. More interestingly,
the resonance integral b for MeB is about twice the value
obtained for MeOB (Table 3). As a consequence, the MeB
exciplexes are less sensitive to the effect of the surrounding
medium than the MeOB ones, in line with the fact that the
l value for MeB is found to be two times lower than for
MeOB. Note that l is markedly lower than the solvent-re-
organization energy generally found for full electron trans-
fer (often more than 1 eV[4]), since the solvent cage must ac-
commodate a weaker dipole-moment change. This quantita-
tively supports the proposition that the resonance integral b


is the key parameter controlling the efficiency of fluores-
cence quenching by an exciplex mechanism.


Comparison of kinetic with spectroscopic data : The values
of l and b resulting from the fit of kinetic data (kQ values)
by the exciplex model allows the evaluation of DGexc


through the set of Equations (5)–(13) (Table 4). On the


other hand, DGexc is related to the energy difference be-
tween the maximum emission frequency of ETX and the ex-
ciplex, hDnfluo = h(nmax


ETX�nmax
exc ), by Equation (15),[27–29] where


UFC is the Franck–Condon relaxation energy of the exciplex.
It is therefore tempting to compare hDnfluo and DGexc, that
is, to check the accuracy of the exciplex model for describ-
ing both kinetic and spectroscopic results with coherent
values of l and b.


hDnfluo ¼ �DGexc þUFC ð15Þ


This comparison is given in Figure 6, which clearly proves
that the model is perfectly consistent with the two independ-
ent sets of experimental data (kinetic and spectroscopic).
Indeed, a single linear correlation is found for both MeOB
and MeB families of donors [Eq. (16)].


�DGexc ¼ 0:89hDnfluo þ 0:004 r2 ¼ 0:85 ð16Þ


Table 3. Parameter values resulting from best fits of the experimental
data by the exciplex model.


System l [eV] b [eV] kp [109 s�1] c2


ETX/MeB/MeCN 0.25 0.253 0.011 0.134
ETX/MeOB/MeCN 0.35 0.137 0.026 0.020
ETX/MeB/acetone 0.26 0.20 0.033 0.206
ETX/MeOB/acetone 0.465 0.095 0.026 0.183
ETX/MeB/ethyl acetate 0.25 0.24 0.04 0.109
ETX/MeOB/ethyl acetate 0.42 0.135 0.13 0.415


Table 4. Thermodynamic properties of the exciplexes in ethyl acetate.


Compounds �DGexc [eV][a] hDnfluo [eV][b]


HMB 0.20 0.265
durene 0.12 0.14
124MeB 0.11 0.12
135MeB 0.08 0.11
m-xylene 0.073 0.075
toluene 0.056 0.046
12MeOB 0.20 0.395
135MeOB 0.17 0.29
13MeOB 0.15 0.14
anisole 0.12 0.11
4MeAnisole 0.037 0.046


[a] Calculated from Equations (5)–(13). [b] Evaluated from experimental
data hDnfluo = h(nmax


ETX�nmax
exc ) using nmax


ETX =2.89 eV in ethyl acetate.
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The three points at the highest hDnfluo values, which slight-
ly deviates from Equation (16) were not taken into account
in this correlation. The deviation could be ascribed to a de-
crease of UFC for highly exergonic reactions and rationalized
by considering that the exciplex dipole moments are high:
mexc>11 D for these compounds (Table 2). This behavior
was thoroughly analyzed by Kuzmin.[53] However, this does
not challenge the important conclusion ensuing from
Figure 6: the present exciplex model is definitely supported
by the good correlation between DGexc (estimated from the
fit of kinetic data) and spectroscopic data (hDnfluo).


Conclusion


ETX fluorescence quenching by methoxybenzenes and
methylbenzenes through exciplex formation was studied in a
wide variety of solvents, from nonpolar to polar ones. Inter-
estingly, exciplexes were formed in both the endergonic and
exergonic regions. Kinetic data were explained on the basis
of a new theoretical description, which allowed one to focus
on the role of the resonance integral b. It is shown that the
donor structure strongly influences the exciplex formation.
More importantly, the energetic parameters derived from
the fit of kinetic data by the model are in excellent agree-
ment with the spectroscopic data, supporting the validity of
this approach.


Appendix


DGexc can be calculated from the potential energy surface
(Figure 5) [Eq. (A1)].


DGexc ¼ RTln
� Rþ1
�1


exp
�
� ELEðqÞ


RT


�
dq


Rþ1
�1


exp
�
� EexcðqÞ


RT


�
dq


�
ðA1Þ


As ELE(q)= Estab(q)+Eexc(q), Equation (A2) can be de-
rived.


DGexc ¼ RTln
� Rþ1
�1


exp
�
� EexcðqÞ


RT


�
� exp


�
� EstabðqÞ


RT


�
dq


Rþ1
�1


exp
�
� EexcðqÞ


RT


�
dq


�


ðA2Þ


The integrals in the numerator of the fraction in brackets
correspond to a thermal averaging of the quantity


exp
�
�EstabðqÞ


RT


�
over the whole coordinate q, taking into ac-


count the Boltzmann distribution of probability to reach a


given coordinate q, exp
�
�EexcðqÞ


RT


�
. The denominator of the


fraction is a normalization factor w [Eq. (A3)].


w ¼
Zþ1
�1


exp
�
�EexcðqÞ


RT


�
dq ðA3Þ


As done in reference [18], any quantity f(q) which de-
pends on the reaction coordinate can be thermally averaged
by this procedure. It is useful to introduce the notation
hf(q)iq used in reference [18] to shorten the writing of inte-
grals [Eq. (A4)].


hf ðqÞiq ¼
1
w


Zþ1
�1


f ðqÞ � exp
�
�EexcðqÞ


RT


�
dq ðA4Þ


Then Equation (A2) can be rewritten as Equation (A5)


DGexc ¼ RTln
�
hexp


�
�EstabðqÞ


RT


�
iq
�


ðA5Þ
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A Nonanuclear Copper(ii) Polyoxometalate Assembled Around a
m-1,1,1,3,3,3-Azido Ligand and Its Parent Tetranuclear Complex


Pierre Mialane,*[a] Anne Dolbecq,[a] J�r�me Marrot,[a] Eric Rivi�re,[b] and
Francis S�cheresse[a]


Dedicated to Professor D. Carillo on the occasion of his 65th birthday


Introduction


Polyoxometalates (POMs) represent a class of metal–
oxygen clusters that exhibit a unique variety of structures.
Moreover, their properties make them useful in numerous
fields such as medicine, catalysis, or analytical chemistry.[1]


Due to the large number of lacunary polyanion precursors
derived from the Keggin ([PW12O40]


3�, [SiW12O40]
4�) and


Dawson ([P2W18O62]
6�) polyanions, silicotungstates and


phosphotungstates represent the most intensively studied
classes of POMs. Indeed, monovacant (e.g. [a-
PW11O39]


7�,[a1-P2W17O61]
10�,…), divacant ([g-SiW10O36]


8�)
and trivacant (e.g., [A-a-SiW9O34]


10�, [B-a-PW9O34]
9�,…)


derivatives can be easily synthesized in one- or two-step
processes in high-yield.[2] One of the most striking abilities
of these lacunary POM complexes is the encapsulation of
magnetic clusters of transition-metal ions between diamag-
netic fragments of metal oxides.[3] The magnetic properties
of such molecular assemblies have been extensively studied
this last decade, as shown by the impressive work of Coro-
nado�s group.[4] Complexes containing from one to four
POM subunits and from one to fourteen transition-metal


Abstract: Reaction of CuII, [g-
SiW10O36]


8�, and N3
� affords three


azido polyoxotungstate complexes. Two
of them have been characterized by
single-crystal X-ray diffraction. Com-
plex KNaCs10[{g-SiW10O36Cu2(H2O)-
(N3)2}2]·26 H2O (1) is obtained as crys-
tals in few hours after addition of CsCl.
This linear tetranuclear CuII complex
consists in two [g-SiW10O36Cu2-
(H2O)(N3)2]


6� units connected through
two W=O bridges. When the filtrate is
left to stand for one night, a new com-
plex is obtained. From both elemental
analysis and IR spectroscopy, it has
been postulated that this compound
could be formulated K1.5Cs5.5[SiW10O37-
Cu2(H2O)2(N3)]·14 H2O (1 a), showing
the loss of one azido ligand per poly-
oxometalate unit. Finally, when no


cesium salt is added to the reaction
medium, the nonanuclear complex
K12Na7[{SiW8O31Cu3(OH)(H2O)2(N3)}3-
(N3)]·24 H2O (2) is obtained after three
days. Compound 2 crystallizes in the
R3c space group and consists in three
{Cu3} units related by a C3 axis passing
through the exceptional m-1,1,1,3,3,3-
azido bridging ligand. Each trinuclear
CuII unit is embedded in the [g-
SiW8O31]


10� ligand, an unprecedented
tetravacant polyoxometalate, showing
that partial decomposition of the [g-
SiW10O36]


8� precursor occurs with time
in such experimental conditions. Mag-


netically, complex 1 behaves as two iso-
lated {Cu2(m1,1-N3)2} pairs in which the
metal centers are strongly ferromagnet-
ically coupled (J=++ 224 cm�1, g=


2.20), the coupling through the W=O
bridges being negligible. The magnetic
behavior of complex 2 has also been
studied. Relatively weak ferromagnetic
couplings (J1 = ++1.0 cm�1, J2 =


+20.0 cm�1, g=2.17) have been found
inside the {Cu3} units, while the intertri-
meric magnetic interactions occurring
through the hexadentate azido ligand
have been found to be antiferromag-
netic (J3 =�5.4 cm�1) and ferromagnet-
ic (J4 =++1.3 cm�1) with respect to the
end-to-end and end-on azido-bridged
CuII pairs, respectively.


Keywords: azides · copper · mag-
netic properties · polyoxometalates ·
tungsten
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magnetic centers have been
characterized. We are currently
investigating the possibility of
introducing exogenous ligands
in the matrix of magnetic
POMs. Recently, we have re-
ported the synthesis and the
characterization of [(PW10O37)-
{Ni(H2O)}2(N3)]6�, showing that
an azido ligand can bind transi-
tion-metal cations embedded in
a POM diamagnetic core.[5] If
[(PW10O37)(Ni(H2O))2(m-N3)]6�


was the first azido polyoxo-
metalate complex character-
ized, a very large number of or-
ganic ligand/transition metal/
N3
� compounds, with dimen-


sionalities ranging from discrete
clusters to three-dimensional
systems, have been reported so
far. Indeed, the use of the N3


�


anion has been recognized as an efficient way to generate
interactions between metal centers. When the azido group
acts as a bridging ligand, a m-1,1- (end-on) or a m-1,3-coordi-
nation mode (end-to-end) is usually observed. As a general
trend, the m-1,1-mode leads to ferromagnetic coupling, and
the m-1,3-mode to antiferromagnetic coupling when the
azido briging ligand is in the basal plane.[6] Nevertheless, a
m-1,1-antiferromagnetic complex has been recently report-
ed,[7] and metal cations asymmetrically bridged by m-1,3-
azido ligands can be noncoupled.[8] In the [(PW10O37)-
(Ni(H2O))2(N3)]6� dinuclear NiII complex, the pseudohalide
ligand bridges the two magnetic centers in an end-on fash-
ion, and an S=2 ground state was observed. We report
herein the synthesis and the structural characterization of
two CuII–azido POMs, KNaCs10[{g-SiW10O36Cu2(H2O)-
(N3)2}2]·26 H2O (1) and K12Na7[{SiW8O31Cu3(OH)(H2O)2-
(N3)}3(N3)]·24 H2O (2). Complex 1 is a dimeric POM con-
taining two {Cu2(m1,1-N3)} pairs, while 2 is formed from three
[SiW8O31]


10� subunits, an unprecedented tetravacant POM,
enclosing three Cu3 units assembled through a m-1,1,1,3,3,3-
azido ligand, a very rare bridging hexadentate coordination
mode for an N3


� ligand. The synthetic processes and the
magnetic properties of these two compounds are also dis-
cussed.


Results and Discussion


Structure of KNaCs10[{g-SiW10O36Cu2(H2O)(N3)2}2]·26 H2O
(1): A crystal structure analysis of complex 1 has been per-
formed on a single crystal glued in Paratone-N oil at 100 K.
Complex 1 crystallizes in the monoclinic space group P21/c
(Table 1). Its structure can be described as a dimer of [g-Si-
W10O36Cu2(H2O)(N3)2]


6� subunits related by an inversion
center (Figure 1a). Each subunit is formed by a [g-


SiW10O36]
8� divacant polyanion coordinated to two CuII cen-


ters. These ions are bridged by two end-on azido groups.
The equatorial plane of the two copper centers is defined by
two terminal oxygen atoms of its [g-SiW10O36]


8� subunit
(dCu�O =1.946(6)–1.982(6) �) and two nitrogen atoms of the
azido ligands (dCu�N = 1.990(7)–1.999(7) �). An apical posi-
tion of the Cu(1) octahedron is occupied by a water mole-
cule (dCu�OH2


=2.188(7) �), while the corresponding position
of the Cu(2) center is occupied by a terminal oxygen atom


Table 1. X-ray crystallographic data for 1 and 2.


1 2


formula W20Cu4Cs10N12KNaSi2O100H56 W24Cu9N12K12Na7Si3O126H63


Mr [g] 7202.79 7945.97
crystal system monoclinic rhombohedral
space group P21/c R3c
Z 2 6
T [K] 100 293
a [�] 11.9946(11) 18.3740(1)
b [�] 19.0711(16) 18.3740(1)
c [�] 23.455(2) 63.6678(1)
b [8] 99.761(5) 90
V [�3] 5287.7(8) 18614.77(15)
1calcd [gcm�3] 4.558 4.181
m [mm�1] 26.333 24.251
reflections collected 267 587 27455
unique reflections (Rint) 22 799(0.0678) 5871(0.0841)
refined parameters 794 576
R1


[a]/wR2
[b] [I>2s(I)] 0.0376/0.0903 0.0481/0.0977


R1
[a]/wR2


[b] (all data) 0.0579/0.1024 0.0686/0.1066
largest diff. peak/hole [e��3] 2.928/�3.384 1.983/�1.345


[a] R1 =� jFo j� jFc j /� jFc j ; [b] wR2 = [�w(F2
o�F2


c)
2/�w(F2


o)
2]1/2 with 1/w=s2F2


o + aP2 +bP and P =F2
o +2F2


c/3;
a= 0.0548, b=0 for 1, a =0.0686, b= 214.57 for 2.


Figure 1. a) Polyhedral and ball-and-stick representation of complex 1.
b) Ball-and-stick representation of the tetranuclear CuII fragment in 1.
Light gray octahedra, WO6; black octahedra, SiO4; white crosshatched
spheres, Cu; medium gray spheres, OH2; white spheres, oxo ligand; gray
crosshatched spheres, N.
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of the adjacent [g-SiW10O36Cu2(H2O)(N3)2]
6� unit (dCu�OW =


2.273(5) �), allowing the formation of a linear tetranuclear
CuII complex (Figure 1b). The sixth position of both copper
centers is occupied by an oxygen atom of an {SiO4} group,
with very long Cu�O(Si) distances (dCu�O =2.658(6) and
2.700(5) �). Hence, the paramagnetic ions can be consid-
ered either in a slightly distorted square-pyramidal or in a
highly axially distorted octahedral environment. The
Cu(1)···Cu(2) separation is 2.979(1) �, while the
Cu(1)···Cu(1*) distance is equal to 3.238(4) �. The Cu-N-Cu
bridging angles q are equal to 96.56(26) and 96.86(33)8
(qav =96.718). The topology of the {Cu2(m1,1-N3)2} core in
compound 1 is consistent with structural results obtained for
other organic ligand/{Cu2(m1,1-N3)2} systems, with a qav value
in the range of the previously reported values for only
azido-dibridged CuII complexes (89.18<q<104.68).[9] Con-
sidering POM chemistry, the [g-SiW10O36Cu2(H2O)(N3)2]


6�


subunit in 1 can be compared to the [g-SiW10O34Mn2-
(OH)6]


4� and [g-SiW10O36Cr2(H2O)2(OH)(CH3COO)2]
5�


dinuclear complexes previously reported by Pope et al.[10] In
the first compound, the two MnIII centers form a {Mn2(m-
OH)2} pair, analogous to the {Cu2(m1,1-N3)2} group found in
1, with two azido groups replacing the two hydroxo ligands.
In the chromium complex, the coordination sphere of the
CrIII centers is different; the paramagnetic centers share a
corner and the [g-SiW10O36]


8� part acts as a tetradentate
ligand due to the presence of an additional m-OH ligand
bridging the CrIII ions. Finally, it has to be noted that in 1
the shortest intermolecular Cu···Cu distance is 9.453(3) �,
longer than the Cu(2)···Cu(2*) intramolecular distance
(8.862(2) �).


Structure of K12Na7[{SiW8O31Cu3(OH)(H2O)2(N3)}3(N3)]·
24 H2O (2): Complex 2 crystallizes in the trigonal space
group R3c (Table 1). Its structure consists of three equiva-
lent [g-SiW8O31Cu3(OH)(H2O)2(N3)]6� subunits related by a
C3 axis that contains the three nitrogen atoms of an encap-
sulated hexadentate m-1,1,1,3,3,3-azido group (Figure 2a).
The N-N-N angle is 180.08. To our knowledge, such a bridg-
ing coordination mode for an N3


� ligand has been previously
observed only in the diamagnetic AgN3·2 AgNO3 two-di-
mensional compound.[11] Each subunit can be described as a
[g-SiW10O36]


8� polyanion in which a {W2O6} group has been
replaced by a {Cu2O(m3-OH)(H2O)2(m1,3-N3)} fragment (Fig-
ure 2b). A {Cu(N3)} group, with a terminal azido ligand
linked to the CuII center, connects two adjacent [g-SiW8O31-
Cu2(OH)(H2O)2]


7� entities by means of a m3-OH ligand and
four Cu�O=W bonds. The resulting trinuclear {Cu3O7(m3-
OH)(H2O)2(m1,3-N3)(N3)} cluster forms a distorted defective
cubane unit (Figure 2c). The Cu(1) equatorial plane is de-
fined by two oxo ligands, a nitrogen atom of the terminal
N3
� ion, and the m3-OH group (dCu�X = 2.00(3)–2.08(2) �).


Two oxo groups occupy the two remaining sites (dCu�O =


2.16(2) and 2.19(2) �). For both Cu(2) and Cu(3) ions, a
{CuO2(m3-OH)(H2O)} fragment defines the equatorial plane
(dCu�X =1.91(2)–2.01(2) �), a nitrogen atom of the bridging
azido ligand and an oxo group completing the coordination


sphere of the metal centers (dCu�X =2.39(2)–2.589(7) �). The
hexadentate N3


� group connects the {Cu3} units through the
three Cu(2) and the three Cu(3) ions, affording the nonanu-
clear CuII complex 2. The longest intramolecular Cu···Cu
distance is 8.655(6) � and the shortest intermolecular
Cu···Cu distance is 10.273(6) �.


Synthesis and IR spectroscopy of complexes 1, 1 a, and 2 :
The synthesis of complex 1 was achieved in relatively good
yield by the reaction of CuII, [g-SiW10O36]


8�, and a slight
excess of N3


� in dilute aqueous medium after addition of
cesium chloride. Deep brown crystals of 1 suitable for single
X-ray diffraction were collected after a few hours. When the
filtrate was left to stand for one night at room temperature,
a yellow powder was obtained (complex 1 a). Due to its in-
solubility, it was not possible to recrystallize this compound.
Nevertheless, elemental analysis indicates that the 2:10 Cu/
W ratio is maintained, but that only one azido ligand is re-
tained in the polyoxometalate matrix. Complex 2 is obtained


Figure 2. a) Polyhedral and ball-and-stick representation of complex 2.
b) Polyhedral and ball-and-stick representation of the [g-SiW8O31-
Cu3(OH)(H2O)2(N3)]6� subunit in 2. c) Ball-and-stick representation of
the trinuclear CuII fragment in 2. The dash lines indicate bonds between
the metal centers and their apical ligands. Light gray octahedra, WO6;
black octahedra, SiO4; white crosshatched spheres, Cu; medium gray
spheres, OH2; white spheres, oxo ligand; gray crosshatched spheres, N;
black crosshatched spheres, OH.
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in poor yield when an aqueous solution containing CuII, [g-
SiW10O36]


8�, and N3
� was left to slowly evaporate for three


days without addition of cesium chloride. Attempts to im-
prove the yield, by variation of the temperature, the time of
crystallization, and the CuII/[g-SiW10O36]


8�/N3
� ratios, failed.


Vibrational spectroscopy is a very powerful tool for the
determination of the coordination mode of azido ligands. In
IR spectroscopy, the nas(N3) vibration mode is observed as
an intense absorption band in the 2000–2150 cm�1 range.
The value of the stretching frequency can give a first indica-
tion on the topology of the studied complex. Indeed, general
trends have been observed for divalent transition-metal
complexes, allowing us to tentatively distinguish whether the
N3
� ion acts as a terminal (nas~2040 cm�1), end-on (nas~


2070 cm�1), or end-to-end (nas~2100 cm�1) ligand.[12] More
informative is that, in addition to the anti-symmetric stretch,
end-on and terminal azide complexes are expected to dis-
play a nsym(N3) mode at ~1250–1300 cm�1. For complex 1,
two bands are observed at 2075 and 1286 cm�1. This is then
in agreement with the end-on coordination mode of the
azido ligand found in 1 by single-crystal X-ray analysis. Con-
sidering complex 1 a, the IR spectrum shows two bands at
2078 and 1287 cm�1. This indicates that an end-on coordina-
tion mode is adopted by the N3


� ion. It is then possible to
propose that 1 a can be written as [SiW10O37Cu2(H2O)2(m1,1-
N3)]7� in analogy to the [(PW10O37)Ni2(H2O)2(N3)]6� com-
plex,[5] implying that isomerization occurred during the for-
mation of 1 a ; such a process has been previously observed.
Indeed, Kortz et al. have reported that the reaction of [g-
SiW10O36]


8� with NiII ions leads to the formation of the [{b-
SiW10Ni2O36(OH)2(H2O)}2]


12� species.[13] Nevertheless, it is
not possible to form an unambiguous conclusion in the ab-
sence of structural characterization.


The IR spectrum of 2 shows two moderately intense
bands at 2054 and 2032 cm�1 and a weak band at 1294 cm�1.
This is in agreement with the presence of two nonequivalent
azido ligands in complex 2. With the above considerations, it
is possible to assign the nas =2032 and nsym = 1291 cm�1


stretches to the terminal azido ligands and the nas =


2054 cm�1 stretch to the encapsulated m-1,1,1,3,3,3-azido
ligand.


We have recently reported the synthesis of the copper(ii)–
azido polyoxometalate [(SiW9O37)Cu3N3]


11�.[14] Nevertheless,
the structure of this complex could not be obtained by X-
ray diffraction. When this compound was dissolved in a
molar NaCl solution, large crystals of the azido-free supra-
molecular complex [{(SiW9O34)(SiW9O33(OH))(Cu-
(OH))6Cu}2Cl] (denoted {Cu14}) were obtained within min-
utes. In this compound, the fourteen CuII centers are assem-
bled around a six-coordinate halide anion. Very recently,
Hill�s group[15] as well as ourselves successfully synthesized
the {Cu14} complex in absence of azido ligand, showing that
the N3


� ion just accelerated the crystallization process. It ap-
pears now that the role of the hexadentate chloride anion in
{Cu14} is strikingly similar to that of the hexadentate azido
ligand in 2. It seems likely that the N3


� group plays the role
of a pre-assembling agent, leading in highly concentrated


halide medium to the {Cu14} complex after substitution of
the azido group by a chloride anion.


Magnetic properties of KNaCs10[{g-SiW10O36Cu2(H2O)-
(N3)2}2]·26 H2O (1): The magnetic behavior of compound 1
in the 2–300 K temperature range is shown in Figure 3 in
the form of a cMT versus T plot, cM being the magnetic sus-


ceptibility for one mole of 1. At room temperature, cMT is
equal to 2.18 cm3 mol�1 K, a value already higher than ex-
pected for four uncoupled CuII centers (cMT=


1.815 cm3 mol�1 K assuming g= 2.20). The cMT= f(T) curve
increases upon cooling, reaching a plateau around 60 K and
then remains constant down to 2 K, with cMT=


2.42 cm3 mol�1 K. This behavior is characteristic of a ferro-
magnetic interaction with a ground state that has a very
large energy separation with respect to the first excited
state. The appropriate Hamiltonian for a linear {Cu4} system
in which half of the tetranuclear complex is symmetry relat-
ed to the other half (Scheme 1)[16] can be written as Equa-


tion (1) with S1 =S2 =S1* =S2* =1/2, affording quintet, triplet,
and singlet states.


Ĥ ¼ �J1ðŜ1Ŝ2 þ Ŝ1*Ŝ2*Þ�J2ðŜ1Ŝ1*Þ ð1Þ


Nevertheless, the cMT value reached at the plateau for
complex 1 cannot be explained neither by considering an
S= 2 (cMT= 3.63 cm3 mol�1 K, assuming g=2.20) nor an S=


1 (cMT=1.21 cm3 mol�1 K) ground state. Similarly, attempts
to fit the M= f(H) curve recorded at 2 K (Figure 3, inset)
considering an S= 1 or S= 2 ground state have failed. How-
ever, an excellent fit of the magnetization curve (g= 2.18,


Figure 3. Plot of cT versus T for compound 1 between 300 and 2 K.
Inset: M= f(H) at 2 K. The solid lines were generated from the best fit
parameters given in the text.


Scheme 1.
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assuming gCu(1) =gCu(2) =g, R=3.2 � 10�5)[17] was achieved by
considering two uncoupled S= 1 pairs. Then, the magnetic
behavior of compound 1 can be interpreted by considering
isolated [g-SiW10O36Cu2(H2O)(N3)2]


6� dinuclear CuII sub-
units (i.e. , J2 =0). The best fitting parameters obtained from
a simulation of the cMT= f(T) curve are J1 =++224 cm�1 and
g=2.20 (R= 1.0 �10�5).[18] The J1 value found is lower than
that calculated considering the linear trend in the q versus J
plot observed by Thompson et al. (J1 =�41.94q+


4440 cm�1),[19] the predicted J1 value for 1 being then
+384 cm�1 considering q=qav =96.718. Nevertheless, the ex-
perimental exchange parameter is in total agreement with
that found for the tetrabridged dimeric [Cu2(m1,1-N3)2(4-Eth-
ylpyridine)4(m-NO3)2] complex reported by Escuer et al.[20]


Indeed, for this compound, a J value of + 223 cm�1 was de-
termined for a q angle of 97.58, showing that the bridging ni-
trate ligands have no influence on the exchange parameter.
Due to the lack of complexes that contain the dibridged
{Cu(m-O=W)2Cu} core, it is not possible to justify that J2 is
found to be negligible. Nevertheless, recently, Kortz et al.
have reported[3a] that the exchange parameter associated to
such pair in the [Cu4K2(H2O)8(a-AsW9O33)2]


8� complex is
low (J=++ 1.4 cm�1). In 1, the J2 value must be even lower,
as no variation of the cMT= f(T) curve is observed in the 2–
10 K range. This can be tentatively justified considering that
in [Cu4K2(H2O)8(a-AsW9O33)2]


8�, the magnetic orbitals of
both copper centers forming the {Cu(m-O)2Cu} fragment are
involved in the magnetic exchange, while in 1, superex-
change between the Cu(1) centers occurs through the oxo li-
gands located in apical position.


Magnetic properties of complex K12Na7[{SiW8O31Cu3(OH)-
(H2O)2(N3)}3(N3)]·24 H2O (2): The temperature dependence
of the cMT product for 2 (cM being the magnetic susceptibili-
ty per mole of 2) in the 2–300 K temperature range is shown
in Figure 4. The value of cMT at room temperature is
4.03 cm3 mol�1 K; a value which is in agreement with nine
magnetically isolated copper(ii) ions with g=2.17. Upon
cooling down of the sample, cMT increases smoothly to a


maximum value of 4.20 cm3 mol�1 K at 40 K. This behavior
is indicative of a relatively weak ferromagnetic coupling.
Below 40 K, cMT continuously decreases, reaching a value of
2.80 cm3 mol�1 K at 2 K. We first attempted to simulate the
cMT= f(T) curve considering a simplified model, taking into
account that 1) all the Cu�N distances observed between
the six CuII centers and the hexadentate azido ligand are
long (dCu�N =2.574(6) and 2.589(7) �), and 2) it has been
shown that when the azido ligand bridges the copper(ii) cen-
ters at the apical position with long Cu–ligand distances, the
magnetic coupling is weak.[21] We have then considered a
model in which the three C3-related [g-SiW8O31Cu3(OH)-
(H2O)2(N3)]6� subunits are magnetically noninteracting. As
the Cu(2) and Cu(3) centers are in a nearly equivalent envi-
ronment, the problem reduces to that of an isosceles triangle
(Scheme 2, top). The appropriate Hamiltonian can be writ-
ten as Equation (2) with S1 =S2 =S3 =1/2.


Ĥ ¼ �J1ðŜ1Ŝ2 þ Ŝ1Ŝ3Þ�J2ðŜ2Ŝ3Þ ð2Þ


Equation (3) can then be derived from Equation (2) as-
suming gCu(1) = gCu(2) =gCu(3) =g, and in which the Weiss cor-
rection q accounts for the interactions between the three tri-
nuclear units and a hypothetical zero-field splitting effect on
the ground state.


Figure 4. Plot of cT versus T for compound 2 between 300 and 2 K. The
solid line was generated from the best fit parameters given in the text
considering the Hamiltonian H’.


Scheme 2.
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cMT ¼ 3Nb2g2


4k
T


T�q


½1þ expðJ1�J2


kT Þ þ 10expð 3J1


2kTÞ�
½1þ expðJ1�J2


kT Þ þ 2expð 3J1


2kTÞ�
ð3Þ


It has not been possible to fit the data on the whole tem-
perature range, and the best fit, effectuated in the 7–300 K
temperature range, leads to the following parameters: g=


2.18, J1 = ++ 0.97 cm�1, J2 = ++ 16.17 cm�1, and q=�1.81 cm�1


(R=1.5 � 10�4).[18] The determined magnitude of J2 relative
to that of J1 seems reasonable. Indeed, the magnetic orbitals
of the Cu(2) and Cu(3) metal centers, contained in the equa-
torial plane (Figure 2c), are directed toward the m-OH and
m-O ligands bridging these two cations. Nevertheless, this
model cannot be validated, as it is found that the mean field
parameter is stronger than J1. This indicates that the mag-
netic interactions between the [g-SiW8O31Cu3(OH)-
(H2O)2(N3)]6� units cannot be neglected. Therefore, a model
considering the nine exchange-coupled paramagnetic centers
has been studied. This model introduces two additional ex-
change parameters J3 and J4 related to the coupling of the
CuII ions through the hexadentate azido ligand. Considering
that the Cu(2) and Cu(3) metal centers are in a nearly
equivalent environment, the coupling scheme involving
Cu(3) can be deduced from that represented for Cu(2) in
Scheme 2 (bottom). The parameter J3 is related to end-to-
end magnetic interactions, while J4 reflects m-1,1-coupling
pathways. In both cases, an apical–apical coordination mode
is adopted by the azido bridging ligand. The appropriate
Hamiltonian is then defined as Equation (4).


Ĥ 0 ¼ �J1ðŜCuð1ÞŜCuð2Þ þ ŜCuð1ÞŜCuð3Þ þ ŜCuð1Þ*ŜCuð2Þ* þ ŜCuð1Þ*ŜCuð3Þ*


þŜCuð1Þ**ŜCuð2Þ** þ ŜCuð1Þ**ŜCuð3Þ**Þ�J2ðŜCuð2ÞŜCuð3Þ þ ŜCuð2Þ*ŜCuð3Þ*


þŜCuð2Þ**ŜCuð3Þ**Þ�J3ðŜCuð2ÞŜCuð2Þ* þ ŜCuð2ÞŜCuð3Þ** þ ŜCuð3ÞŜCuð2Þ**


þŜCuð3ÞŜCuð3Þ* þ ŜCuð2Þ*ŜCuð2Þ** þ ŜCuð2Þ*ŜCuð3Þ*Þ�J4ðŜCuð2ÞŜCuð2Þ**


þŜCuð2ÞŜCuð3Þ* þ ŜCuð3Þ*ŜCuð2Þ** þ ŜCuð3ÞŜCuð2Þ* þ ŜCuð3Þ*ŜCuð3Þ**


þŜCuð2Þ*ŜCuð3Þ**Þ
ð4Þ


The magnetic susceptibility has been computed by using
the procedure developed by Borr�s-Almenar and co-work-
ers (MAGPACK program).[22] The best-fitting parameters
are J1 =++1.0 cm�1, J2 =++20.0 cm�1, J3 =�5.4 cm�1, J4 =


+1.3 cm�1, and g=2.17. First, it has to be mentioned that
the J1 and J2 values determined by considering Ĥ’ are similar
to those determined by considering Ĥ, keeping in mind that
the determination of J from the magnetic data is much more
accurate for J<0 than for J>0.[23] Secondly, as expected,
the determined J3 and J4 values correspond to weak magnet-
ic couplings.


Successful correlation of the superexchange coupling as a
function of bond and torsion angles related to single m-1,3-
azido bridge has been performed by using extended H�ckel
methods, showing that the M�N distance is a less significant
parameter.[24] We must point out here that in our model, in
order to avoid overparametrization, the J3 parameter is re-


lated to all the CuII pairs coupled through the central azido
ligand in an end-to-end fashion, irrespective of the torsion
angle. Focusing then on the M�N�N bond angle, it has been
demonstrated by Escuer et al. that, for d8 and d9 ions, weak
ferromagnetism is expected for large angles (q>1608), anti-
ferromagnetism being expected for lower angles. Our result
(J3 =�5.40 cm�1 for q=96.42(8)–97.73(8)8) is then in agree-
ment with this prediction.


It is not realistic to compare the magnetic behavior of
basal–basal and apical–apical end-on azido bridged com-
plexes. On the other hand, while very few apical–apical m-
1,1-azido-bridged complexes have been characterized to
date,[21] several apical–basal end-on azido-bridged complexes
have been reported.[25] Nevertheless, no clear magnetostruc-
tural correlations have been found to date, and we can only
underline that the J4 value is in the range of the exchange
constants determined for such compounds. All these consid-
erations tend to validate the approach used for the simula-
tion of the magnetic behavior of compound 2.


Conclusion


In this work, we have shown that the reaction of CuII, [g-
SiW10O36]


8�, and N3
� can afford three different azido poly-


oxometalate complexes that can be selectively isolated at
different reaction steps. Even if complex 2 is a minor prod-
uct, it can be isolated selectively in absence of the cesium
cation, due to its higher insolubility compared to complexes
1 and 1 a. The azido ligand can either connect magnetic cen-
ters inside the POM complexes or lead to the supramolec-
ular assembling of several POM units. From a magnetic
point of view, complex 1 represents the strongest ferromag-
netically coupled POM. In order to obtain high-spin poly-
oxometalate molecular complexes, we are currently working
on the extension of this new POM family to other first-row
transition metals. To date, it has not been possible to obtain
such compounds in aqueous medium. Nevertheless, our first
attempts to perform analogous reactions in organic media
have shown promising results.


Experimental Section


K8[g-SiW10O36]·12 H2O was prepared as previously described.[2]


Synthesis of KNaCs10[{g-SiW10O36Cu2(H2O)(N3)2}2]·26 H2O (1): In an
80 mL beaker, CuCl2·2 H2O (0.057 g, 3.34 � 10�4 mol) in water (10 mL)
was added to a suspension of K8[g-SiW10O36]·12 H2O (0.500 g, 1.67 �
10�4 mol) in water (10 mL). After 1 min, NaN3 (0.057 g, 8.77 � 10�4 mol)
in water (10 mL) was added, followed immediately by the addition of
CsCl (0.500 g, 2.97 � 10�3 mol) in water (10 mL). The solution was quickly
transferred in a 10 cm 1 crystallizing dish and was left to stand at room
temperature. After 2–3 h, brown needle crystals suitable for X-ray dif-
fraction were collected. Yield: 0.255 g (42 %, based on Cu); IR (KBr pel-
lets): ñ=2075 (s), 1614 (m), 1301 (sh), 1286 (w), 1001 (m), 986 (w), 942
(s), 912 (s), 894 (s), 857 (s), 781 (s), 724 (s), 639 (m), 588 (m), 528 (m),
483 (w), 402 (m), 381 (m), 360 (m), 343 (m), 314 cm�1 (m); elemental
analysis calcd (%) for W20Cu4Cs10N12KNaSi2O100H56: W 51.05, Cu 3.53,
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Cs 18.45, N 2.33, K 0.54, Na 0.32; found: W 50.89, Cu 3.72, Cs 18.49, N
2.13, K 0.43, Na 0.12.


The filtrate was then left to stand at room temperature, and after one
night a fine yellow powder (1a) was filtered and thoroughly washed with
water, in order to remove any water soluble complex 1, ethanol, and di-
ethyl ether (yield : 210 mg). IR (KBr pellets): ñ =2078 (s), 1623 (m),
1287 (w), 1262 (w), 987 (m), 937 (s), 895 (sh), 874 (s), 791 (s), 760 (s), 742
(s), 546 (m), 523 (m), 366 cm�1 (m); elemental analysis calcd (%) for
K1.5Cs5.5[SiW10O37Cu2(H2O)2(N3)]·14 H2O: W 49.61, Cu 3.43, Cs 19.73, N
1.13, K 1.58; found: W 49.58, Cu 3.63, Cs 18.86, N 0.85, K 1.20.


K12Na7[{SiW8O31Cu3(OH)(H2O)2(N3)}3(N3)]·24 H2O (2): Cu(NO3)2·3H2O
(0.160 g, 6.64 � 10�4 mol) in water (5 mL) was added to a suspension of
K8[g-SiW10O36]·12 H2O (1 g, 3.33 � 10�4 mol) in water (10 mL). NaN3


(0.076 g, 1.17 � 10�3 mol) in water (5 mL) was then added, and the so-
lution was left to evaporate slowly at room temperature. After 3 days,
green yellow crystals suitable for X-ray diffraction were easily separated
by decantation from a fine yellow powder and collected. Yield: 0.060 g
(10 %, based on Cu); IR (KBr pellets): ñ=2054 (m), 2032 (m), 1625 (m),
1294 (w), 1130 (w), 998 (m), 941 (s), 872 (s), 798 (s), 732 (s), 699 (s), 548
(m), 520 (m), 402 (m), 352 cm�1 (m); elemental analysis calcd (%) for
W24Cu9N12K12Na7Si3O126H63: W 55.53, Cu 7.20, K 5.90; found: W 55.52,
Cu 7.18, K 6.01.


Magnetic measurements : Magnetic susceptibility measurements were car-
ried out with a Quantum Design SQUID Magnetometer with an applied
field of 1000 G. The independence of the susceptibility value with regard
to the applied field was checked at room temperature. The susceptibility
data were corrected from the diamagnetic contributions as deduced by
using Pascal�s constant tables.


X-ray crystallography : Intensity data collection was carried out with a
Siemens SMART diffractometer for complex 1 and with a Brucker
Nonius X8 APEX 2 diffractometer for complex 2, each equipped with a
CCD detector, using MoKa monochromatized radiation (l=0.71073 �).
Due to its high instability, a single crystal of complex 1 was mounted on
a fiber glass in Paratone-N oil and intensity data collection was per-
formed at 100 K. The absorption correction was based on multiple and
symmetry-equivalent reflections in the data set by using the SADABS
program based on the method of Blessing. The structure was solved by
direct methods and refined by full-matrix least-squares using the
SHELX-TL package. For complex 1 and 2, some disordered alkaline
counterions and free water molecules have been refined isotropically, the


other atoms being refined anisotropically. Crystallographic data are given
in Table 1. Selected bond lengths are listed in Table 2. Further details of
the crystal structure investigations may be obtained from the Fachinfor-
mationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany
(fax: (+ 49)7247–808–666; e-mail :crystdata@fiz-karlsruhe.de) on quoting
the depository numbers CSD-414257 (1) and CSD-414258 (2).
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Table 2. Selected bond lengths [�] for 1 and 2.


1 2


Cu(1)�Oeq 1.946(6), 1.980(6) 2.01(2), 2.026(19), 2.08(2)
Cu(1)�Oax 2.188(7), 2.700(5) 2.16(2), 2.19(2)
Cu(2)�Oeq 1.960(6), 1.982(6) 1.96(2), 1.966(19), 1.97(2),


2.01(2)
Cu(2)�Oax 2.273(5), 2.658(6) 2.39(2)
Cu(3)�Oeq 1.91(2), 1.95(2), 1.98(2),


1.999(17)
Cu(3)�Oax 2.41(2)
Cu(1)�N 1.993(7), 1.999(7) 2.00(3)
Cu(2)�N 1.990(7), 1.992(7) 2.574(6)
Cu(3)�N 2.589(7)
Cu(1)···Cu(1) 3.238(4)
Cu(1)···Cu(2) 2.979(1) 3.181(6)
Cu(2)···Cu(3) 2.967(5)
Cu(1)···Cu(3) 3.157(6)
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[1.637][a]
1.594(19)–1.64(2) [1.625]
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[b] 1.723(6)–1.738(6) [1.728] 1.67(2)–1.73(2) [1.703]


[a] Mean values are indicated between square braquets. [b] Oa refers to
an oxygen atom of the central cavity, bound to the silicon atom; Ob,c


refers to bridging oxygen atoms; Od refers to a terminal oxygen atom.
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Electronic, Vibrational, and Structural Properties of a Spin-Crossover
Catecholato–Iron System in the Solid State: Theoretical Study of the
Electronic Nature of the Doublet and Sextet States


A. Jalila Simaan,[a] Marie-Laure Boillot,*[a] Rosa Carrasco,[b] Joan Cano,[a]


Jean-Jacques Girerd,[a] Tony A. Mattioli,[c] J�rgen Ensling,[d] Hartmut Spiering,[d] and
Philipp G�tlich[d]


Introduction


FeIII-catecholate systems have received considerable atten-
tion because their chemical properties mimic those of cate-
chol dioxygenases[1] responsible for the oxidative cleavage
of catecholate substrates. Studies of such functional
models[2–5] have been directed toward the determination of
their electronic and structural characteristics and their reac-
tivity in order to clarify the role of the iron center in this
enzyme. The studied compound[6] [(TPA)Fe(Cat)]BPh4


(TPA = tris(2-pyridylmethyl)amine and Cat = catecholate
dianion) exhibits the general features common to this class
of compounds. For instance, the purple-blue coloration of
solutions and solid samples at room temperature is attribut-
ed to the two strong absorption bands in the Vis/NIR range
that are assigned to catecholate!FeIII charge-transfer tran-


Abstract: As a functional model of the
catechol dioxygenases, [(TPA)Fe-
(Cat)]BPh4 (TPA = tris(2-pyridylme-
thyl)amine and Cat = catecholate dia-
nion) exhibits the purple-blue colora-
tion indicative of some charge transfer
within the ground state. In contrast to
a number of high-spin bioinspired sys-
tems, it was previously shown that, in
the solid state, [(TPA)Fe(Cat)]BPh4


undergoes a two-step S = 1=2QS = 5=2
spin-crossover. Therefore, the electron-
ic and vibrational characteristics of this
compound were investigated in the
solid state by UV/Vis absorption and
resonance Raman spectroscopies over
the temperature range of the transition.
This allowed the charge-transfer transi-
tions of the low-spin (LS) form to be


identified. In addition, the vibrational
progression observed in the NIR ab-
sorption of the LS form was assigned
to a five-membered chelate ring mode.
The X-ray crystal structure solved at
two different temperatures, shows the
presence of highly distorted pseudo-oc-
tahedral ferric complexes that occupy
two nonequivalent crystalline sites. The
variation of the molecular parameters
as a function of temperature strongly
suggests that the two-step transition
proceeds by a successive transition of


the species in the two nonequivalent
sites. The thermal dependence of the
high-spin fraction of metal ions deter-
mined by Mçssbauer experiments is
consistent with the magnetic data,
except for slight deviations in the high
temperature range. The optimized geo-
metries, the electronic transitions, vi-
brational frequencies, and thermody-
namic functions were calculated with
the B3LYP density functional method
for the doublet and the sextet states.
The finding of a ground state that pos-
sesses a significant mixture of FeIII–cat-
echolate and FeII–semiquinonate con-
figurations is discussed with regard to
the set of experimental and theoretical
data.


Keywords: catechol dioxygenase ·
density functional calculations ·
iron · Raman spectroscopy · spin
crossover
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sitions of the high-spin species. The energy of the lowest
LMCT is obviously correlated with the extent of mixing be-
tween the FeIII–Cat and the FeII–SQ forms (SQ = semiquin-
onate). This latter feature was considered to be important in
the analysis of the intradiol cleavage activity in ferric cate-
cholate compounds.[5b, 7] Indeed, the model system [(TPA)-
Fe(DBC)]BPh4 (DBC = 3,5-di-tert-butylcatecholate dia-
nion), isolated by Que and co-workers,[5c] exhibits the largest
radical character in conjunction with the highest reactivity.
This contribution was also mentioned by Funabiki and co-
workers[7b] for chlorocatechol iron complexes. In this case, a
smaller contribution of the FeII–SQ form to the electronic
ground state is associated with a lower reactivity, although
the reaction with dioxygen proceeds catalytically. Different
activation modes of the catechol ligand are presently debat-
ed and being investigated.[8]


Another interesting feature of [(TPA)Fe(Cat)]BPh4 is the
occurrence of a thermal spin-crossover in the solid state.[6]


Indeed, the investigation of the magnetic properties has re-
vealed a low-spin (LS)Qhigh-spin (HS) crossover that arises
in two steps. Spin-crossover compounds, especially iron(ii)
compounds, were extensively studied in the last two decades
because, in the solid state, the reversible change of the spin
multiplicity of the metal ion takes place through cooperative
intermolecular interactions and leads to possible bistability
and memory effects.[9] The thermal spin conversions, that
are more or less quantitative as a consequence of the en-
tropic excess in the high-spin state, give rise to different
curves of the HS fraction (gHS) versus temperature. For solid
samples, the curves are continuous or discontinuous single
step and discontinuous with a hysteresis effect.[10,11] This be-
havior is closely related to the solid-phase properties (coop-
erative interactions, phase transitions, structural defects,
etc.).[11] In addition, two-step spin-crossover processes have
been recognized for a few compounds, mainly mononuclear
iron(ii) compounds.[12–14]


Another potential interest of metal dioxolene systems is
the possibility of valence tautomerism.[15,16] This requires the
electronic levels of the transition metal ion and the redox
active ligand, such as catecholate or semiquinonate (SQC�),
to be close in energy and their electronic structures to be lo-
calized. The transformation, that was recognized for the
CoII-SQ and CoIII-Cat tautomers,[16] takes place through an
intramolecular metal–ligand electron transfer combined
with a spin-crossover of the metal ion.


Herein, we investigate the electronic, vibrational, and
structural properties of [(TPA)Fe(Cat)]BPh4 in the solid
state to gain further insight into the nature of the electronic
states and the changes associated with the thermally induced
spin transition. The results of density functional molecular
orbital calculations performed on the two spin isomers are
also presented. They provide a set of data from which a new
analysis of the experimental results[6] is proposed.


Results and Discussion


Temperature dependence of the optical properties : Varia-
ble-temperature electronic absorption spectra were recorded
for 1 dispersed in a KBr pellet. Prior to this, it was verified
that no significant alteration resulted from the solid disper-
sion within the KBr matrix (see ref. [17] and Figure S1 in
the Supporting Information). The absorption spectrum at
290 K (Figure 1) is similar to that recorded for a solution of


1 in acetonitrile at room temperature.[6] Two broad bands
are located at 11 363 cm�1 and 20 408 cm�1 (12 531 cm�1 and
19 840 cm�1) for the solid sample (solution). It is notable
that, at a lower energy, the NIR absorption is observed for
the solid phase. The two bands responsible for the dark
blue-violet color of these compounds are considered as typi-
cal for HS ferric-catecholate systems and are ascribed to
spin-allowed catecholate-to-iron(iii) charge-transfer transi-
tions.[5b, 18] Our DFT calculations (vide infra) suggest some
revision of this classical analysis; however, these absorption
bands will be named in the following as LMCT bands.


The temperature dependence of the solid-sample absorp-
tion spectra was monitored from 290 to 10 K. The evolution
of the spectra as a function of temperature is also shown in
Figure 1. The intensities of the visible and NIR LMCT
bands markedly decrease with decreasing temperature. Par-
allel to this, a spectrum that is clearly detected in the NIR
region from 275 K contains a new absorption band with a vi-
bronic progression and gains in intensity when the tempera-
ture is lowered. The opposite intensity variation of these
NIR absorption bands and the observation of pseudo-iso-
sbestic points suggest the occurrence of a thermal equilibri-


Figure 1. Temperature dependence of the UV/Vis-NIR spectrum of a
KBr pellet of 1 recorded at 10, 50, 60, 70, 80, 90, 100, 120, 140, 200, 250,
and 290 K. The optical density is plotted versus energy in cm�1. The inset
shows the spectra recorded at 290 K (a) and 10 K (c) expanded be-
tween 7000 and 15000 cm�1.
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um, namely the spin-crossover process characterized by the
magnetic measurements.[6] To check this assertion, the rela-
tive area variation of the low-temperature NIR transition
(components at 8678 cm�1 and 9214 cm�1) was determined
by deconvolution of the spectra and plotted as a function of
the temperature (see Figure S2 in the Supporting Informa-
tion). In spite of some inaccuracies (especially for area
values at temperatures far from the transition temperature
T1=2


= 92.5 K), the tendency shown by this plot is consistent
with the curves of gHS(T) deduced from the magnetic and
Mçssbauer data. The low-temperature spectrum is thus as-
signed to the LS species. We note that both the spin-cross-
over process of 1 and that of Schiff-base FeIII complexes[19]


investigated in various matrices are characterized by a bath-
ochromic shift (also supported by the computational result)
of their LMCT in the low-temperature phase. The inset in
Figure 1 shows the extension of the spectra recorded at 10
and 290 K. The intensity of the structured band found at
low temperature compares well with that of the ligand-to-
metal charge-transfer transition at high temperature. From
these different features, the structured absorption band is as-
signed to a spin-allowed charge-transfer transition of the LS
state of 1 (as confirmed by the RR and computational stud-
ies). One striking feature is the presence of at least eight or
nine sharp transitions detected in the absorption band at
10 K. They are located at 8678, 9214, 9760, 10 367, 10 925,
11 497, 12 032, and 12 590 cm�1 and are almost regularly
spaced at intervals of 520–560 cm�1. The intensities of the
corresponding vibronic bands decrease from the low to the
high energy side. This progression at low temperature indi-
cates that there is, at least, one vibrational mode which is
strongly coupled with the optical LMCT transition. From
the space between successive components of the progres-
sion, it is deduced that this vibrational mode (n0’) of the ex-
cited state has a frequency of �520–560 cm�1.


Temperature dependence of resonance Raman spectra : Var-
iable-temperature resonance Raman (RR) measurements
have been performed to probe the nature of the vibrational
mode coupled to the electronic transition. The RR spectra
of 1 were recorded at two different excitation wavelengths,
namely, 1064 and 752.5 nm, which are expected to preferen-
tially enhance the Raman-active modes of the low-tempera-
ture and high-temperature forms, respectively.


1064 nm excitation : The RR spectrum of the LS form of 1 at
15 K (Figure 2) is dominated by a luminescent background
exhibiting vibronic structure on which the narrower Raman
bands are superimposed. These vibronic bands are much too
broad (�250 cm�1 FWHM) to correspond to vibrational
Raman bands, and are similar in bandwidth and separation
(�500–550 cm�1) to those observed in the low-temperature
electronic absorption spectrum. The spectrum is uncorrected
for detector response and the sharp cut-off seen at about
6000 cm�1 (�3000 cm�1 on Raman shift scale in Figure 2) is
attributed to the drop in detector sensitivity. Although the
relative intensities of the luminescence vibronic bands are


not strictly accurate, their observed frequencies and spectral
separation will not be altered. From the superimposition of
the electronic absorption spectrum and the luminescence
spectrum (Figure 3), it is clear that there is a mirror symme-


try which strongly suggests that the luminescence is a fluo-
rescence spectrum (albeit very weak because the intensity is
comparable to the RR band intensities). If we assume that
the luminescence spectrum is caused by fluorescence, then
we can estimate that the Stokes shift is about 620 cm�1. The
observation of absorption and fluorescence spectra with
strong vibronic progressions is consistent with an excited
state undergoing a significant but not too large shift in its
potential energy surface compared to the ground electronic
state. Time-resolved measurements are required to provide
conclusive evidence for the luminescence process exhibited
by this ferric catecholate complex.[20]


Figure 4 shows a magnified view of the RR spectrum be-
tween 200 and 1500 cm�1 for the low-spin form of 1 at 15 K.
RR data for some other FeIII–catecholate complexes are re-
ported;[5b, 21–23] however, for all of these, the iron ion was in
the HS state. To our knowledge, no RR data are reported
for a LS FeIII–catecholate complex; we expect the frequen-


Figure 2. Resonance Raman spectrum of 1 recorded at 15 K with a
1064 nm excitation.


Figure 3. Comparison of the RR spectrum (1064 nm excitation) and the
electronic absorption spectrum recorded at 15 and 10 K, respectively.
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cies to be different for LS and HS, although the change will
not be large. The vibrational modes most enhanced in the
RR spectrum correspond to those of the electronic ground
state that mimic the distortion in the resonant excited elec-
tronic state.


The RR spectrum in Figure 4 exhibits a band at n =


539 cm�1 with a broad shoulder at about 520 cm�1. This
band can be attributed to the five-membered chelate ring
mode by comparison with HS complexes reported (also con-
firmed by the DFT calculations). Indeed, in FeIII–catecho-
late systems, such a band has been observed between 509
and 533 cm�1[21–23] and at 528 cm�1 for the [Fe(oxalate)3]


3�


complex.[22] This mode represents a good candidate for the
predominant mode responsible for the vibronic progression
observed in the electronic absorption and fluorescence spec-
tra. Thus the frequency of the optical transition-coupled vi-
brational mode in the fundamental low-spin state (n0’’)
seems to be 539 cm�1. The most intense band in the low-fre-
quency region is observed at 613 cm�1 with a shoulder at
620 cm�1, which can be assigned to a deformation mode of
the catecholate ring with Fe–O stretching character.[5b, 21]


The bands at 1140 and 1431 cm�1 are expected to arise from
aromatic C–H deformation and C–C stretching modes, re-
spectively.[5b, 21] Based on calculations of FeIII–catecholate
complexes (this work, see Table 6 and ref. [23]), the
792 cm�1 band can be attributed to a catecholate mode. Vi-
brations with C–O character are expected at about
1250 cm�1. Three bands are observed in this spectral region:
1223, 1245, and 1270 cm�1. The 1223 and 1245 cm�1 bands
could arise from the second overtone of the 613 or 620 cm�1


bands. However, no such overtone bands are significantly
enhanced or observed for the 520–539 cm�1 bands. All the
above observed frequencies are assignable to the low-spin
form of the complex.


An increase in the temperature results in the broadening
of the fluorescence background and loss of vibronic struc-
ture, as was observed in the electronic absorption spectrum.
There are also significant changes observed in the Raman
bands (see Figure S3 in the Supporting Information). In gen-
eral, most of the RR bands lose intensity, with the exception


of the 520–539 and 613–620 cm�1 bands. This may be attrib-
utable to the change in RR enhancement conditions of the
high-spin vibrational modes; because at high temperature,
the absorption band dramatically changes in the region of
1064 nm, the wavelength of the Raman excitation laser. In
addition, there are shifts observed in the Raman bands fre-
quencies. The sharp band at 539 cm�1 is now replaced by a
sharp band at 521 cm�1. The band at 613 cm�1 along with
the shoulder at 620 cm�1 appear to broaden into a more
symmetric band centered at 620 cm�1. In addition, the C–H
deformation mode remains unshifted at 1140 cm�1, whereas
the C–C mode is shifted from 1431 to 1445 cm�1. In the
C–O stretching region, the three bands are now observed at
1213 (instead of 1223), 1245, and 1298 (as compared to
1270 cm�1). The apparent lack of shift of the 1245 cm�1 band
is consistent with non-shift of the 620 cm�1 band, assuming
that the former is an overtone of the latter. The observed
shifts can be interpreted as structural changes accompanying
the conversion of the low-spin complex to the high-spin
form as the temperature is raised. To better analyze the RR
spectrum, we recorded variable-temperature RR spectra of
the complex with 752.5 nm excitation, which is in resonance
with the high-spin form absorption at high temperature.


752.5 nm excitation : Figure 5 shows the RR spectrum of 1 at
270 K with an excitation wavelength of 752.5 nm. As expect-
ed, the RR band frequencies observed here are similar to
those obtained for the HS form with an excitation wave-
length of 1064 nm.


RR spectra of 1 were recorded down to 10 K. Surprising-
ly, absolutely no changes in band positions are observed as
the temperature is varied. This contrasts to the findings for
the previous set of spectra (excited at 1064 nm). Even at
15 K, the detected RR bands seem to be assignable to the
HS form of 1 and no band indicative of a LS fraction was
detected. Such an observation contradicts the magnetic
measurements and suggests that, under these experimental
conditions, some HS fraction is retained at low temperature.
This HS fraction would be preferentially detected if one


Figure 4. Magnified view of the RR spectrum between 200 and 1500 cm�1


for the LS form of 1 (15 K, 1064 nm excitation).


Figure 5. Magnified view of the RR spectrum between 200 and 1500 cm�1


for the HS form of 1 (270 K, 752.5 nm excitation).
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considers the resonance conditions. The laser power at the
sample being 50 mW, several hypotheses can be taken into
account in order to explain this result. First, it can be as-
sumed that under irradiation, the temperature of the sample
is increased thus inducing conversion of a fraction of mole-
cules into the HS state, even at 15 K. Second, it can also be
assumed that the HS state is populated by an irradiation-
pumped fundamental state. Indeed, the light-induced excited
spin-state trapping effect,[24] which was demonstrated for a
number of iron(ii) spin-crossover complexes, was recently
reported for a ferric spin-crossover complex.[25]


X-ray diffraction : Slow diffusion of diethyl ether into a
CH3CN solution of 1 in the absence of molecular dioxygen
afforded purple-blue and acicular crystals suitable for X-ray
structural investigations. The crystal structure was solved at
220 and 110 K where the iron(iii) ions are at least partly in
the HS state (gHS �0.92 (220 K) and �0.66 (110 K)). The
accuracy of both structures is limited by the quality of the
crystals. Therefore, the present analysis is mainly restricted
to the mean values of selected data and significant thermal
evolutions. At both temperatures, the compound crystallizes
in the orthorhombic space group Pca2(1) with Z = 8. The
asymmetric unit contains two crystallographically independ-
ent sites (hereafter designated as A and B) that occur as
general positions. Selected bond lengths and angles are
listed in Table 1. Intermolecular distances shorter than the
van der Waals distances and interatomic C�C distances for
the p-stacking interactions are given in Tables S1 and S2 in
the Supporting Information.


Molecular structures : At 220 K, the coordination sphere is
almost the same for the cations occupying sites A and B.
The metal center is coordinated to one amino (N1) and
three imino (N2, N3, N4) nitrogen atoms of the tripodal
ligand TPA and two oxygen (O1, O2) atoms of the catecho-
late (Figure 6). As indicated by the bond angles listed in


Table 1, both six-coordinate complexes are appreciably dis-
torted from ideal octahedral geometry. The Fe�Namine bonds
located trans to the Fe�O bonds are the longest at 2.19(1)
(site A) and 2.16(1) 	 (site B). The Fe�Npyridine bond lengths,
with average values of 2.12(1) (A) and 2.11(1) 	 (B), indi-
cate some degree of p-backbonding with the pyridine rings.
The average Fe�O bond lengths are 1.93(1) (A) and 1.90(1)
(B) 	. This set of data is comparable to the corresponding
set reported for HS FeIII–catecholate systems (Fe�Namine =


2.151–2.246, Fe�Npyridine = 2.109–2.227, Fe�O = 1.907–
1.979 	).[2–5, 26] The studied compound displays a mean value
of the C�O bond lengths of 1.33(2) (A) and 1.35(2) 	 (B)
(see Table 1), whereas the C�C bonds average at 1.40(2)
(A) and 1.39(2) 	 (B) and more specifically the C21�C22
bond is equal to 1.35(2) (A) and 1.38(2) 	 (B). Although
these values observed in 1 fall within the ranges correspond-
ing to FeIII–catecholate systems,[5a,27,28] their low level of pre-
cision prevents us from unambiguously analyzing the cate-
cholate or semiquinonate character of the dioxolene unit.


Some evolution becomes apparent in the X-ray data col-
lected at 110 K. Significant changes of bond lengths and
angles (Table 1) reflect the HS-to-LS conversion from 92 to
66 % and the metal environment of the two cations are no
more similar. For the cation A, the bond lengths and angles
of the [FeN4O2] core vary between 220 and 110 K within the
3 e.s.d. limits and hence are not significant (see, for example,
the data for the most compressible FeA�Namine bond). From
these characteristics, it is very likely that the cation in site A
remains in the HS state at 110 K. In contrast, for site B, all
the FeB�N bond lengths decrease with decreasing tempera-


Table 1. Selection of bond lengths and angles for 1 in the crystallographic
sites A and B.[a]


Site A Site B
T 220 K 110 K 220 K 110 K


Fe�O1 1.90(1) 1.91(1) 1.90(1) 1.89(1)
Fe�O2 1.95(1) 1.92(1) 1.89(1) 1.91(1)
Fe�N2 2.10(1) 2.07(1) 2.12(1) 2.08(1)
Fe�N3 2.13(1) 2.07(1) 2.11(1) 2.07(1)
Fe�N4 2.14(1) 2.12(1) 2.09(1) 2.03(1)
Fe�N1 2.19(1) 2.19(1) 2.16(1) 2.08(1)
O1�C19 1.38(2) 1.39(2) 1.36(2) 1.34(2)
O2�C24 1.28(2) 1.33(2) 1.35(2) 1.33(2)
C19�C20 1.39(2) 1.40(2) 1.34(2) 1.36(2)
C20�C21 1.40(2) 1.39(2) 1.40(2) 1.43(2)
C21�C22 1.35(2) 1.35(2) 1.38(2) 1.39(2)
C22�C23 1.41(2) 1.40(2) 1.42(2) 1.38(2)
C23�C24 1.47(2) 1.41(2) 1.40(2) 1.42(2)
C24�C19 1.35(3) 1.39(2) 1.40(3) 1.41(3)
N1-Fe-N3 77.0(5) 77.3(5) 76.0(5) 79.3(5)
N1-Fe-N4 76.7(5) 78.1(4) 78.5(5) 81.2(5)
N1-Fe-O2 99.3(5) 98.3(4) 99.4(5) 96.9(5)
O1-Fe-N3 101.9(5) 100.8(5) 101.1(5) 98.3(5)
O1-Fe-N4 104.5(5) 103.9(5) 104.3(5) 101.2(5)
N3-Fe-N4 153.6(5) 155.3(5) 154.5(5) 160.4(5)


[a] <FeA�L> = 2.07(2) 	 (220 K) and 2.05(2) 	 (110 K), <FeB�L> =


2.04(2) 	 (220 K) and 2.01(2) 	 (110 K); <C�OA> = 1.33(2) 	
(220 K) and 1.36(2) 	 (110 K); <C�OB> = 1.35(2) 	 (220 K) and
1.34(2) 	 (110 K); <C�CA> = 1.40(2) 	 (220 K) and 1.39(2) 	
(110 K); <C�CB> = 1.39(2) 	 (220 K) and 1.40(2) 	 (110 K).


Figure 6. SHELXTL drawing of the FeIII ion in 1 at 220 K.
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ture as a consequence of the depopulation of the antibond-
ing eg orbitals. The most significant variations are observed
for the FeB�Namine bond that is shortened from 2.16(1)
(220 K) to 2.08(1) 	 (110 K). The mean metal–ligand dis-
tance FeB�L of 2.01(1) 	 (110 K) clearly lies between the
values reported for iron(iii) spin-crossover complexes (Fe�L
= 2.058–2.074 for HS species and 1.937–1.959 	 for LS spe-
cies.).[11,29] The values of the bond angles are found to be sig-
nificantly closer to the values expected for ideal octahedral
geometry. The N3-FeB-N4 angle between the metal ion and
the two opposite N donor atoms of TPA increases from
154.5(5) to 160.4(5)8. From these characteristics, it is infer-
red that site B is mostly occupied by LS species at 110 K
and consequently only this site B is involved in the high-
temperature transition. This analysis is also supported by
the comparison between the value of the FeB�Namine bond
variation extrapolated for a complete conversion of the FeB


ions (~0.15 	 for DgHS(B) = 0.52 and DgHS(A) = 0) and
the corresponding one reported for iron(iii) spin-crossover
complexes (�0.18 	).[11,29] The presence of crystallographi-
cally different iron(ii) sites with slightly different spin-transi-
tion behavior, thus causing a step in the overall spin transi-
tion function gHS(T), has been reported for other systems as
well.[13,14] Other iron(ii) complexes with crystallographically
different lattice positions are known in which one type un-
dergoes a thermal spin transition while the other one re-
mains in the HS state at all temperatures. Of course, these
systems do not show a step in the gHS(T) curve, instead


gHS(T) merges into a plateau at low temperature at gHS


values depending on the concentration ratio of the different
lattice sites.[30] Note that the ordering of the spin states at
very low temperatures can not be extrapolated from the
present results as this process may be coupled to an order–
disorder phase transition giving rise to a new distribution of
the iron sites.


Intermolecular interactions : In Figure 7, the packing of 1 in
the ac plane consists of successive layers along the c axis
that contain one sort of cation or anion. At 220 K, the
closer intermetallic distance is found for FeAFeB =


9.099(3) 	 along the c axis (9.094(3) at 110 K). For the cati-
ons occupying the same site (A or B), these distances are
equal to 9.449(2) 	 at 220 K (9.400(2) 	 at 110 K). Rather
strong p-stacking interactions (C�C distances <3.50 	) and
a number of intermolecular C···C contacts are identified
(see Tables S1 and S2 in the Supporting Information). These
structural parameters that strongly favor the cooperative in-
teractions and the abrupt transition curves,[31] are strength-
ened at low temperature. This feature is in agreement with
some reinforcement of the cooperativity at 110 K.


Mçssbauer measurements : The Mçssbauer spectra of 1, re-
corded between 293 and 1.9 K, are displayed in Figure 8.
The least-squares-fitted parameters are collected in Table 2.
At temperatures between 293 and 190 K, the spectra consist
of a quadrupole doublet with a mean value of the isomer


shift d�0.43 mm s�1 and the
quadrupole splitting DEQ =


1.30 mm s�1. These values com-
pare to those given for com-
pounds of biological interest.[32]


However, we note that such a
value of DEQ is reported either
for hexacoordinate FeIII–Cat
complexes with a high electric
field gradient that is attributed
to a distorted coordination
core[33] or for HS FeIII–SQ com-
pounds.[28a, 34] The doublet shows
the typical features of slow par-
amagnetic relaxation of FeIII in
the high-spin state which results
in different broadening of the
lines with decreasing tempera-
ture. Below 50 K, only the dou-
blet characteristic for LS
FeIII [32] (d = 0.255�
0.017 mm s�1 and DEQ =


1.881�0.023 mms�1) is detect-
ed with a small asymmetry in
the intensities of the two lines,
which is most probably caused
by textural effects of the acicu-
lar crystals of the compound. A
fit with two doublets givesFigure 7. Packing diagram of 1 at 220 K in the ac plane. Hydrogen atoms are omitted for clarity.
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slightly different isomer shifts and quadrupole splittings with
almost overlapping error limits (d1 = 0.258�0.014 mm s�1,
DEQ1 = 1.870�0.030 mm s�1, and d2 = 0.242�0.010 mm s�1,
DEQ2 = 1.820�0.025 mm s�1) at 4.2 K. Between 190 and
50 K, a superimposition of the resonance lines for HS and
LS FeIII is observed. The fit in the transition temperature
range takes into account the magnetic relaxation of the HS
FeIII, and assumes a static behavior of FeIII in the LS state.
In Figure 9, the area fraction of the HS doublet is plotted
versus temperature, taking equal recoil-free fractions for HS
and LS species. These data agree with the results of the
magnetic measurements, except for slight deviations in the
high-temperature range.


The fits of the low-tempera-
ture Mçssbauer data do not
show strong evidence for two
different crystallographic sites
of FeIII ; however, the existence
of two sites can not be exclud-
ed.


DFT calculations


Molecular geometry : In
Table S3 in the Supporting In-
formation, a selection of struc-
tural data for 1 and [(TPA)-
Fe(Cl4Cat)]PF6 (2)[35, 36] spin-
crossover complexes shows the
corresponding coordination
spheres in the experimental and
optimized geometries (for HS
and LS states). Despite some
structural differences, good
agreement is found. As expect-
ed, the metal–ligand bond
lengths are shortened in the LS
state and the symmetry of the
metal environment is broken as
a consequence of the chelation
of the TPA ligand (L’). This
asymmetry observed in the co-
ordination core is extended
over the catechol ligand. From
the X-ray crystal structures re-
ported so far, this feature ap-
pears to be common to this
class of compounds. The agree-
ment between experimental
and theoretical (optimized ge-
ometry) results is better for 2 as
a consequence of the complete-
ness of the spin transition and
the accuracy of the structural
data of 2.[36] Nevertheless, in all
cases, the optimized geometries
lead to the longest metal–ligand


bond lengths with respect to the experimental geometries,
an effect that is more pronounced for the HS state. Indeed
DFT calculations were performed by considering an isolated
molecule, although molecules in a solid phase undergo a
“chemical pressure” due to the packing forces. This effect is
critical in spin-crossover systems because of the energy
proximity of the HS and LS levels. Moreover, the difference
between the structural parameters of the LS and HS states
is associated with the entropy variation that controls the
extent of the LS-to-HS conversion. Therefore, the experi-
mental molecular volume at any temperature is always
smaller than that of the pure HS state, a fortiori for an iso-
lated molecule.


Figure 8. 57Fe Mçssbauer spectra recorded at 293, 193, 135.9, 114.3, 94.6, 75.4, 50.8, and 1.95 K.


Table 2. Selected 57Fe Mçssbauer fitted parameters of 1. Isomer shifts are relative to Fe metal. The HS frac-
tion is based on the evaluation of the areas AHS and ALS the HS and LS resonance lines, assuming equal
Lamb–Mçssbauer factors for the two spin states.


T [K] dIS(LS) [mm s�1] DEQ(LS) [mm s�1] dIS(HS) [mm s�1] DEQ(HS) [mm s�1] HS fraction


293 – – 0.412(5) 1.286(2) 1
193.3 – – 0.462(13) 1.315(22) 1
135.9 0.235(10) 1.842(21) 0.495(18) 1.398(25) 0.836(25)
114.3 0.239(43) 1.847(9) 0.523(27) 1.407(33) 0.679(37)


94.6 0.249(19) 1.859(4) 0.526(31) 1.379(40) 0.498(27)
75.4 0.2491(8) 1.870(1) 0.584(54) 1.381(81) 0.175(15)
50.8 0.249(3) 1.874(2) – – 0


4.2 0.251(2) 1.881(2) – – 0
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Figure 10 shows the superimposition of the optimized and
experimental geometries for the molecular cation [(TPA)-
Fe(Cat)]+ . The agreement between both geometries clearly
extends over the complete molecular skeleton, including the
relative disposition of the aromatic groups in the TPA
ligand. A negligible discrepancy, which consists of a pyridine
group in TPA slightly deflected from the experimental posi-
tion, is found in the LS state. This is attributed to the short-
er metal–ligand bond lengths in the LS state and the re-
duced molecular flexibility in the solid phase.


As previously mentioned, the bond lengths in the dioxo-
lene ligand (noted L) are closely related to its oxidation
state. Delocalized p bonds are characterized for the aromat-
ic ring of a catecholato dianion and a quinoid-type pattern
with localized p bonds is found in semiquinonato radi-
cals.[5c,28d,37] Another criterion is based on the specific values
of the C4�C5 bond length, which depends on the oxidation
state of the catechol ligand (1.369–1.400 	, for L = Cat2�


and 1.383–1.446 	 for L = SQC�). In contrast to the X-ray
crystallographic data obtained for 1 that provides an ambig-
uous result (see above), the analysis of the optimized struc-
tures reveals a clearer situation. In Table 3, we compare the


results obtained from optimized geometries in the LS and
HS states with those reported for compounds very similar to
1.[28d] For these complexes, [Fe(L-N4Me2)(Cat)]+ (3), [Fe(L-
N4Me2)(DBC)]+ (4), and [Fe(L-N4Me2)(DBSQ)]2+ (5),
[(TPA)Fe(DBC)]BPh4·CH3CN (6) (where L-N4Me2 = N,N’-
dimethyl-2,11-diaza[3,3]-(2,6)pyridinophane and DBSQ =


3,5-di-tert-butylsemiquinone), the dioxolene ligand was iden-
tified as a catecholate (3, 4, 6) and a semiquinonate (5) (see
Table 3). These data show that, for the optimized geometries
of [(TPA)Fe(Cat)]+ in the HS and LS states, the observed
alternating bond character is less pronounced than for 5,
and the C4�C5 bond length values are intermediate be-
tween those expected for the catechol and semiquinone
forms. Thus, this structural analysis suggests that, in the S =
1=2 and 5=2 states, 1 is present as an intermediate form be-
tween FeIIICat and FeIISQ configurations. A similar analysis
is possible on the basis of the C1�C2 bond length.


Electronic configuration : The description of the electronic
configuration of a coordination compound is quite straight-
forward when the organic ligands (spectator ligands) intro-
duce small modifications in the properties of the metal ion.
In contrast, some ligands (such as orthoquinone and its re-
duced forms)[15] have a strong influence on the electronic
structure of the complex. In such cases, the frontier molecu-
lar orbitals, both of the ligand and the metal ion, are usually
energetically close, that is, ligand and metal ion have compa-
rable redox potentials. This situation may consist of two
well-balanced orbital energies that allow the intersite ex-
change of one electron. The relative stability of the two
electronic configurations can be finely tuned by a slight al-
teration of the metal environment or of the electron-accept-
or character of the ligand. Thus the electronic density of the
singly occupied molecular orbital (SOMO) may be centered
either on the metal fragment (leading, for example, to the
LS FeIISQ configuration) or on the ligand skeleton (LS FeIII-
Cat configuration). Thus, these systems can display bi-stabil-
ity (valence tautomeric interconversion).


Figure 11 shows the energy level diagram of the frontier
molecular orbitals of the optimized [(TPA)Fe(Cat)]+ com-
plex in the LS state. Between the occupied t2g and the unoc-
cupied eg orbitals, several Cat and TPA antibonding p-orbi-


Figure 9. Temperature dependence of the HS fraction gHS (~) for 1 de-
duced from the fractional area aHS of the Mçssbauer components. The
curve of gHS(T) (d) was calculated from the magnetic data by assum-
ing cMTLS~0.375 and cMTHS = 4.375 cm3 mol�1 K.


Figure 10. Superimposition of the optimized and experimental geometries
for: a) the HS spin state and b) the LS spin state. The experimental geo-
metries are based on those determined from the crystal structure of 1.


Table 3. Bond lengths found in the catechol ring. The C atoms linked to
the oxygen atoms are labeled 1 and 2. Therefore, in the structural data
available for [(TPA)Fe(Cat)]BPh4 (1), C21 and C22 should be replaced
by C4 and C5 atoms. [Fe(L-N4Me2)(Cat)]+ (3), [Fe(L-N4Me2)(DBC)]+


(4), [Fe(L-N4Me2)(DBSQ)]2+ (5), and [(TPA)FeDBC]BPh4
.CH3CN (6)


complexes where L-N4Me2 = N,N’-dimethyl-2,11-diaza[3,3]-(2,6)pyridi-
nophane and DBSQ = 3,5-di-tert-butylsemiquinone.


1 optimized 1 optimized 3 4 5 6
LS HS


C1�C2 1.440 1.440 1.415 1.411 1.450 1.418
C2�C3 1.415 1.409 1.385 1.380 1.403 1.382
C1�C6 1.416 1.413 1.394 1.409 1.425 1.405
C3�C4 1.395 1.400 1.427 1.393 1.360 1.390
C5�C6 1.395 1.398 1.369 1.396 1.370 1.403
C4�C5 1.425 1.419 1.369 1.399 1.438 1.395
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tals (p*(L) and p*(L’), respectively, are observed. The more
stable orbital belongs to the catecholate ligand. Note that
the alpha HOMO (118 a) is not a d orbital, but an orbital lo-
calized on the catechol ligand.


However, some catechol and d-metal orbitals are so close
in energy that they intermix, that is, the electronic density is
delocalized in each orbital on both the metal fragment and
the catechol group (117 a and 115 a). A similar situation is
found in the beta-spin orbitals, where the HOMO (117 b)
and LUMO (118b) are totally delocalized. In this way, the
system does not exhibit valence tautomerism but, rather, an
intermediate situation between the FeIIICat and FeIISQ con-
figurations, that is, a strong covalency is displayed.


A qualitative scheme for the electronic configuration in
the HS state can be generated from the diagram shown in
Figure 11. Two electrons should be added to the dx2�y2


(125 a) and dz2 (126 a) alpha or-
bitals, whereas two others are
removed from the dxy (115 b)
and dyz (114 b+116 b) beta orbi-
tals. The only beta d orbital
(117 b) that remains occupied is
strongly delocalized on the cat-
echol ligand. Thus, as previous-
ly found for the LS state, the
HS state can be described as a
mixture of the FeIIICat and
FeIISQ configurations.


The NBO analysis of the
atomic spin density is shown in
Table 4. A priori, the metal spin
density (1(Fe)) in a complex is
partially delocalized on the li-
gands, decreasing its value with
regard to the free metal ion.
However, the NBO analysis
shows that, in the doublet and
sextet states, the atomic spin
density on the iron ion is much
smaller than the value expected
for a free FeIII ion. Thus, the
pure FeIIICat configuration can
be ruled out. In addition, we
note that, in spite of the spin
delocalization on the TPA
ligand, in both HS and LS
states, 1(Fe) is too high to be
assigned to a FeII form and too
low to be assigned to a FeIII


form. Thus, these results pro-
vide evidence for a mixture of a
FeIIICat and a FeIISQ configura-
tions for both spin states. It ap-
pears that the spin density on
the catechol ligand (1(L)) of 1


has an intermediate value between the values expected for a
diamagnetic and a radical species. However, the radical
character of L is more pronounced than expected, especially
in the HS state. In all cases, the spin density on the catechol
ligand (L) is mainly localized on the oxygen atoms (�63–


Figure 11. Semiquantitative energy level diagram of the frontier molecular orbitals of the LS state for the opti-
mized [Fe(TPA)(Cat)]+ complex. The vertical and horizontal dashed lines separate the a and b and the occu-
pied and unoccupied MOs, respectively. The labels L and L’ are used to denote MOs whose electronic densi-
ties are placed mainly on the Cat and TPA ligands, respectively.


Table 4. Atomic spin densities for the HS and LS states of 1 in the exper-
imental (single point) and optimized geometries. Cat refers to the total
spin density for the catecholate ligand.


Single point Optimized geometry
HS LS HS LS


Fe 4.021 0.388 3.989 0.345
O1 0.275 0.218 0.276 0.203
O2 0.290 0.196 0.310 0.219
Cat 0.748 0.661 0.799 0.699
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73 %) and the rest is nearly equally distributed throughout
the carbon atoms. DFT calculations on the experimental ge-
ometry lead to the same conclusion (Table 3).


Recently, Rodriguez et al. have studied the complex
[Cr(tren)(3,6-DTBSQ)]2+ (DTBSQ = 3,6-di-tert-butylortho-
semiquinone) that has been unambiguously identified as
CrIIISQ.[38] A NBO analysis from the DFT calculations clear-
ly shows the presence of the semiquinone radical. The au-
thors have found large spin densities on the organic skeleton
of the 3,6-DTBSQ ligand, whose distribution is similar to
the one found in the free semiquinone. In the same way, we
have performed DFT calculations on the free semiquinone
from the experimental geometries. This leads to a distribu-
tion of spin density which is mainly centered on the O, Cb,
and Cg atoms with small negative values observed on the
Ca atoms, these features being typical of a free semiquinone
radical. Although slight similarities are found between the
calculated spin distribution in the complex and in the free
semiquinone (see Table 5), it can neither be assigned to a


semiquinone radical in a FeIISQ form nor to a spin delocali-
zation from the metal ion to the catechol ligand in the FeIII-
Cat form. It is closer to an intermediate situation. Moreover,
we have observed a weak spin delocalization on the N-
donor atoms of the TPA ligand. The spin delocalization and
spin polarization are negligible on the other atoms of the ar-
omatic rings. Finally, it is concluded that complex 1 in the
HS and LS states should be described as a mixture of FeIII-
Cat and FeIISQ configurations or, in the framework of the
molecular orbital theory, as a strongly covalent system. Al-
though the determination of their respective weights ap-
pears to be a difficult task, our results based on the analysis
of the molecular orbitals strongly suggest quasi-equivalent
contributions of the FeIISQ and FeIIICat forms.


Some results reported in the literature indicate that some
iron(ii) complexes containing TPA or closely analogous li-
gands also exhibit spin-crossover processes.[39–41] For exam-
ple, (TPA)Fe(NCS)2 presents an abrupt thermally-induced
spin crossover centered at 170 K.[9e, 40]


Magnetic exchange interaction : In a pure FeIISQ configura-
tion, an antiferromagnetic interaction between the HS metal
ion and the semiquinone radical can be expected as a conse-
quence of the strong overlapping between the dxz metal and


p* catecholate orbitals. Thus, the S = 3=2 state should be
more stable than the S = 5=2 (HS) state. However, there is
no experimental evidence for a S = 3=2 state. From these re-
sults, it is inferred that the HS state corresponds either to a
FeIIICat configuration or to a HS FeII ion that is ferromag-
netically coupled with the semiquinone radical. The previous
analysis of the electronic structure clearly rejects the first
option. In addition, some of us have shown in a previous
paper that a strong delocalization or an electron transfer
may stabilize a particular spin state.[42] Thus, in the FeIISQ
configuration (the FeII ion being in the HS state) a delocali-
zation of the beta electronic density from the dxz metal orbi-
tal to the p* semiquinone orbital occurs. This delocalization,
in the framework of the localized orbitals, can be seen as an
interaction between the two configurations (FeIISQ and FeIII-
Cat). We note that this delocalization is not possible in the S
= 3=2 state because the p* semiquinone beta orbital is occu-
pied. Other delocalizations are possible; however, they lead
to excited states for the metal ion. In conclusion, only the S
= 5=2 state of the FeIISQ form will be stabilized.


Other features that also support this conclusion are the
following. The S = 3=2 state, which was calculated from the
optimized geometry found for the S = 5=2 state, should be
present in a fully localized FeIISQ form. Thus, the calculated
spin density on the metallic center (3.73 e� , S = 3=2 state) is
found to be slightly lower than the spin density on a HS FeII


free ion as a consequence of the weak spin delocalization
from the eg orbitals to the TPA and SQC� orbitals. The spin
density on the SQC� ligand is close to that of a radical. More-
over, the calculated S2 value for the quartet state (4.75) cor-
responds to that expected for a broken-symmetry function,
that is, to a HS FeII ion antiferromagnetically coupled to a
semiquinone radical. In order to establish the electronic
nature of the sextet and doublet states, we can compare the
spin densities on the semiquinone ligand for the case of the
sextet, quartet, and doublet states. To avoid the effect of
spin delocalization from the eg orbitals, we have only consid-
ered the spin density values on the C1, C2, C4, and C5
atoms. These atomic spin density values are twice as large as
those found in the sextet and doublet states. In agreement
with our hypothesis, the magnetic exchange interaction be-
tween the HS FeII ion and semiquinone radical in 1 is ferro-
magnetic and the evaluated exchange coupling (H =


�JS1S2) is equal to +3510 cm�1. In conclusion, the doublet
and sextet states correspond to an almost equal mixture of
the FeIISQ and FeIIICat configurations.


Thermal spin-crossover process : For the optimized geometry,
the doublet–sextet splitting, which is calculated from the
minimum point of the potential energy curves (DEel


HL =


Eel
HS�Eel


LS), is found to have a positive value (178 cm�1).
The description of the total electronic energy at zero tem-
perature (Eel (v = 0)), implies an additional zero-point
energy correction that takes account of the corresponding
vibrational term (Eel + Evib(T = 0)). At this stage, the dou-
blet–sextet splitting DEel


HL (v = 0) is found to be negative,
which indicates a more stabilized sextet state. This feature


Table 5. Mean values of atomic spin densities in the L organic skeleton
for the HS and LS states of 1 and free semiquinone. The geometries used
in the DFT calculations have been taken from the experimental crystal
structure of 1. a, b, g designate the C1 or two, C6 or three, C5 or four
carbon atoms, respectively.


LS HS
Complex 1 Free semiquinone Complex 1 Free semiquinone


O 0.207 0.363 0.282 0.372
Ca 0.070 �0.023 0.036 �0.031
Cb �0.010 0.104 0.016 0.120
Cg 0.068 0.068 0.042 0.107
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should preclude any spin-crossover process for 1 because
the free enthalpy calculated at any temperature from the
DEel


HL(0), DEvib
HL(T), and DSHL(T) terms is always negative


and, consequently, only the HS state is occupied. However,
it is well established that the total energies Eel(0) provided
by DFT calculations markedly deviate from the experimen-
tal energy values.[40] These discrepancies (DEcorr


HL =


DHexp
HL(T1=2


)�[DEel
HL(0) +DEvib


HL(T1=2
)]), possibly more im-


portant for optimized geometries, can be related to the
methodology and also to the neglect in the calculations of
the effect of the environment (counterions, solvent, and
other neighboring molecules). Thus, a slight energy correc-
tion of DEcorr


HL = ++ 500 cm�1 applied to the calculated en-
ergies, leads to a spin transition process occurring at a tran-
sition temperature equal to that observed (for 1, T1=2


=


92.5 K). The DEcorr is of the order of thousands of cm�1,
namely, only 0.0001 % of Eel.


Finally, at 92.5 K (T1=2
), the values obtained for the vibra-


tional (DSvib
HL = ++ 13.6 J mol�1 K�1) and electronic (DSel


HL


= ++ 9.1 J mol�1 K�1) contributions to the entropy lead to a
total enthalpy variation of DHHL(T1=2


) = ++ 2.1 kJ mol�1,
where the energy correction has been considered.


Electronic spectra : The electronic spectra of 1 in the LS and
HS states have been investigated by TDDFT calculations.
As previously shown, the proximity between the energies of
some occupied and unoccupied molecular orbitals centered
on the metal and catechol fragments may account for the
observation of charge-transfer bands in the visible or even
in the near infrared region. In Figure 12 (HS state) and
Figure 13 (LS state), the experimental spectra are compared
with the theoretical ones obtained from experimental and
optimized geometries, and a good agreement is found. As
expected, the best agreement between experimental and
theoretical spectra in the LS and HS states is found for the
experimental geometries. Moreover, the difference between
the theoretical spectra for the optimized and experimental
geometries only consists in a shift of some transitions. In
this way, some transitions overlap in the case of the opti-


mized geometry (LS and HS states) leading to an increase
of the band intensities. These shifts are bathochromic and
hypsochromic in the LS and HS states, respectively. They
can be attributed to the quality of the basis sets used to con-
struct the atomic orbitals, the chosen density functional, etc.
However, it is very likely that the main factor is the exclu-
sion of environmental effects. A detailed analysis of the
more intense transitions for the HS and LS states of 1, in
the optimized and experimental geometries, is shown in
Table S4 and Table S5 in the Supporting Information.


In spite of the differences between the electronic configu-
rations of the LS and HS states, the electronic spectra pres-
ent similar features with a shift of the corresponding transi-
tion energies. This is especially remarkable for the opti-
mized geometry, for which the shapes of the theoretical
spectra for the HS and LS states are very close (Figure 12
and Figure 13). The difference mainly concerns the transi-
tions involving the d-metal orbitals (i.e. CT or dd transi-
tions). The high-intensity transitions observed in the HS and
LS states must be of the same kind, involving the same or
similar molecular orbitals in both states. A narrow band is
observed in the low-energy region of the experimental spec-
trum. The theoretical study indicates that this band mainly
originates from a metal-to-ligand charge-transfer (MLCT)
transition which occurs from the beta dxz metal spin orbital
to a dioxolene beta p-antibonding spin orbital (full 117 b to
empty 118 b in the LS state). The theoretical bathochromic
shift for this band in the LS state is probably attributable to
the shorter metal–TPA bond lengths that increase the anti-
bonding contributions in the initial dxz molecular orbital and
decrease the energy gap between the molecular orbitals in-
volved in this transition. This bathochromic shift is also ob-
served in the experimental spectra. The 11 000–16 000 cm�1


region contains the expected d–d transitions (from 115a and
116 a to 125 a, 126 a, 125 b, and 126 b, Figure 11) which are
masked by the tail of more intense CT bands. The intense
bands observed at higher energies are assigned to FeII!
TPA CT transitions (ML’CT), for which the electronic densi-
ty is displaced from the t2g orbitals (116b and 117 b) to the


Figure 12. Corrected experimental (c) and theoretical (experimental
(d) and optimized (a) geometries) spectra of the HS state.


Figure 13. Corrected experimental (c) and theoretical (experimental
(d) and optimized (a) geometries) spectra of the LS state.
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antibonding p-ligand orbitals (119 b, 120 b, 121 b and 122 b).
These transitions also present a weak contribution of dioxo-
lene!TPA CT transitions (LL’CT; 118a and 117b to 120a


and 120b). The latter are more numerous in the high-energy
range (25 000–26 000 cm�1), appearing as shoulders of the
more intense CT band. As mentioned for the FeII!SQ CT
transitions (MLCT), the FeII!TPA CT transitions (ML’CT)
of the LS state are observed at lower energy.


Resonance Raman spectra and vibronic coupling : A vibra-
tional frequency calculation has been performed to analyze
the RR spectra of 1 and to determine the vibrational modes
involved in the vibronic coupling. A summary of the more
intense vibrational modes in the studied region is shown in
Table 6. Our calculations qualitatively agree with the results
obtained by 
hrstrçm et al. for a simpler complex.[23] In the
following analysis based on the experimental data collected
at 15 K, we have only considered the vibrational frequencies
of the LS state, although those calculated for the HS state
are also displayed in Table 6. A unique frequency at
517 cm�1 corresponds to a vibrational mode assigned to the
five-membered ring, which is a mixture of Fe–O stretching
and bending modes (d, n chelate). From this analysis, it is
unambiguously identified as the vibrational mode involved
in the vibronic coupling that was experimentally character-
ized. This mode is less energetic for the HS state than for
the LS state because the Fe�O bond lengths are longer in
the first case. Bands at 585 and 599 cm�1 (nring) are attributed
to the vibrational modes arising from the deformation of the
catecholate ring by means of a combination of a Fe–O and
C–C stretching and ring-bending modes. The vibrational
mode appearing at higher energy (781 cm�1) corresponds to
the out-of-plane bending of the hydrogen atoms with regard
to the catecholate ring (dCH). The equivalent vibrational
mode of TPA aromatic rings is observed in the same energy
region (�798 cm�1). The in-plane hydrogen-bending modes
for the catecholate and pyridine rings are displayed within
the range of 1170–1270 cm�1 (d’CH). Fe–O stretching is cou-
pled to some of the last vibrational modes (d’CH + nCO).
Some of these vibrational modes are coupled with C–C
stretching modes in the rings that appear in the 1450–
1600 cm�1 range. Finally, we note that the theoretical inten-
sities are higher for the LS state than for the HS state, in
agreement with the experimental observations.


Conclusion


The spin interconversion of [(TPA)Fe(Cat)]BPh4 between
the thermally accessible HS state and the LS ground state
results in consequent changes of electronic, vibrational,
magnetic, and structural properties in the solid state. They
were characterized by means of variable-temperature UV/
Vis, resonance Raman, and Mçssbauer measurements in con-
junction with temperature-dependent X-ray crystallography.


The electronic spectrum of the LS species presents a NIR
charge-transfer band that exhibits a bathochromic shift with


respect to the HS band and possesses a well-resolved vibra-
tional progression with individual components separated by
520–560 cm�1. This progression also observed in the lumi-
nescence spectrum detected by the 15 K RR measurements
(excitation with 1064 nm) was assigned to the five-mem-
bered chelate ring-mode FeO2C2.


With regard to the spin-crossover process, the analysis of
the structural data reveals the presence of two nonequiva-


Table 6. Analysis of the vibrational modes observed in the RR spectra. The
experimental frequencies are compared to the values calculated for the LS
and HS states.


Assignment Exp [cm�1] LS [cm�1] HS [cm�1] Scheme


d, n chelate 538 517 478


n ring 613 585–599 587–598


d CH (cat) 792 781 784


d CH
(TPA)


792 798 ~795


d’ CH (cat) 1220–1245 1170 1171


d’ CH
(cat) +n


CO
1250


1254—
1262


~1260


d CH2 1270 1264 1260
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lent crystallographic sites within the lattice. This characteris-
tic, common to systems exhibiting a two-step spin crossover,
accounts for successive transitions of the two different mole-
cules. Such a process was shown to occur in the temperature
range of the first step. Numerous intermolecular contacts
and p-stacking interactions contribute to reinforce the coop-
erative interactions at low temperatures.


Some features reported in a previous communication
were in favor of a FeIII-catecholate formulation of the elec-
tronic ground state of [(TPA)Fe(Cat)]BPh4. To obtain fur-
ther insight into the properties of this system, DFT calcula-
tions were performed on a set of experimental structural
data as well as on optimized geometries in the LS and the
HS phases. Different computational results do not support
the first FeIII–catecholate description, but they strongly sug-
gest that the electronic structure consists of a mixture of
FeIII–catecholate and FeII–semiquinonate configurations.
The calculations indicated abnormal spin density on the iron
moiety as well as on the dioxolene ligand. The DFT analysis
of the FeII–SQ configuration also indicates a ferromagnetic
coupling between the HS metal ion and the semiquinone
radical leading to the relative stabilization of the S = 5=2
spin state. The general features observed in UV/Vis and RR
spectra were nicely reproduced by the calculations. Some-
what unexpectedly, the computational results show that the
low-energy absorption band (in the HS and LS state) is not
only attributable to a ligand-to-metal charge-transfer transi-
tion but to a prevailing MLCT contribution that results
from the above-mentioned mixture of configurations. From
the calculation of the different vibrational modes of the HS
and LS species, it was confirmed that the mode responsible
for the vibronic progression observed in the LS electronic
spectrum is attributable to the five-membered chelate ring
mode. Finally, the finding of a significant mixture of FeIII–
catecholate and FeII–semiquinonate configurations supports
the general assumption commonly proposed from the analy-
sis of the reactivity of these FeIII–catecholate dioxygenase
mimics. Nevertheless, the mixture of configurations identi-
fied here from DFT calculations, and possibly accounting
for subtle effects in structural and Mçssbauer data, deserves
to be specified further by means of, for example, combined
Mçssbauer in presence of magnetic field and EPR investiga-
tions together with DFT calculations on related compounds
with catecholate groups with different donor or acceptor
substituents.


Experimental Section


Synthesis : The TPA ligand and the [(TPA)Fe(Cat)]BPh4 complex (1)
were prepared following already described procedures.[6,43]


UV/Vis spectrometry : UV/Vis absorption measurements of KBr pellets
were recorded with a Varian CARY5E double-beam spectrophotometer,
equipped with an APD Cryogenics closed-cycle helium cryogenic system
including a DMX-1E cryostat and a DE-202 expander instrument. The
KBr pellets were prepared with 3% of 1 dispersed into the KBr powder.
Grinding of the solid was avoided as it may have resulted in the chemical
and/or physical alteration of the sample.


Resonance Raman spectroscopy: Resonance Raman spectra were record-
ed on two different spectrometers, depending on the excitation wave-
length used. Spectra excited with the 1064 nm line of a diode-pumped
Nd:YAG laser were recorded on a Bruker IFS 66 interferometric Fourier-
transform Raman spectrometer equipped with a FRA106 Raman
module with a liquid nitrogen-cooled Ge diode detector as described
elsewhere.[44] Typically, 180 mW of laser power was used at the sample,
which was contained in a cryostat in which cold He gas was circulating
(TBT, France) and was held at various temperatures ranging from 15 K
to room temperature. The sample was in the form of a slightly com-
pressed powder held in a sample holder. No evidence of spectral modifi-
cation that would indicate sample degradation was observed during up to
two hours of observation under laser irradiation. Spectra were recorded
with 752.5 nm excitation by means of a Kr+ laser (Coherent Innova90)
and a modified Jobin-Yvon T64000 dispersive Raman spectrometer
equipped with a back-illuminated liquid nitrogen-cooled CCD detector,
and only one stage with 900 lines mm�1 grating. Typically, 50 mW of laser
power was used at the sample held in a similar cryostat (STVP-100, Janis
Research); the temperature was varied between 15 K and 270 K.


X-ray diffraction : A crystal with an approximate size of 0.150 � 0.100 �
0.050 mm was selected. The crystal structure was solved at temperatures
of 220(2) and 110(2) K, for which the fractions of HS species estimated
from the magnetic data (with cTLS = 0.375 cm3 mol�1 K and cTHS =


4.375 cm3 mol�1 K) are gHS = 0.92 (220 K) and 0.66 (110 K). Diffraction
data were collected with a Nonius diffractometer equipped with a CCD
detector. The lattice parameters were determined from ten images re-
corded with 28F scans and later refined on all data. A 1808F range was
scanned, with 28 steps, with the crystal-to-detector distance fixed at
30 mm. Data were corrected for Lorentz polarization. The structure was
solved by direct methods and refined by full-matrix least-squares on F2


with anisotropic thermal parameters for iron atoms. H atoms were intro-
duced at calculated positions and constrained to ride on their parent C
atoms. All calculations were performed on an O2 Silicon graphics station
with the SHELXTL package.[45]


Formula: C48H42BFeN4O2; MW = 773.52, l(MoKa) = 0.71073 	; crystal-
lographic system: orthorhombic and space group: Pca2(1) for both tem-
peratures.


For T = 220(2) K : a = 29.427(6), b = 9.449 (2), c = 28.093(6), V =


7811(3) 	3 Z = 8, 1 = 1.315 g cm�3, m = 0.432 mm�1, qmax = 22.698 ;
index ranges: 0�h�31, 0�k�9, 0� l�30; 35950 measured reflections,
5190 independent reflections, 2942 reflections observed with I>2s(I),
459 parameters, R1 = 0.086; wR2 = 0.186.


For T = 110(2) K : a = 29.324(6), b = 9.400(2), c = 27.840(6), V =


7674(3) 	3, Z = 8, 1 = 1.339 gcm�3, m = 0.440 mm�1, qmax = 22.738 ;
index ranges: 0�h�31, 0�k�9, 0� l�30, 36394 measured reflections,
5083 independent reflections, 3205 reflections observed with I>2s(I),
459 parameters, R1 = 0.085, wR2 = 0.178 (R1 = � j jF0 j� jFc j j /� jF0 j );
(wR2 = {�[w(F2


o�F2
c)]2 j /�[wF2


o]
2}1/2 with w = 1/[s2(F2


o)+ (0.0744P)2 +


1.1323 P], whereby P = (F2
o +2F2


c)/3).


CCDC-238902 and CCDC-238903 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 CB2 1EZ, UK;
fax: (+44) 1223-336033; or deposit@ccdc.cam.uk).


Mçssbauer measurements : A constant acceleration-type Mçssbauer spec-
trometer equipped with a 1024-channel analyzer operating in the time-
scale mode, and a 25 mCi 57Co/Rh source were employed. The isomer
shifts reported here are relative to aFe at room temperature. Spectra of
the samples (thickness of �5 mg Fecm�2) were collected between 293
and 1.9 K by means of a combined He continuous flow/bath cryostat.
The Mçssbauer spectra were analyzed with the RECOIL computer pro-
gram.[46]


Density functional calculations : All theoretical calculations were carried
out with the hybrid B3LYP method,[47] as implemented in the GAUSSI-
AN 98 program.[48] Double-z and triple-z quality basis sets proposed by
Ahlrichs and co-workers have been employed for non-metal and metal
atoms, respectively.[49] Also, two extra polarization p functions have been
added for the metal atom. The calculations were performed on the
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[(TPA)Fe(Cat)]+ complex (1) in the LS and HS states. The geometries of
1 in the two spin states have been fully optimized. Moreover, single-point
calculations on the experimental geometries have also been performed.
Thus, the experimental geometries of the B site in the crystal structure at
220 and 110 K have been considered in the calculations for the HS and
LS states, respectively. The atomic spin densities were obtained from a
natural bond orbital (NBO) analysis.[50] The theoretical electronic spectra
have been simulated from the energy of the excited states and oscillator
strengths calculated by the time-dependent DFT formalism as imple-
mented in the GAUSSIAN 98 program.[48, 51] A value equal to 2000 cm�1


for the bandwidth at half-height has been used in these simulations be-
cause this value often provides molar extinction coefficient values of the
same order of magnitude as the experimental ones. The experimental
spectra have been corrected in order to compare them with the theoreti-
cal ones: the background absorbance usually present in electronic spectra
in the solid phase has been removed, as well as the bands located out of
the selected energy range (8000–33 000 cm�1). The vibrational frequencies
have been computed in the LS and HS states from the optimized geome-
tries in order to analyze the Raman spectra and the vibronic coupling ob-
served in the electronic spectra.
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Catalytic, Asymmetric Aza-Baylis–Hillman Reaction of N-Sulfonated Imines
with Activated Olefins by Quinidine-Derived Chiral Amines


Min Shi,* Yong-Mei Xu, and Yong-Ling Shi[a]


Introduction


Great progress has been made in development of the
Baylis–Hillman (BH) reaction,[1] including several catalytic,
asymmetric versions,[2] since Baylis and Hillman first report-
ed the reaction of acetaldehyde with ethyl acrylate and
acrylonitrile in the presence of catalytic amounts of a strong
Lewis base such as 1,4-diazabicyclo[2.2.2]octane (DABCO)
in 1972.[3] However, the catalytic, asymmetric BH reaction is
still not fruitful, because until now it has been limited to the
specialized a,b-unsaturated ketones or acrylates such as
ethyl vinyl ketone (EVK) (71 % ee),[2a] 2-cyclohexen-1-
one[2b] or 1,1,1,3,3,3-hexafluoroisopropyl acrylate
(99 % ee)[2c] and naphthyl acrylate (91 % ee).[2d] For the sim-
plest methyl vinyl ketone (MVK), 81 % ee has been attained
in the presence of a special nucleophile-loaded peptide and
l-proline.[2e] High enantioselectivity (>90 % ee) has not so
far been reported in BH reactions involving simple Michael


acceptors such as MVK or methyl acrylate with a Lewis
base promoter.


During our investigations,[4] we have found that the reac-
tions with MVK or methyl acrylate of arylaldehydes bearing
electron-donating groups such as Et or MeO on the phenyl
ring were either sluggish or did not occur at all under the
traditional BH conditions. We therefore used N-tosylated
imines (N-arylmethylidene-4-methylbenzenesulfonamides,
ArCH=NTs) instead of arylaldehydes in the traditional BH
reaction with MVK or methyl acrylate,[5] because we expect-
ed the tosylated imino group to have high reactivity toward
nucleophilic attack, even when the phenyl ring bears elec-
tron-donating groups. Indeed, such reactions, promoted by a
catalytic amount of a Lewis base such as DABCO or 4-(di-
methylamino)pyridine (DMAP), give exclusively the normal
aza-BH adducts in good yields for many N-arylmethylidene-
4-methylbenzenesulfonamides.[5b,c] As a suitable chiral nitro-
gen Lewis base for a catalytic, asymmetric version of this re-
action, we chose 4-(3-ethyl-4-oxa-1-azatricyclo[4.4.0.03,8]dec-
5-yl)quinolin-6-ol (TQO) (10 mol %)[2c,g, 6] , because it is
easily prepared from (+)-quinidine[2c,g, 6] and high enantio-
meric excesses were achieved in the reac-
tions of 1,1,1,3,3,3-hexafluoroisopropyl acry-
late with arylaldehydes.[2c] We have previ-
ously reported an unprecedented catalytic,
asymmetric aza-BH reaction of N-tosylated
imines 1 with MVK and methyl acrylate uti-
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tive TQO, is an effective promoter in
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Hillman reaction of N-sulfonated
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Ns, SES) with various activated olefins
such as methyl vinyl ketone (MVK),
ethyl vinyl ketone (EVK), acrolein,
methyl acrylate, phenyl acrylate, or a-
naphthyl acrylate to give the corre-
sponding adducts in moderate to good
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simplest Michael acceptor MVK and
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ducts derived from MVK and EVK
had the opposite absolute configuration
to those from acrolein, methyl acrylate,
phenyl acrylate, and a-naphthyl acry-
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lizing TQO to achieve >90 % ee in good yield under mild
conditions.[5d] This was the first case in which a high ee
(>90 %) could be realized using the simplest Michael ac-
ceptor, MVK. The structure of TQO plays a very important
role in achieving high ee in this reaction.[2c,5d] Exploration
for a novel and highly efficient chiral Lewis base for catalyt-
ic, asymmetric BH reactions is a very attractive and compet-
itive field. Here, we report in full detail such a reaction of
N-sulfonated imines with various activated olefins, including
ethyl vinyl ketone (EVK), acrolein, phenyl acrylate, and a-
naphthyl acrylate. An interesting inversion of absolute con-
figuration between the adducts derived from MVK and
EVK and those from acrolein, methyl acrylate, phenyl acry-
late and a-naphthyl acrylate has also been revealed.


Results and Discussion


Catalytic, asymmetric aza-Baylis–Hillman reaction of N-sul-
fonated imines


Reactions with MVK and EVK : The results with N-tosylated
imines 1 such as N-(4-ethylbenzylidene)-4-methylbenzene-
sulfonamide 1 c and N-(4-chlorobenzylidene)-4-methylben-
zenesulfonamide 1 e as substrates for the reaction with
MVK in the presence of TQO are summarized in Table 1.


At 0 8C~20 8C (room temperature), moderate enantioselec-
tivities (42–78 % ee) for the corresponding adducts 2 c and
2 e were achieved in THF or MeCN (Table 1, entries 1, 3,
and 7). Moreover, at lower temperatures (�20 to �30 8C),
the ee values of 2 c and 2 e could reach 86 % and 81 %, with
64 % and 80 % yield, respectively (Table 1, entries 4 and 9).
The highest ee values (96 % and 95 %) for 2 c and 2 e were
achieved in DMF at �30 to �40 8C with 50 % and 51 %
yield (Table 1, entries 6 and 10). Thus, the highest ee value
was attained at �30 8C in DMF, but the best chemical yield


at �30 8C in MeCN. To obtain the aza-BH adducts 2 with
high ee values and yields, we next investigated the reaction
of N-(4-chlorobenzylidene)-4-methylbenzenesulfonamide 1 e
with MVK in MeCN/DMF at �30 8C (Table 2). The best re-


action conditions were obtained with MeCN/DMF = 1:1
(v/v) at �30 8C, which gave 2 e in 71 % yield with 93 % ee
(Table 2, entry 3). The absolute configuration of 2 e was de-
termined by X-ray crystallography to be R-enriched
(Figure 1).[7]


In the reaction of other N-tosylated imines 1 with MVK
in the presence of TQO as a chiral nitrogen Lewis base, sim-
ilar results were obtained under the optimized reaction con-
ditions (Table 3). Aza-BH adducts of 1 were obtained with
high ee values (90–99 %) and moderate to good yields (58–
80 %; Table 3, entries 1–5). N-(p-Nitrobenzylidene)-4-meth-
ylbenzenesulfonamide (1 g), N-furan-2-ylmethylene-4-meth-
ylbenzenesulfonamide (1 h), and 4-methyl-N-(3-phenylallyli-
dene)benzenesulfonamide (1 i) with MVK under the same
reaction conditions gave 2 g–2i with moderate ee values
(Table 3, entries 6–8). No adduct 2 g was observed in DMF
at �40 8C, because N-(4-nitrobenzylidene)-4-methylbenzene-
sulfonamide decomposes rapidly in DMF under these condi-
tions. The ee of 2 can reach over 99 % after one recrystalli-
zation from CH2Cl2/hexane (1:6, v/v) in most cases.


Table 1. Aza-Baylis–Hillman reactions of N-(4-ethylbenzylidene)-4-
methylbenzenesulfonamide 1c or N-(4-chlorobenzylidene)-4-methylben-
zenesulfonamide 1e (1.0 equiv) with methyl vinyl ketone (2.0 equiv) in
the presence of TQO (10 mol %).


Entry Ar 1 Solvent Time
[h]


Temp.
[8C]


2 Yield
[%][a]


ee
[%]


1 p-EtC6H4 1 c THF 36 20 2c 30 62
2 p-EtC6H4 1 c THF 24 �25 2c 33 76
3 p-EtC6H4 1 c MeCN 24 0 2c 50 78
4 p-EtC6H4 1 c MeCN 24 �20 2c 64 86
5 p-EtC6H4 1 c DMF 24 �20 2c 55 93
6 p-EtC6H4 1 c DMF 24 �40 2c 50 96
7 p-ClC6H4 1e THF 24 0 2 e 71 42
8 p-ClC6H4 1e THF 24 �20 2 e 65 63
9 p-ClC6H4 1e MeCN 24 �30 2 e 80 81
10 p-ClC6H4 1e DMF 24 �30 2 e 51 95


[a] Yield of isolated product.


Table 2. Aza-Baylis–Hillman reactions of N-(4-chlorobenzylidene)-4-
methylbenzenesulfonamide 1e (1.0 equiv) with methyl vinyl ketone
(2.0 equiv) in the presence of TQO (10 mol %).


Entry MeCN/DMF
(v/v)


Yield of
2 e [%][a]


ee [%] Absolute
configuration


1 5:1 76 78 R
2 4:1 78 90 R
3 1:1 71 93 R
4 1:2 66 93 R


[a] Yield of isolated product.


Figure 1. Crystal structure of 2e (ORTEP drawing).
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For other N-sulfonated
imines such as N-mesylated
imine 1 j (ArCH=N�Ms) and
N-SES-protected imine 1 l
(b-trimethylsilylethanesulfon-
amide: Me3SiCH2CH2SO2N=


CHAr), this catalytic, asym-
metric aza-BH reaction pro-
ceeded smoothly under the
same conditions to give the
corresponding adducts 3 a and
3 c in good yields with 89 %
and 80 % ee, respectively
(Table 4, entries 1 and 3).
However, we found that N-4-
nitrobenzenesulfonated imine 1 k (ArCH=N�Ns), which
should be the most active electrophile in this aza–BH reac-
tion, decomposed rapidly under the same reaction condi-
tions and the corresponding aza-BH adduct 3 b was not
formed (Table 4, entry 2).


In the traditional BH reaction of p-nitrobenzaldehyde
with MVK under the same conditions, the adduct was ob-


tained in only 20 % ee with 60 % yield of isolated product
(Scheme 1). Use of sulfone-protected imine as substrate is


important for achieving high enantioselectivity in BH reac-
tions with MVK as acceptor, although high enantiomeric ex-
cesses have been achieved in the reactions of 1,1,1,3,3,3-
hexafluoroisopropyl acrylate with aldehydes.[2c]


The results for optimized reaction conditions with N-tosy-
lated imine 1 a and with EVK as the substrate at �30 8C are
summarized in Table 5. In MeCN or THF, the corresponding
adduct 4 a was obtained in 42 % and 49 % yield with 86 %
and 55 % ee, respectively, with an R-enriched configuration


(Table 5, entries 1 and 2). In DMF, adduct 4 a was obtained
in 44 % yield with 90 % ee (Table 5, entry 3). When this re-
action was carried out in MeCN/DMF (1:1 (v/v) at �30 8C,
94 % ee could be achieved after 22 h in 54 % yield (Table 5,
entry 4). These should be the best conditions for this reac-
tion. For several other N-tosylated imines (1 b, 1 e, and 1 m),
similar results were obtained (Table 5, entries 5–7). The re-
crystallization of 4 gave a higher ee. For example, after one
recrystallization of 4 b from CH2Cl2/hexane (1:3, v/v), the ee
of 4 b reached 99.9 % (Table 5, entry 5). In general, this type
of aza-BH reaction is more sluggish than that of MVK
under the same conditions, although high enantioselectivity
could still be achieved.


Reactions with acrolein, methyl acrylate, phenyl acrylate, a-
naphthyl acrylate, and acrylonitrile : We found that the cata-
lytic, asymmetric aza-BH reaction of N-tosylated imines 1
with acrolein proceeded smoothly in the presence of TQO.
The solvent survey showed that THF was the best solvent
for this reaction (Table 6). The ee achieved reached 85 % in
58 % yield at �25 8C, and 72 % in 71 % yield at room tem-


Table 3. Aza-Baylis–Hillman reactions of N-tosylated imines 1
(1.0 equiv) with methyl vinyl ketone (2.0 equiv) in the presence of TQO
(10 mol %) under the optimized reaction conditions.


Entry Ar 1 2 Yield [%][a] ee [%] Absolute
configuration


1 C6H5 1a 2a 80 97[b] R
2 p-MeC6H4 1 b 2 b 80 96 R
3 p-EtC6H4 1c 2c 74 96 R
4 p-MeOC6H4 1 d 2 d 67 99[c, e] R
5 p-NO2C6H4 1 f 2 f 58 90 R
6 p-EtC6H4 1g 2g 60 74[d] R


7 1 h 2 h 61 73[e] R


8 C6H5�CH=CH 1 i 2 i 54 46[e] R


[a] Yield of isolated product. [b] In DMF, yield: 57%; 96% ee. [c] In
DMF, yield: 59%; 99 % ee. [d] In DMF, no imine BH adduct was formed
because the imine decomposed quickly. [e] The reaction mixture was stir-
red for 36 h.


Table 4. Aza-Baylis–Hillman reactions of other N-sulfonated imines 1
(1.0 equiv) with methyl vinyl ketone (2.0 equiv) in the presence of TQO
(10 mol %).


Entry C6H5CH=NR 1 3 Yield
[%][a]


ee
[%]


Absolute
configuration


1 C6H5CH=N�Ms 1j 3a 58 89[b] –[c]


2 C6H5CH=N�Ns 1 k 3b 0 – –
3 4-MeC6H4CH=N�SES 1 l 3 c 71 80[b] –[c]


[a] Yield of isolated product. [b] Determined by chiral HPLC. [c] The
sign of specific rotation.


Scheme 1. Baylis–Hillman reaction of p-nitrobenzaldehyde with MVK in
the presence of TQO (10 mol %).


Table 5. Aza-Baylis–Hillman reactions of N-tosylated imines 1 (1.0 equiv) with ethyl vinyl ketone (2.0 equiv)
in the presence of TQO (10 mol %).


Entry Ar 1 Solvent Time
[h]


4 Yield
[%][a]


ee
[%]


Absolute
configuration


1 C6H5 1a MeCN 84 4a 42 86 R
2 C6H5 1a THF 84 4a 49 55 R
3 C6H5 1a DMF 48 4a 44 90 R
4 C6H5 1a MeCN/DMF (1:1) 22 4a 54 94 R
5 p-MeC6H4 1 b MeCN/DMF (1:1) 41 4 b 49 87[b] R
6 p-FC6H4 1e MeCN/DMF (1:1) 22 4 c 54 84 R
7 p-ClC64 1m MeCN/DMF (1:1) 22 4 d 46 82 R


[a] Yield of isolated product. [b] After one recrystallization from CH2Cl2/hexane, the ee can reach 99.9 %.
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perature (20 8C), with an S-enriched configuration (Table 6,
entries 1 and 5). In MeCN/DMF (1:1, v/v), the ee achieved
was 71 % at �25 8C (Table 6, entry 4). This reaction is fairly
effective in THF in the presence of TQO because a shorter
reaction time is required than with MVK or EVK. Using
0.25 mol % TQO as a chiral nitrogen Lewis base, a similar
result was obtained after 24 h (Table 6, entry 2). Under the
optimized conditions, we next examined the aza–BH reac-
tion of other N-tosylated imines 1 with acrolein (Table 7).
The adducts 5 b–f were obtained in 83–89 % ee with moder-
ate to good yields (Table 7, entries 1–5.


However, the reactions of N-tosylated imines 1 with
methyl acrylate in MeCN/DMF (1:1, v/v) at �20 8C, MeCN
at room temperature, or DMF at 0 8C were sluggish, and
most N-tosylated imines decomposed during the reaction in
DMF or MeCN (Table 8, entries 1–3). However, we had
found previously that, with DABCO as a Lewis base in di-
chloromethane at 0 8C, the reaction proceeded smoothly to
give the adducts 6 in good yields.[5e] Moreover, in the pres-
ence of TQO, adduct 6 a was obtained with 67–83 % ee in
60–65 % yields with an S-enriched configuration in the reac-
tion of 1 a with methyl acrylate in dichloromethane (Table 8,
entries 4–7). At 0 8C, the highest ee was achieved after 36 or
72 h. Similar enantioselectivity was obtained from this reac-
tion at �20 8C. For other N-tosylated imines 1 in the pres-
ence of TQO, products 6 were obtained in 58–87 % yields


with 70–83 % ee (Table 9). N-Mesylated imine 1 j and N-ni-
trobenzenesulfonated imine 1 k produced the corresponding
adducts 6 j and 6 k in the similar yields and ee (Table 9, en-
tries 9 and 10). In general, this type of aza-BH reaction is
relatively sluggish in comparison to that with MVK or acro-
lein.


Chen and co-workers reported previously that using
phenyl acrylate, CH=CH�C(O)OPh, or a-naphthyl acrylate,
CH=CH�C(O)O(a-Nap), as a Michael acceptor, the BH re-
action with aldehydes can be significantly accelerated in the
presence of DABCO (30 mol %).[8] Encouraged by this
result, we exchanged methyl acrylate for the more reactive
phenyl acrylate as a Michael acceptor (2.0 equiv) for the cat-
alytic, asymmetric aza-BH reaction with N-sulfonated
imines 1 (1.0 equiv). The solvent effects and reaction tem-
peratures were first examined similarly to those described in
Table 8. We found that the best conditions were reaction in
acetonitrile at �20 8C. The results with phenyl acrylate are
summarized in Table 10. The adducts 7 were obtained with


Table 6. Aza-Baylis–Hillman reactions of N-(benzylidene)-4-methylben-
zenesulfonamide 1a (1.0 equiv) with acrolein (2.0 equiv) in the presence
of TQO (10 mol %).


Entry Solvent Temp.
[8C]


Time
[h]


Yield of
5a[%][a]


ee
[%]


Absolute
configuration


1 THF �25 10 58 85 S
2[b] THF �25 24 57 85 S
3 CH2Cl2 �25 96 20 78 S
4 CH3CN/DMF (1:1) �25 4 24 71 S
5 THF RT 4 71 72 S


[a] Yield of isolated product. [b] 0.25 mol % of TQO was employed.


Table 7. Asymmetric aza-Baylis–Hillman reaction of N-tosylated imines
1 with acrolein (2.0 equiv) in the presence of TQO (10 mol %).


Entry Ar 1 Time
[h]


5 Yield
[%][a]


ee
[%]


Absolute
configuration


1 p-MeC6H4 1b 20 5b 55 83 S
2 p-ClC6H4 1 e 10 5c 62 87 S
3 p-FC6H4 1 m 10 5d 61 88 S
4 m-ClC6H4 1n 4.5 5 e 65 89 S
5 p-BrC6H4 1o 5 5 f 72 89 S


[a] Yield of isolated product.


Table 8. Aza-Baylis–Hillman reactions of N-(benzylidene)-4-methylben-
zenesulfonamide 1 a (1.0 equiv) with methyl acrylate (2.0 equiv) in the
presence of TQO (10 mol %).


Entry Solvent Temp.
[8C]


Time
[h]


Yield of
6 a [%][a]


ee
[%]


Absolute
configuration


1 MeCN/DMF (1:1) �20 24 NR[b] – –
2 MeCN RT 72 33 52 S
3 DMF 0 36 –[c] – S
4 CH2Cl2 RT 55 60 67 S
5 CH2Cl2 0 72 62 83 S
6 CH2Cl2 0 36 60 83 S
7 CH2Cl2 �20 72 65 75 S


[a] Yield of isolated product. [b] No reaction. [c] Starting material imine
1a decomposed.


Table 9. Aza-Baylis–Hillman reactions of N-sulfonated imines 1
(1.0 equiv) with methyl acrylate (2.0 equiv) in the presence of TQO
(10 mol %).


Entry Ar 1 Time
[h]


6 Yield
[%][a]


ee
[%]


Absolute
configuration


1 C6H5 1a 72 6a 62 83 S
2 p-MeC6H4 1 b 72 6b 67 80 S
3 p-EtC6H4 1 c 72 6 c 62 82 S
4 p-MeOC6H4 1 d 72 6d 64 70 S
5 p-ClC6H4 1e 36 6e 60 77 S
6 m-FC6H4 1 f 32 6 f 87 83 S
7 p-NO2C6H4 1g 35 6g 60 72 S
8 2,3-Cl2C6H3 1 i 38 6 i 58 71 S
9 C6H5CH=N�Ms 1j 68 6j 72 77 S
10 C6H5CH=N�Ns 1 k 72 6k 60 83 S


[a] Yield of isolated product.
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67–82 % ee in 67–84 % yields (Table 10, entries 1–5). Using
N-tosylated imine 1 e as substrate and a-naphthyl acrylate as
a Michael acceptor under the same conditions, this reaction
was sluggish and the corresponding adduct 8 e was obtained
with 46 % ee in 40 % yield (Scheme 2). We examined this re-


action at 0 8C in various solvents; in MeCN for 12 h, 78 % ee
can be achieved in 67 % yield (Table 11, entry 1). In DMF,
the yield of 8 e reached 81 % with 45 % ee after 22 h
(Table 11, entry 5). The mixed solvent did not improve the
ee or yield (Table 11, entries 7 and 8). The best result was
obtained in MeCN at 0 8C. Under the optimized conditions,
we also examined its general applicability to other N-sulfo-
nated imines through the aza–BH reaction of 1 a with a-
naphthyl acrylate (Scheme 3). Adduct 8 a was obtained in
85 % yield with 80 % ee. In general, similar results to that


for phenyl acrylate were obtained in the reaction of N-sulfo-
nated imines 1 with a-naphthyl acrylate.


In addition, aza-BH reaction of 1 a with acrylonitrile af-
forded adduct 9 a in 35 % yield with 55 % ee in CH2Cl2, and
in 34 % yield with 68 % ee in THF, under the same condi-
tions as for methyl acrylate. Another N-tosylated imine, 1 b,
gave a similar result (Scheme 4).


To extend the scope and explore the limitations of this
novel reaction, we tried to synthesize aliphatic N-tosylated
imines as starting materials. However, we found that many
of these are very labile, even when stored below �20 8C. We
used literature procedures to prepare the aliphatic N-tosy-
lated imines 1 o and 1 p,[9] which must be used immediately
for the reaction. The attempted catalytic, asymmetric aza-
BH reaction of 1 o and 1 p with MVK in the presence of
TQO under the same conditions gave many unidentified
products, and the aza-BH adduct was not formed
(Scheme 5).


In this systematic investigation of the aza-BH reaction of
N-sulfonated imines 1 with the simplest Michael acceptors
such as MVK, EVK, acrolein, methyl acrylate, and acrylo-
nitrile, and with sterically large Michael acceptors such as
phenyl acrylate and a-naphthyl acrylate, moderate to excel-
lent enantioselectivities have been achieved, depending on
the Michael acceptors employed. The reaction rate and the
ee achieved are fairly sensitive to the solvents and reaction


Table 10. Aza-Baylis–Hillman reactions of N-sulfonated imines 1
(1.0 equiv) with phenyl acrylate (2.0 equiv) in the presence of TQO
(10 mol %).


Entry Ar 1 Time
[h]


7 Yield
[%][a]


ee
[%]


Absolute
configuration


1 C6H5 1a 24 7a 67 74 S
2 p-MeC6H4 1 b 72 7 b 68 69 S
3 m-MeC6H4 1 c 72 7 c 84 74 S
4 m-FC6H4 1 f 8 7 d 83 82 S
5 2,3-Cl2C6H3 1 i 20 7e 81 67 S


[a] Yield of isolated product.


Scheme 2. Catalytic, asymmetric aza-Baylis–Hillman reaction of N-sulfo-
nated imine 1e (1.0 equiv) with a-naphthyl acrylate (2.0 equiv).


Table 11. Aza-Baylis–Hillman reactions of N-(4-chlorobenzylidene)-4-
methylbenzenesulfonamide 1e (1.0 equiv) with a-naphthyl acrylate
(2.0 equiv) in the presence of TQO (10 mol %).


Entry Solvent Time
[h]


Yield of
8 e [%][a]


ee
[%]


Absolute
configuration


1 MeCN 12 67 78 S
2 THF 17 65 72 S
3 CH2Cl2 22 46 73 S
4 dioxane 21 77 56 S
5 DMF 22 81 45 S
6 acetone 47 64 65 S
7 DMF/CH2Cl2 (1:1) 12 72 70 S
8 DMF/MeCN (1:1) 12 65 74 S


[a] Yield of isolated product.


Scheme 3. Catalytic, asymmetric aza-Baylis–Hillman reaction of N-sulfo-
nated imine 1a (1.0 equiv) with a-naphthyl acrylate (2.0 equiv).


Scheme 4. Aza-Baylis–Hillman reaction of N-(benzylidene)-4-methylben-
zenesulfonamide 1a (1.0 equiv) with acrylonitrile (2.0 equiv).


Scheme 5. Aza-Baylis–Hillman reaction of aliphatic imines with MVK in
the presence of TQO (10 mol %).
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temperatures employed. Careful examination of these condi-
tions is required to achieve higher yields and ee values.


Determination of absolute configuration : The absolute con-
figuration of adducts 2, which have negative specific rota-
tion, recrystallized from dichloromethane and hexane, was
found by X-ray diffraction to be R-enriched (Supporting In-
formation).[5d] The absolute configuration of adducts 3 and
4, which also have negative specific rotation, can be assigned
as R-enriched by comparison of their sign of specific rota-
tion with those we reported previously.[5d,h] We found ad-
ducts 5 and 6 to have positive specific rotation and their ab-
solute configurations can be assigned as S-enriched by com-
parison of their sign of specific rotation with those reported
by Hatakeyama.[2g,5h] It is therefore necessary to determine
their absolute configurations unambiguously. We attempted
to determine the absolute configuration of 6 by X-ray dif-
fraction similarly to the adduct 2 e. The single crystal of 6 d
was indeed obtained by recrystallization from dichlorome-
thane and hexane (1:4, v/v). However, the X-ray data indi-
cated that the crystal structure of 6 d (Figure 2) is a race-


mate (see Supporting Information). Our careful examination
revealed that recrystallization of adducts 6, 7, and 8 with a
variety of solvents, such as toluene, ethyl acetate, dichloro-
methane, and acetonitrile, lead to a decrease in ee in the re-
sulting crystals and an increase in ee in the mother liquors.
Therefore, adducts 6, 7, and 8 could not be recrystallized to
an enantiopure form, and it is impossible to determine their
absolute configurations by X-ray diffraction. To clarify this
interesting inversion of stereochemistry further, the absolute
configurations of 5–7 were confirmed unambiguously to be
S-enriched by the method reported by Li and Hatakeya-
ma,[2g,10] namely, by transforming the products to the corre-
sponding phenylglycine derivatives and comparing them to
authentic samples prepared from (R)-phenylglycine
(Scheme 6).[11] The absolute configurations of adducts 8 and
9 have been assigned as S-enriched by the same method
(Scheme 6).


We have elucidated this inversion of absolute configura-
tion; Scheme 7 shows that if the Michael acceptors have a-


protons, the adducts are produced in R-enriched configura-
tion, and otherwise the configuration is S-enriched. This
result suggests that the steric bulkiness of activated olefins
may play a key role in the resulting absolute stereochemis-
try of the adducts in this reaction.


Mechanistic explanation : (+)-Quinidine or (�)-quinine
showed no catalytic activity for this reaction. The hydroxyl
group on the quinolyl ring is also crucial, because the reac-
tion became sluggish and gave the product with only about
10 % ee in very low yield when O-methylated TQO was
used as the chiral Lewis base (Scheme 8). Thus, the structure
of the Lewis base plays an important role in this reaction.


We further confirmed that when 10–30 mol % TQO was
used in the aza-BH reaction of 1 e with MVK, the adducts
2 e were formed with similar ee values (Table 12). In the re-
action of 1 e with methyl acrylate, similar results were ob-
tained. This result suggests that this asymmetric aza–BH re-
action catalyzed by chiral nitrogen Lewis base TQO is a un-
imolecular process.


Figure 2. Crystal structure of 6d (ORTEP drawing).


Scheme 6. Determination of absolute configuration of 5–8.


Scheme 7. The absolute configuration of adducts.
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A key intermediate of the reaction (Scheme 9) is based
on the mechanism proposed by Hatakeyama and on our
own results reported above.[2c,g] We believe that the key


factor is the intramolecular hydrogen bonding between the
phenolic OH group and the nitrogen-centered anion, stabi-
lized by a sulfonyl group to give a relatively rigid transition
state in this reaction.


The following mechanistic explanation could rationalize
the outcome of the absolute configuration of the adducts
(Schemes 10 and 11). Michael addition of TQO to a a,b-un-
saturated ketone or ester gives enolate A equilibrated with
enol A’, or E equilibrated with enol E’, which in turn under-
goes Mannich reaction with N-sulfonated imine to furnish
an equilibrium mixture of several diastereomers. For Mi-


chael acceptors MVK and EVK, two betaine intermediates
B and C are in an equilibrium which is stabilized by intra-
molecular hydrogen bonding between the amidate ion and
the phenolic OH, and are nearly ideal for the subsequent
E2 or E1cb elimination for stereoelectronic reasons,[2c,g] as
indicated in Newman projection D (Scheme 10) according


to the generally accepted mechanism of the BH reaction,[1,3]


which was strongly consolidated by Santos�s findings based
on an ESI/MS/MS spectroscopic investigation recently.[12]


Since MVK and EVK have a-protons in their structures,
they are sterically larger than methyl acrylate (OMe) and
phenyl acrylate (OPh).[13] The intermediate B suffers from
severe steric interactions between the Ar and the methyl
group in the MVK and TQO moieties (Newman projection
D). On the other hand, intermediate C has only the steric
interaction between the aromatic group and the N-sulfonat-
ed group (Scheme 10). Conversely, the intermediate C suf-
fers from fewer steric interactions. Therefore, intermediate
C undergoes facile elimination to furnish R-enriched ad-
ducts and regenerates the nitrogen Lewis base.


For Michael acceptors acrolein, methyl acrylate, phenyl
acrylate, a-naphthyl acrylate, and acrylonitrile, which do not
have a-protons, the ammonium enolate E formed reacts
with N-sulfonated imines to give two betaine intermediates
F and G in a similar equilibrium through Mannich reaction;
these are stabilized by intramolecular hydrogen bonding be-
tween the amidate ion and the phenolic OH group
(Scheme 11). Since methyl acrylate and phenyl acrylate do
not have a-protons in their structures, they are sterically
smaller than MVK and EVK.[13] The steric interaction of the


Scheme 8. Catalytic activity in the aza-BH reaction.


Table 12. Aza-Baylis–Hillman reactions of N-(4-chlorobenzylidene)-4-
methylbenzenesulfonamide 1e (1.0 equiv) with methyl vinyl ketone in
the presence of TQO (10–30 mol %).


Entry TQO [mol %] Yield of
2e [%][a]


ee
[%]


Absolute
configuration


1 10 77 93 R
2 15 78 92 R
3 20 75 93 R
4 30 76 93 R


[a] Yield of isolated product.


Scheme 9. Key intermediate for the catalytic, asymmetric aza-Baylis–Hill-
man reaction of N-sulfonated imines with activated olefins.


Scheme 10. A plausible reaction mechanism for the catalytic, asymmetric
aza-Baylis–Hillman reaction of imines with MVK.
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N-sulfonated group with the aromatic group in this stabi-
lized transition state G is more severe than that of the ester
moiety and aromatic group in intermediate F, and causes
the formation of the aza–BH adduct with an S configura-
tion.[2c,g]


Overall, we believe that TQO acts as a bifunctional chiral
ligand promoter in this reaction.[14] The nitrogen atom in the
quinuclidine moiety acts as a Lewis base (LB) to initiate the
BH reaction and the phenolic OH group acts as a Lewis
acid through hydrogen bonding (BA = Brønsted acid as a
Lewis acid) to stabilize the key enolate intermediate and
the reaction intermediate. Thus, this is an LBBA bifunction-
al chiral ligand catalytic system. The key factor is the intra-
molecular hydrogen bonding between the phenolic OH and
the nitrogen anion stabilized by the sulfonyl group. More-
over, the use of N-sulfonated imines, instead of aldehydes,
can drive the reaction forward and perhaps cut down on the
reversibility shown in Schemes 9–11 which usually erodes
the enantioselectivity in the BH reaction.


We have achieved the highest ee values so far for the aza–
BH reaction involving MVK, EVK, acrolein, methyl acry-
late, phenyl acrylate, or a-naphthyl acrylate as a Michael ac-
ceptor. Moreover, this is the first case of a highly enantiose-
lective aza-Baylis–Hillman reaction of imines with a,b-unsa-
turated ketones or esters to be reported. An interesting in-
version of stereochemistry between MVK or EVK and acro-
lein, methyl acrylate, phenyl acrylate, or a-naphthyl acrylate
has been revealed. A plausible mechanism has been pro-
posed on the basis of previous reports and our own results.
Continuing efforts are under way to elucidate the mechanis-
tic details of this reaction and to discover its scope and limi-
tations.


Experimental Section


General : Melting points were obtained with a Yanagimoto micro melting
point apparatus and are uncorrected. 1H NMR spectra were recorded on
a Bruker AM-300 spectrometer for solutions in CDCl3 with tetramethyl-
silane (TMS) as internal standard; J values are in Hz. Mass spectra were
recorded with an HP-5989 instrument. N-Tosylimines were prepared ac-
cording to the literature.[15] All the solid compounds reported in this
paper gave satisfactory CHN microanalyses with a Carlo-Erba 1106 ana-
lyzer. Commercially obtained reagents were used without further purifi-
cation. All reactions were monitored by TLC with Huanghai GF254 silica
gel coated plates. Flash column chromatography was carried out using
200–300-mesh silica gel at increased pressure. The optical purities of the
BH adducts were determined by HPLC analysis using a chiral stationary
phase column (column, Daicel Co. Chiralcel OD, AS and OJ; eluent,
hexane/2-propanol (95:5, v/v); flow rate, 1.0 mL min�1; detection, 254 nm
light). The absolute configuration of the major enantiomer of 2 e, recrys-
tallized from dichloromethane/hexane (1:4, v/v), was determined from its
X-ray crystal structure and the others were subsequently assigned by
comparing the sign of the specific rotation with that of an authentic
sample.


Typical reaction procedure for TQO-catalyzed aza-Baylis–Hillman reac-
tion of methyl vinyl ketone with N-(p-ethylbenzenesulfonyl)benzaldimine
1c : To a solution of 1c (72 mg, 0.25 mmol) and TQO (8.0 mg,
0.025 mmol) in CH3CN/DMF (1:1, v/v) (1.0 mL) was added methyl vinyl
ketone (41 mL, 0.5 mmol) at �30 8C. The reaction mixture was stirred at
�30 8C for 24 h. After the reaction was completed, the solvent was re-
moved under reduced pressure and the residue was purified by flash
column chromatography (SiO2; eluent, EtOAc/petroleum ether, 1:5, v/v)
to yield 2c (66 mg, 74 %) as a colorless solid.


N-[1-(4-Ethylphenyl)-2-methylene-3-oxobutyl]-4-methylbenzenesulfona-
mide (2 c): Yield 66 mg (74 %); colorless solid (96 % ee), m.p. 114–115 8C;
[a]25


D = �46.98 (c = 1.00 in CHCl3); 1H NMR (CDCl3, TMS, 300 MHz):
d = 1.23 (t, 3J(H,H) = 7.6 Hz, 3 H; Me), 2.15 (s, 3H; Me), 2.39 (s, 3 H;
Me), 2.54 (q, 3J(H,H) = 7.6 Hz, 2 H; CH2), 5.20 (d, 3J(H,H) = 8.4 Hz,
1H; NH), 5.51 (d, 3J(H,H) = 8.4 Hz, 1H; CH), 6.09 (s, 2 H), 6.97 (d,
3J(H,H) = 6.1 Hz, 2 H; Ar), 6.98 (d, 3J(H,H) = 6.1 Hz, 2H; Ar), 7.21 (d,
3J(H,H) = 8.4 Hz, 2 H; Ar), 7.63 (d, 3J(H,H) = 8.4 Hz, 2 H; Ar);
13C NMR (CDCl3, TMS, 75 MHz): d = 15.51, 21.42, 26.25, 28.29, 58.29,
126.44, 127.22, 127.89, 129.08, 129.38, 136.09, 137.44, 143.16, 143.54,
146.66, 198.26; IR (CHCl3): ñ= 1674 cm�1 (C=O); MS (70 eV): m/z (%):
358 (0.5) [M++1], 288 (5.6) [M+�69], 202 (100) [M+�155]; elemental
analysis calcd (%) for C20H23NO3S: C 67.20, H 6.49, N 3.92; found: C
67.04, H 6.42, N 3.74.


HPLC conditions: OD-H column, 25 8C, 2-propanol/n-hexane = 3:97
(v/v), 1.0 mL min�1, major peak: 43.22 min; minor peak: 50.06 min.


Typical reaction procedure for TQO-catalyzed aza-Baylis–Hillman reac-
tion of methyl acrylate with N-benzenesulfonyl benzaldimine 1 a : To a so-
lution of 1a (130 mg, 0.5 mmol) and TQO (16 mg, 0.05 mmol) in CH2Cl2


(0.5 mL) was added methyl acrylate (90 mL, 1 mmol) at 0 8C. The reaction
was stirred at 0 8C for 36 h. After the reaction was completed, the solvent
was removed under reduced pressure and the residue was purified by
flash column chromatography (SiO2; eluent, EtOAc/petroleum ether, 1:5,
v/v) to yield 6 a (107 mg, 62%) as a colorless solid.


Methyl 2-[phenyl(toluene-4-sulfonylamino)methyl]acrylate (6 a): Yield
107 mg, 62 %; colorless solid (83 % ee); m.p. 76–78 8C; [a]25


D = ++19.58 (c
= 0.88 in CHCl3); 1H NMR (CDCl3, TMS, 300 MHz): d = 2.40 (s, 3 H;
Me), 3.60 (s, 3H; Me), 5.29 (d, 3J(H,H) = 9.2 Hz, 1 H; NH), 5.65 (d,
3J(H,H) = 9.2 Hz, 1 H; CH), 5.83 (s; 1H), 6.22 (s; 1H), 7.13–7.18 (m,
2H; Ar), 7.21–7.33 (m, 5 H; Ar), 7.67 (d, 3J(H,H) = 8.6 Hz, 2H; Ar);
13C NMR (CDCl3, TMS, 75.4 MHz): d = 21.4, 51.8, 58.6, 126.4, 127.0,
127.5, 127.6, 128.4, 129.3, 137.4, 138.4, 138.5, 143.2, 165.6; IR (CHCl3): ñ


= 1708 cm�1 (C=O), 1633 cm�1 (C=C); MS (70 eV): m/z (%): 314 (1.94)
[M+�31], 190 (100.00) [M+�155], 155 (67.94) [MeC6H4SO2


+]; HRMS:
calcd for C17H16NO3S: 314.0859 [M+�OCH3]; found: 314.0890; elemental
analysis calcd (%) for C18H19NO4S: C 62.59, H 5.54, N 4.06; found: C
62.57, H 5.68, N 3.92.


Scheme 11. A plausible reaction mechanism for the catalytic, asymmetric
aza-Baylis–Hillman reaction of N-sulfonated imines with methyl acrylate.
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HPLC conditions: AS column, 25 8C, 2-propanol/n-hexane = 40:60 (v/v),
0.6 mL min�1; major peak: 20.90 min; minor peak: 25.91 min.
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Ca�C Backbone Fragmentation Dominates in Electron Detachment
Dissociation of Gas-Phase Polypeptide Polyanions


Frank Kjeldsen,*[a, b] Oleg A. Silivra,[a] Igor A. Ivonin,[a] Kim F. Haselmann,[b]


Mikhail Gorshkov,[c] and Roman A. Zubarev[a]


Introduction


In proteomic studies, tandem mass spectrometry (MS/MS)
has recently become a key methodology,[1] with electrospray
ionization (ESI) being one of the two preferred ionization
techniques.[2] MS/MS involves the dissociation of gas-phase
polypeptide ions, often of tryptic peptides from either isolat-
ed proteins or protein mixtures. MS/MS provides primary
sequence information for library-based protein identification
and the determination of post-translational modifications
(PTMs).[3]


For the purpose of ion dissociation, different activation
techniques have been employed. The most commonly used
is collision-activated dissociation (CAD),[4] in which a heter-
olytic, charge-induced peptide (C�N) bond cleavage in pro-
tonated molecular species leads to b and y’ fragment ions
(see the peptide fragmentation nomenclature in the relevant
literature[5,6]). In many respects, collision activation is analo-
gous to thermal heating. In both processes, labile groups, in-
cluding many types of PTMs, are lost prior to backbone
cleavage, which hinders their assignment. This drawback is
overcome in electron capture dissociation (ECD),[7] in which
specific S�S and N�Ca backbone bond cleavages occur
more readily than PTM losses[8,9] and noncovalent complex
dissociation.[10] Furthermore, ECD at electron energies rang-
ing from 3 to 13 eV (so-called hot electron capture dissocia-
tion, HECD)[6] allows distinction of isomeric isoleucine and
leucine residues, which enables complete or nearly complete
de novo sequencing of proteins as large as 15 kDa.[11,12]


However, ECD is only applicable to multiply charged
positive ions, while many naturally occurring peptides are
acidic (~50 %) and thus more readily produce negative ions.
The groups attached by such common PTMs as phosphory-
lation,[13] sulfation,[14] sialic acid containing glycosylation,[15]


and even acetylation[16] of basic amines (e.g., in lysine side
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Abstract: Fragmentation of peptide
polyanions by electron detachment dis-
sociation (EDD) has been induced by
electron irradiation of deprotonated
polypeptides [M�nH]n� with >10 eV
electrons. EDD has been found to lead
preferentially to aC and x fragment ions
(Ca
�C backbone cleavage) arising from


the dissociation of oxidized radical
anions [M�nH](n�1)�C. We demonstrate
that Ca


�C cleavages, which are other-
wise rarely observed in tandem mass
spectrometry, can account for most of
the backbone fragmentation, with


even-electron x fragments dominating
over radical aC ions. Ab initio calcula-
tions at the B3 LYP level of theory
with the 6-311 +G(2 p,2 d)//6-31+


G(d,p) basis set suggested a unidirec-
tional mechanism for EDD (cleavage
always N-terminal to the radical site),
with aC, x formation being favored over


a, xC fragmentation by 74.2 kJ mol�1.
Thus, backbone Ca�C bonds N-termi-
nal to proline residues should be
immune to EDD, in agreement with
the observations. EDD may find appli-
cation in mass spectrometry for such
tasks as peptide sequencing and locali-
zation of labile post-translational modi-
fications, for example, those introduced
by sulfation and phosphorylation.
EDD can now be performed not only
in Fourier transform mass spectrome-
try, but also in far more widely used
quadrupole (Paul) ion traps.


Keywords: charge solvation
electron detachment dissociation ·
mass spectrometry · peptides
fragmentation
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chains) make polypeptide molecules even more acidic. Al-
though a number of recent publications in the scientific liter-
ature have shown that useful sequence information can be
derived from CAD mass spectra of negative polypeptide
ions,[17,18] negative-ion fragmentation is still rarely used in
practice. This is because the spectra obtained from negative-
ion MS/MS experiments are rife with ion peaks resulting
from internal fragmentations, extensive side-chain losses,
and neutral losses from fragments, and therefore these spec-
tra are not always easy to interpret.[19]


Some time ago, our group proposed a novel ion-electron
fragmentation technique for polyanions termed electron de-
tachment dissociation (EDD).[20,21] The advantage of ion-
electron reactions is that the fragmenting species are odd-
electron ions, in which the presence of a radical site dimin-
ishes the strength of nearby bonds. If the radical site is locat-
ed on the backbone, ion-electron reactions lead to extensive
backbone fragmentation with labile PTMs being preserved
on the fragments.[8,10, 22,23] The mechanisms of many ion-elec-
tron reactions nevertheless remain obscure. Recently, as we
expanded mechanistic studies to EDD, we detected a new
prominent feature of this reaction, namely the dominance
among backbone cleavages of Ca


�C bond ruptures yielding
aC and x ions. This type of cleavage is otherwise rarely ob-
served: Ca�C backbone cleavages have only been reported
as being dominant upon photodissociation (PD) of singly-
charged cations with UV light of wavelength 157 nm.[24,25]


Here, we present experimental and theoretical evidence
that, in contrast to 157 nm UV PD of even-electron species,
the Ca


�C cleavage in EDD involves a radical mechanism
with oxidized [M�nH](n�1)�C ions as reactive intermediates.


Results


To start with experimental evidence, consider the EDD
spectrum of the peptide FAP (Ac-EDLIEDLILE) shown in
Figure 1. The general features of the spectrum bear resem-
blance to the EDD spectra of other peptides.[20,21] The spec-
trum is dominated by the oxidized (charge-reduced) species
and small losses from them (vide infra). Backbone cleavages
are also very abundant: overall, all but two inter-residue
bonds (78 %) have evidently been cleaved, with three aC, one
b, and five x ions being observed. In comparison, CAD of
the [M�H]� ions gave rise to two b, one y’, and one z back-
bone fragment ion (data not shown). Ca


�C fragmentation
accounted for 96 % of all the various EDD backbone clea-
vages, with x ions dominating over aC ions by 50 %. The
most abundant x ions, x8


� and x9
� , were due to cleavages ad-


jacent to aspartic acid (DL bond) and glutamic acid (ED
bond), respectively. The least abundant x ion, x7


� , arose
from bond cleavage between the hydrophobic LI pair, while
the most abundant aC ion (a5C) was due to ED bond cleavage.


The observed preference for backbone fragmentation to
occur in the vicinity of acidic residues can be rationalized as
follows. FAP is an acidic peptide (pI<3.6), containing five
acidic amino acid residues. Among these are the glutamic


acid and aspartic acid residues, which, together with the C-
terminal carboxylic acid, comprise the most likely candi-
dates for deprotonation. The negative charge of deprotonat-
ed groups can be delocalized over other functionalities, for
example backbone amides, through what is effectively solva-
tion, such functionalities acting as a protic solvent. It has
been suggested[20] that EDD cleavage occurs near the loca-
tion (or solvation) of the negative charge. Since functional
groups in close proximity to the deprotonation site are more
likely to participate in charge solvation than more distant
groups, EDD backbone cleavage should occur near acidic
residues. On the other hand, since hydrophobic side chains
(effectively equivalent to an aprotic solvent) do not provide
for charge stabilization, which reduces the probability of
charge solvation near hydrophobic residues, EDD cleavage
in their vicinity should be disfavored, which is also in agree-
ment with the observations.


Examination of the region of the EDD spectrum corre-
sponding to oxidized species reveals that it contains a mix-
ture of [M�2 H]�C and [M�H]� molecular ions. The latter
species are frequently observed in EDD and may originate
from either proton-transfer reactions between dianions and
radical cations formed by electron ionization during the
EDD event, or from HC atom transfer from unidentified
neutral species to the oxidized radical anions.[20] The even-
electron species [M�H]� are likely to be responsible for the
observed prominent water loss.[18] A radical-initiated mecha-
nism of CO2 loss from oxidized species, another prominent
EDD feature, has been suggested elsewhere.[20] In compari-
son, CAD of the [M�H]� ions led to abundant neutral
losses (H2O and NH3) from both fragments and precursor
ions, but no loss of CO2. In the mass region m/z 1140–1200
of the EDD spectrum, a number of losses from the oxidized
species of as yet unidentified origin were found.


The dominance of aC and x type fragment ions in EDD of
the peptide FAP was puzzling, since only a ions have been


Figure 1. QIT EDD mass spectrum of 2� ions of the FAP peptide (Ac-
EDLIEDLILE). aC, x ions accounted for 96% of the total backbone
cleavage abundance.
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reported as dominating for EDD of 2� anions of the sulfat-
ed peptide caerulein (pEQDY(SO3H)TGWMDF).[20] The
cited study was performed with a Fourier transform ion cy-
clotron resonance (FTICR) mass spectrometer, while a
quadrupolar ion trap (QIT) was employed in the present
study. To assess the influence of the instrumental factor, we
performed EDD on the 2� anion of caerulein in our QIT
set-up, and obtained three aC and two x ions (Scheme 1),


arising from a total of five out of nine possible inter-residue
cleavages. No other types of backbone fragment were de-
tected, in contrast to the FTICR results. Oxidized species
were more abundant with QIT than with FTICR. Note that
one x ion in the QIT spectrum originated from bond cleav-
age adjacent to aspartic acid. The abundance of aC ions was
75 % higher than that of the x ions.


Other features of the EDD spectra, such as extensive
small losses, were similar for both instruments. Importantly,
fragment ions obtained in the QIT set-up retained the sul-
fate group so that the site of sulfation could be unambigu-
ously assigned to Tyr4. To ensure that the observed prefer-
ence for Ca


�C bond breakage was not related to a particular
peptide sequence, vibrational excitation (CAD) of caerulein
dianions was performed. As in FTICR MS, this led to neu-
tral losses, including losses of water and SO3, but little in the
way of C�N backbone cleavage (b and y ions).


The caerulein results may be explained by the much
higher background pressure in the QIT instrument
(10�3 Torr) compared to the FTICR instrument (10�9 Torr).
Because of the low number of collisions under the ultra-
high vacuum FTICR conditions, the internal energy incre-
ment obtained in an ion-electron interaction cannot be rap-
idly dissipated, which makes backbone fragmentation chan-
nels other than Ca


�C bond rupture possible, although b and
y type fragment ions originating from vibrational excitation
of even-electron precursors are not usually observed. The
high rate of collisions with background gas in QIT, on the
contrary, allows for rapid dissipation of the excess internal
energy, promoting only the most energetically favorable
fragmentation channels. The higher abundance of intact oxi-
dized species in QIT relative to the overall distribution of
fragments is consistent with this collisional stabilization
(vide supra).


The time scale of the EDD cleavage is an important issue
that is related to the analytical potential of the phenomen-
on. EDD is a more energetic phenomenon than ECD, be-
cause of the difference in the electron energies involved
(>10 eV vs. <1 eV). However, if the backbone fragmenta-
tion in EDD is fast and/or specific, labile post-translational
modifications may remain on the fragments, which would
permit PTM mapping. Both the FTICR and QIT results
with caerulein are indicative of such a possibility. However,


phosphorylation is a more frequently used and arguably
more important modification than sulfation. Therefore, the
phosphopeptide VNTEpYPTDLISGV-NH2 was used to test
the PTM retention in EDD. The EDD spectrum obtained in
the QIT is shown in Figure 2. Three aC and three x fragments


were observed (the x ions dominated by 66 %), all of which
retained the phosphate group. Cleavages of a total of six
backbone bonds narrowed the phosphorylation site to the
EYP sequence, thus excluding the threonine (Thr3 and Thr7)
and serine (Ser11) residues as potential phosphorylation sites
and unambiguously assigning it to the tyrosine residue
(Tyr5). In comparison, the CAD spectrum of the 2� anions
exhibited consecutive losses of water and phosphate
(�79 Da) (data not shown). Thus, EDD can be used for the
determination of phosphorylated sites even in peptides that
exhibit severe phosphate losses by CAD.


Although electrospray ionization in the negative-ion
mode is best suited to acidic peptides, basic peptides also
produce abundant polyanion signals. A key question, how-
ever, is whether the presence of acidic functionalities is es-
sential for Ca


�C fragmentation in EDD. To address this
issue, we analyzed substance P (RPKPQQFFGLM-NH2),
which is very basic (theoretical pI = 11.5) and lacks carbox-
ylic acid functionalities. Despite the high basicity of substan-
ce P, negative-ion mode ESI yielded almost as high a current
of dianions as that of dications at positive polarity. EDD of
dianions of substance P led to extensive fragmentation in
the QIT (Figure 3 a), with the spectrum featuring four aC and
five x ions, as well as two y’ and one z fragment. Overall,
eight backbone cleavages had evidently occurred. The ma-
jority of backbone cleavages were due to Ca


�C dissociation,
with x ions accounting for 81 % of the backbone fragment
ion signal.


The high yield of dianions was consistent with the earlier
observation that, although acidic peptides are not easily ion-


Scheme 1.


Figure 2. QIT EDD mass spectrum of 2� ions of the phosphopeptide
(VNTEpYPTDLISGV-NH2). Three aC and three x ions unambiguously
determine the site of phosphorylation at the Tyr5 residue.
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Figure 3. a) QIT EDD mass spectrum of 2� anions of substance P amidated at the C-terminus. Five x, two y’, one z, and four aC fragment ions arise from
cleavages of eight peptide bonds. b) QIT EDD mass spectrum of 2� anions of substance P (carboxylic acid at the C-terminus) displaying five x, one z,
and three aC ions. c) FTICR EDD mass spectrum of 2� anions of the acidic form of substance P giving five x and four y’ ions.
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ized in the positive-ion mode, almost all peptides, regardless
of their acidity, can be ionized in the negative-ion mode
with satisfactory ion abundances.[26] After the hydrogens of
the carboxylic groups located at the C-terminus and on the
side chains, the next most acidic hydrogens are those posi-
tioned on the amide nitrogen atoms. We performed ab initio
(B3 LYP/6-311+ G(2 d,2p)//6-31+G(d,p)) calculations on
N,2-dimethylpropanamide, which showed the hydrogen on
the backbone nitrogen to be more acidic than that at the a-
carbon atom by 70.8 kJ mol�1 (Scheme 2).


This result is in agreement with recent data by Bowie
et al. , who, at a lower level of theory (HF/6-31G(d)//6-
31G(d)), found the amide hydrogen to be more strongly
acidic in energetic terms than that at the a-carbon atom by
116 kJ mol�1.[27]


Thus, in substance P, deprotonation would be expected to
occur at the backbone amide nitrogens. Not surprisingly, the
otherwise ubiquitous CO2 loss was absent in EDD of this
molecule. Instead, NH3 loss and a low abundance isocyanic
acid (CONH) loss were observed.


To investigate the effect of the negative charge localiza-
tion on the EDD fragmentation pattern, EDD of the acidic
form of substance P (with a deamidated C-terminal) was
performed (Figure 3 b). A series of x ions dominated the
spectrum, with x7 being the most abundant, similar to the
situation seen in the spectrum of the amidated form (Fig-
ure 3 a). The x9 ion, however, was suppressed, and extensive
CO2 loss was observed (with ~30 % of the abundance of
[M�2 H]�C). This loss was a consequence of deprotonation
of the C-terminal carboxylic acid, which, upon oxidation by
irradiation with energetic electrons, is known to undergo
facile decarboxylation.[20,21] This abundant CO2 loss
(�44 Da) can be compared with a minor (0.5 % of
[M�2 H]�C) isocyanic acid (CONH) loss (�43 Da) from the
C-terminus of the amidated form (Figure 3 a).


To assess the dependence of the EDD fragmentation pat-
tern on the instrumental conditions, the same samples were
analyzed by FTICR MS. The high-resolution FTICR data
confirmed the identity of aC[20] and x ions as odd- and even-
electron species, respectively. As an example, the FTICR
EDD mass spectrum of the acidic form of substance P is
shown in Figure 3 c, obtained by irradiation of the
[M�2 H]2� ions with 15 eV electrons for 250 ms. Here, x ions
again dominate among the backbone fragments, in agree-
ment with preferential charge retention by the C-terminal
carboxylic acid. The overall correlation between the relative
abundances of x ions normalized with respect to the oxi-
dized species [M�2 H]�C found in both spectra was very
high, r>0.99 (Figure 3 c), which highlights their similarity.


However, aC ions were absent in the FTICR mass spectrum,
while two aC fragment ions (one with a low abundance) were
detected in the QIT spectrum. This fact is consistent with
the earlier observation that less stable EDD products are
more abundant in QIT spectra, which was attributed to the
106-fold higher pressure inside the QIT instrument com-
pared to the FTICR instrument. Apparently, the stabilising
effect of pressure outweighs the destabilising effect of the
higher effective temperature of ions stored in the QIT. In
FTICR, the low frequency of ion–neutral collisions leads to
much longer relaxation times after activation through inelas-
tic collisions with electrons, which results in a higher aver-
age temperature of ions during the time interval after the
EDD event and before detection. Consequently, the y’ ions
that usually result from thermal (vibrational) excitation are
more frequent and abundant in FTICR MS than in QIT.
Despite this difference, the notable overall similarity be-
tween FTICR and QIT mass spectra indicates that the EDD
fragmentation patterns are less determined by the instru-
mental conditions than by other factors, presumably the lo-
cations of the deprotonation and charge solvation sites.


Discussion


Summarizing the above observations, a consistent feature of
EDD is the dominance of Ca


�C backbone cleavages yield-
ing radical aC and even-electron x ions. This dominance is
apparent in terms of both fragment occurrence and ion
abundances. Whenever carboxylic groups are present, they
give rise to abundant losses of CO2 from the oxidized spe-
cies.


These Ca�C cleavages are rarely produced by most activa-
tion techniques. Reilly et al. suggested that absorption of a
157 nm photon by a backbone carbonyl group would lead to
homolytic Ca


�C bond rupture yielding aC and xC, with the
latter subsequently losing HC atoms.[24] In EDD with >10 eV
electrons, specific excitation of a certain group is unlikely,
and the oxidized radical species [M�2 H]�C are the most
probable precursors for Ca�C cleavages. To test this hypoth-
esis and to attempt to rationalise other experimental results,
ab initio calculations were performed on a model system
consisting of a complex between the dipeptide H-Gly-Ala-
OH and deprotonated acetic acid, the latter representing
the C-terminus or the side chain of either Asp or Glu
(Figure 4). Calculated total and relative energies of all opti-
mized structures are listed in Table 1.


In the absence of a solvent, that is in vacuo, energy mini-
mization typically occurs through intramolecular charge sol-
vation (charge–dipole interactions).[28] Therefore, as a start-
ing point, the deprotonated carboxylate group 1 was allowed
to approach the dipeptide 2. Local energy minima were ob-
tained for the dipeptide in both the cis-amide and trans-
amide isomeric structures. The trans-amide configuration of
2 turned out to be 41 kJ mol�1 more stable. Two stable con-
figurations were detected for the trans-amide structure, the
first with the N-terminal amine group forming hydrogen


Scheme 2.
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Figure 4. Energy profile of species involved in the EDD mechanism as calculated at the B3 LYP/6-311+G(2 d,2 p)//6-31 +G(d,p) level of theory.
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bonds to the carbonyl oxygen (not shown), and the second
with hydrogen bonding between the same amine nitrogen
and the amide hydrogen. The latter configuration 2 was
found to be more favorable by about 5 kJ mol�1.


Upon charge solvation, strong hydrogen bonding is creat-
ed between the carboxylate and the amide hydrogen in 3
(1.774 �). This is consistent with the known polarization of
the carbonyl oxygen (partial negative) and the amide hydro-
gen (partial positive), which maximizes their potential to
solvate polar groups and charges. In EDD, an energetic elec-
tron induces vertical ionization in 3 and forms either 4 a+1
by removing an electron from the free lone-pair on the
backbone amide nitrogen, or oxidises the carboxylate group
to yield 4 b. The energy required is lower for 4 b
(421.6 kJ mol�1, �4 eV) than for 4 a+1 (1001.1 kJ mol�1,
�10 eV). The larger potential energy stored in 4 a+1 allows
it to proceed exothermically through all suggested channels
of fragmentation. Thus, 4 a+1 can yield either 4 b by a
580 kJ mol�1 exothermic recombination of the positive
charge on the backbone with the negative charge on the car-
boxylate, or 5 by a 610 kJ mol�1 exothermic proton transfer
from the amide nitrogen to the carboxylate. The carboxyl
radical complex 4 b is the most probable intermediate of the
decarboxylation leading to loss of CO2 (11) and leaving the
radical at the side chain of the acidic residue (10). This dis-
sociation is exothermic by 69 kJ mol�1. If the CO2 loss
occurs from the C-terminal carboxyl radical, it will result in
an anC ion, n being the number of residues in the peptide. An


alternative pathway for 4 b is to undergo hydrogen abstrac-
tion leaving a radical site at the amide nitrogen (5), which is
exothermic by 31 kJ mol�1. The higher exothermicity of de-
carboxylation is the likely reason for the experimentally ob-
served abundant CO2 loss.


Separation of the carboxy group from the backbone 5 !
6 + 7 is endothermic by 33 kJ mol�1. Overall, the subse-
quent dissociation into aC (8) and x (9) fragment ions is exo-
thermic by 15 kJ mol�1 with respect to 4 b and exothermic by
594 kJ mol�1 with respect to 4 a+1.


A 1,3-hydrogen shift in complex 6 leading to 12 is of rela-
tively high exothermicity (104 kJ mol�1), but has to over-
come a barrier of 96 kJ mol�1 TS(6–12), for which there may
be energetic or kinetic obstacles. If formed, 12 may dissoci-
ate through endothermic C�N bond cleavage to b (13) and
yC (14), which would be endothermic by 227 kJ mol�1.


The computational data on the EDD mechanism are in
general agreement with the experimentally obtained results.
The calculations suggest that the lowest-energy channel of
backbone fragmentation is the formation of aC and x ions,
which competes with decarboxylation. The formation of
other products, for example, b and yC ions, is disfavored.
This is consistent with the observation of a low number of
backbone fragments originating from cleavages other than
Ca�C. Some of these fragments may even be formed from
even-electron precursor dianions by way of a thermal mech-
anism, such as collisional heating during isolation in the
QIT.


Influence of the C-terminal group on EDD fragmentation :
ECD of dications of substance P in both its acidic and
amide forms leads to similar mass spectra, with differences
being localized at the C-terminus.[29] Differences in the
EDD spectra of dianions of the same molecules were more
pronounced. This is illustrated in Figure 5, for which the cor-
relation factor for x ion abundances was calculated to be
0.58. The main difference between the two EDD mass spec-
tra was due to the x7 and x9 ions, which can be rationalized
in terms of the different sites of deprotonation and charge
solvation in the two molecules. Deprotonation will be fa-
vored at the carboxylic acid as compared to the amide
group (typical gas-phase acidities for carboxylic acids
~1400–1430 kJ mol�1; for primary amides ~1470–
1500 kJ mol�1).[30] Hence, the positions of the negative charg-
es should be shifted towards the N-terminus in the amidated
form, as opposed to the acidic form, in which it is certainly
the C-terminus that is deprotonated. Since the Ca�C EDD
cleavages are postulated to occur at or near the sites of neg-
ative charge solvation, the charge shift towards the N-termi-
nus can account for the fact that x9 ions arising from cleav-
age near the N-terminus are more abundant in the amidated
form. Thus, it appears that the differences in ion abundances
in EDD spectra can reflect the secondary gas-phase struc-
ture of peptide polyanions, in much the same way as ECD is
used to probe the secondary structure of polycations.[31] This
suggestion needs to be further tested in a more systematic
investigation.


Table 1. Total energies (Hartree) and relative energies (kJ mol�1).


Compound Total
electronic
energies, Et


[Hartree]


Scaled ZPE
correction
at 0 K


[Hartree]


ZPE corrected
energies,
EZPVE [Hartree]


Relative
energies
DEZPVE


[kJ mol�1]


1 �228.608275 0.046065 �228.562209
2 �531.949589 0.157356 �531.792233


1+2 760.354442 105.4
3 �760.599989 0.205397 �760.394592 0


4a �531.606244 0.155140 �531.451103
4a+1 �760.013312 1001.1


4b �760.436279 0.202258 �760.234021 421.6
5 �760.449587 0.203818 �760.245769 390.7
6 �531.263732 0.143405 �531.120327


TS(6–12) �531.222267 0.138451 �531.083815
7 �229.172097 0.059274 �229.112823


6+7 �760.233150 423.9
TS(6–12)+7 �760.196639 519.7


8 �95.241648 0.048194 �95.193454
9 �436.024099 0.090674 �435.933425


7+8+9 �760.239702 406.7
10 �39.857414 0.028644 �39.828770
11 �188.650244 0.011117 �188.639127


2+10+11 �760.260130 353.0
12 �531.304235 0.144405 �531.159830


12+7 �760.272653 320.2
13 �208.015204 0.048170 �207.967034
14 �323.196276 0.089769 �323.106507


7+13+14 �760.186364 546.7
15 �342.070404 0.118619 �341.951785
16 �189.166918 0.020100 �189.146818


7+15+16 �760.211426 480.9
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Low abundance of radical aC ions : The almost universally
observed lower abundance of radical aC fragment ions com-
pared to the even-electron x ions is believed to be a result
of two factors. The first is the lower stability of radicals com-
pared to even-electron species. Thus, radical aC ions may rap-
idly rearrange and/or undergo secondary decomposition in
the gas phase. For instance, in ECD and especially in
HECD, radical zC fragment ions usually appear with a lower
frequency and intensity than the complementary even-elec-
tron c’ ions. The aC radical ions may be even less stable than
zC fragments. Ab initio calculations have shown that it re-
quires 12–22 kJ mol�1 more energy to induce partial side-
chain loss in Ile and Leu residues for zC precursors as com-
pared to aC ions.[6] Such a secondary fragmentation of aC ions
should lead to even-electron d fragments, which, however,
remain to be detected in EDD spectra, most probably due
to the low abundances of the precursor aC ions. The question
of d ion formation in EDD is of analytical importance, be-
cause these species allow the isomeric Ile and Leu residues
to be distinguished, which, in turn, is valuable in de novo se-
quencing of polypeptides.[11] Another expected outcome of
the fragmentation of aC ions is the loss of a side chain from
the adjacent amino acid residue leading to e ions (N-termi-
nal equivalent of C-terminal u ions formed via a g-lactam
ring, as found in HECD of polycations).[12] The detection of
these d and e ions in EDD will be a goal of future studies.


The second contributing factor to the dominance of x ions
is the deprotonation of the C-terminus, a common feature of
acidic forms of peptides. The energy threshold for detach-
ment of an electron is equal to the electron affinity of the
corresponding radical site minus the coulombic repulsion
with other negative charges. This threshold depends upon
the acidity, as more acidic sites tend to have higher electron


affinities. Thus, if the C-terminus is the most acidic site in
the molecule, the electron will be preferentially detached
from the other deprotonated site in the dianion, while the
C-terminus will remain a mere spectator, preserving its
charge to yield C-terminal product ions. As an example, cal-
culations at the B3 LYP/6-311+ G(2 d,2p)//6-31+G(d,p)
level have shown that it takes only about 259.8 kJ mol�1 to
remove an electron from the conjugate base of N-methyla-
cetamide (CH3CON�CH3), whereas it takes 421.6 kJ mol�1


in the case of acetate (CH3COO�) (Figure 4).


Directionally restricted mechanism (unidirectional fragmen-
tation): The question of the direction in which the a-cleav-
age proceeds in EDD is important for rationalizing the ob-
served EDD fragmentation pattern. Experimental evidence
suggests that the EDD mechanism preferentially leads to
cleavage N-terminal to the radical site. An indication of this
is the absence of aC, x ions originating from cleavage of the
Ca
�C bond N-terminal to the proline residue. For instance,


EDD of substance P in both acidic and amide forms produ-
ces a series of abundant x ions ranging from x4 to x9. Howev-
er, the x ions that would have arisen from cleavages N-ter-
minal to Pro, x8 and x10, are absent in this series (Figure 3a–c).


The absence of such cleavages is easily rationalized in
terms of the unidirectional EDD mechanism, in which the
radical site is located on the amide nitrogen. Since proline
residues contain a tertiary amide, the abstraction of a hydro-
gen atom or a proton is impossible. Hydrogen bonding to
this nitrogen by other heteroatoms is equally impossible,
and the proline residue does not participate in solvation of
the negative charge. However, cleavage N-terminal to pro-
line would still occur if the radical site at the adjacent N-ter-
minal amide could initiate Ca�C bond rupture in the C-ter-
minal direction. The absence of these cleavages is a strong
argument in favor of Ca


�C bond rupture propagation to-
wards the N-terminus from the radical site.


Another important piece of evidence supporting this con-
clusion is the dominance among a ions found in EDD of
radical aC ions, with all x ions being even-electron species.
This aC, x formation can only occur if the radical initiates the
attack towards the N-terminal side, since the alternative C-
terminal directed a-cleavage should produce a and xC ions
(Scheme 3).


Figure 5. Correlation of EDD product ion abundances of x ions from sub-
stance P in acidic and amidated forms.


Scheme 3.
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Furthermore, ab initio calculations have shown that for-
mation of aC, x fragments (8, 9) is more favorable than that
of a, xC products (15, 16) by 74 kJ mol�1, lending additional
support to the unidirectional fragmentation mechanism.


Conclusion


Fragmentation reactions between negative ions of polypep-
tides and free electrons observed in a QIT are reported for
the first time to lead to dominant Ca


�C fragmentation re-
sulting in aC and x fragment ions. Ca


�C dissociation domi-
nates for both acidic and basic peptides, as well as for pepti-
des with PTMs. The most abundant species in EDD are C-
terminal species, and in this respect EDD of polyanions is
complementary to ECD of polycations, which favors N-ter-
minal c’ ions. The suggested unidirectional mechanism of
EDD, supported by high level calculations, explains the for-
mation of aC and x fragments and the immunity to EDD of
Ca
�C bonds N-terminal to proline residues. The fact that se-


lected backbone bonds, either N�Ca or Ca
�C bonds, can be


specifically cleaved by appropriate choice of ion-electron re-
action underlines the wonderful diversity of the chemistry of
peptide radicals. Further studies in this area are clearly nec-
essary.


Analytically, EDD has the potential for polypeptide se-
quencing and for mapping labile PTMs. The utility of EDD
is reinforced by the broader applicability[26] of the negative
ESI mode for peptides as compared to the positive mode.
However, in order for EDD to become a useful complement
to CAD and ECD of positive ions, the fragmentation effi-
ciency needs to be improved. At present, the EDD fragmen-
tation efficiency is of the order of 2–15 % in QIT and 5–
20 % in FTICR mass spectrometry.


Extension of EDD to routine LC/MS/MS analysis of pep-
tide mixtures, which is traditionally performed only in posi-
tive-ion mode, should improve the sequence coverage of
proteins in these experiments, thus advancing the combined
top-down, bottom-up approach for rapid and sensitive PTM
mapping in proteins.[23] Since it is believed that PTM analy-
sis will become one of the most important issues in proteo-
mic research,[32] such an advance will be welcome news for
the furtherance of this field.


Experimental Section


Mass spectrometry : A modified Esquire LC (Bruker Daltonik AG,
Bremen, Germany) QIT mass spectrometer was used in the experiments
(Figure 6). The modification included the installation of an electron
source based on a heated filament. The filament consisted of one or two
parallel “tungsten/rhenium alloy” wires, each 75 mm thick, installed in-
stead of the second lens (lens 2) in front of the first (source-side) end-
cap. At all times, except during the irradiation event, the heating current
through the filament was kept low and it was biased positively (3–5 V) to
prevent electrons from entering the ion trap. During the electron irradia-
tion event, the potential on the center of the filament was kept close to
ground, while the current through the wires was raised sufficiently to
cause them to glow with a bright-red color. The electron current pro-


duced by the filament was measured at the exit end-cap in the steady-
flow regime and reached a few mA.


To maximize the interaction time of ions and electrons, trapping of the
injected electrons in the QIT was accompanied by the creation of a static
magnetic field together with the existing electrical field. This resulted in
the trapping of electrons within the quadrupole trap for up to a half-
period (~600 ns)[33] of the rf oscillations. The magnetic field was created
by permanent magnets arranged about the ring electrode and on each
end-cap electrode. A 5.02 mm groove was cut 12.20 mm into the ring
electrode and an aluminium frame with inset magnets was inserted in the
groove. The measured magnetic field in the center of the trap was
250 gauss.


Two pulse generators were used to control the energy and duration of
the electron irradiation. The electron injection was initiated by positively
biasing (+10 V) the front end cap for 20–50 ns once every rf period. An
electron energy between 10 and 20 eV was selected for optimal results,
which was achieved by injecting the electrons in the phase of the rf volt-
age when the potential in the center of the trap was +10 to +20 V. The
relationship between rf phase and electron energy was established by
monitoring the abundances of the SF6


�C and SF5
+ ions formed from SF6


gas.


The peptides to be analyzed were electrosprayed in negative-ion mode
by means of direct infusion. Ions were accumulated inside the trap for
200–400 ms before isolation of the precursor ion. The pulsed electron ir-
radiation lasted between 200 and 400 ms, with an electron pulse in each
fundamental period having a duration of 20–50 ns. Spectra built up from
1 to 500 individual scans were integrated in each experiment. Noise
spikes and low-abundance ion peaks that possessed no isotope pattern
were filtered out by applying a specially designed automatic routine.


Sample preparation : Peptide molecules were purchased from Sigma or
synthesized in-house by means of a solid-phase N-a-Fmoc strategy[34]


using a ResPep automatic peptide synthesiser (Intavis AG, Germany).
Polypeptides were dissolved in H2O/MeOH (50:50, v/v) to a final concen-
tration of 10�6


m and then electrosprayed at a flow rate of about
1 mLmin�1. The N-terminal of the peptide FAP was acetylated at room
temperature for 2 h (pyridine/acetic anhydride; 30:70, v/v) before cleav-
age from the solid phase.


Ab initio calculations : All calculations were performed using the Gaussi-
an 03 series of programs.[35] The geometries of the model species relevant
to the suggested EDD mechanism were optimized at the DFT (density
functional theory) B3 LYP level of theory using the 6-31+G(d,p) basis
set. For higher accuracy, single-point energies of optimized structures
were calculated at the same level of theory using the 6-311+ G(2 d,2 p)
basis set after adding both polarization and diffuse functions for heavy
atoms and hydrogens. The use of diffuse functions is required for struc-
ture optimization of electron-rich radical and anionic molecules.[36] Tran-
sition-state (TS) structures were identified and optimized by the QST3


Figure 6. Schematic representation of the modified quadrupolar ion trap
(QIT), including the installation of an electron source and permanent
magnets on both the ring and the end caps. Injection of electrons was ini-
tiated by pulsing of the front end cap once every fundamental rf period
during the irradiation event.
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method, starting from the optimized minimum-energy structures on both
sides of the first-order saddle point and a guess (optimized by a semiem-
pirical method) of the TS structure. The harmonic vibrational frequencies
of different stationary points on the potential energy surface (PES) were
calculated at the same level of theory as used for their optimization in
order to identify local minima or TS. Zero-point energies (ZPE) were
computed and adjusted by an appropriate correction factor of 0.9613 for
the B3 LYP level of theory.[37] The zero-point-corrected energies were
then combined with the total energies resulting from the geometry opti-
mizations.
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The Nature of the Chemical Bond Revisited: An Energy-Partitioning
Analysis of Nonpolar Bonds


Attila Kov�cs,[a, b] Catharine Esterhuysen,[a, c] and Gernot Frenking*[a]


Abstract: The nature of the chemical
bond in nonpolar molecules has been
investigated by energy-partitioning
analysis (EPA) of the ADF program
using DFT calculations. The EPA di-
vides the bonding interactions into
three major components, that is, the re-
pulsive Pauli term, quasiclassical elec-
trostatic interactions, and orbital inter-
actions. The electrostatic and orbital
terms are used to define the nature of
the chemical bond. It is shown that
nonpolar bonds between main-group
elements of the first and higher octal
rows of the periodic system, which are
prototypical covalent bonds, have large
attractive contributions from classical
electrostatic interactions, which may
even be stronger than the attractive or-
bital interactions. Fragments of mole-
cules with totally symmetrical electron-
density distributions, like the nitrogen
atoms in N2, may strongly attract each
other through classical electrostatic
forces, which constitute 30.0 % of the
total attractive interactions. The elec-
trostatic attraction can be enhanced by
anisotropic charge distribution of the
valence electrons of the atoms that
have local areas of (negative) charge


concentration. It is shown that the use
of atomic partial charges in the analysis
of the nature of the interatomic inter-
actions may be misleading because
they do not reveal the topography of
the electronic charge distribution. Be-
sides dinitrogen, four groups of mole-
cules have been studied. The attractive
binding interactions in HnE�EHn (E=


Li to F; n= 0–3) have between 20.7
(E= F) and 58.4 % (E=Be) electro-
static character. The substitution of hy-
drogen by fluorine does not lead to sig-
nificant changes in the nature of the
binding interactions in FnE�EFn (E=


Be to O). The electrostatic contribu-
tions to the attractive interactions in
FnE�EFn are between 29.8 (E= O) and
55.3 % (E= Be). The fluorine substitu-
ents have a significant effect on the
Pauli repulsion in the nitrogen and
oxygen compounds. This explains why
F2N�NF2 has a much weaker bond
than H2N�NH2, whereas the interac-


tion energy in FO�OF is much stron-
ger than in HO�OH. The orbital inter-
actions make larger contributions to
the double bonds in HB=BH, H2C=


CH2, and HN=NH (between 59.9 % in
B2H2 and 65.4 % in N2H2) than to the
corresponding single bonds in HnE�
EHn. The orbital term DEorb (72.4 %)
makes an even greater contribution to
the HC�CH triple bond. The contribu-
tion of DEorb to the HnE=EHn bond in-
creases and the relative contribution of
the p bonding decreases as E becomes
more electronegative. The p-bonding
interactions in HC�CH amount to
44.4 % of the total orbital interactions.
The interaction energy in H3E�EH3


(E=C to Pb) decreases monotonically
as the element E becomes heavier. The
electrostatic contributions to the E�E
bond increases from E=C (41.4 %) to
E=Sn (55.1 %) but then decreases
when E=Pb (51.7 %). A true under-
standing of the strength and trends of
the chemical bonds can only be ach-
ieved when the Pauli repulsion is con-
sidered. In an absolute sense the repul-
sive DEPauli term is in most cases the
largest term in the EPA.
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Introduction


According to the classical view of chemical bonding, nonpo-
lar bonds between identical fragments R in a molecule R�R
are established through covalent interactions. The model of
a covalent bond consisting of a pair of electrons shared be-
tween two atoms was introduced into chemistry by Lewis.[1,2]


This type of chemical bonding, which leads in most cases to
an accumulation of the interatomic electronic charge,[3] is
conceptually different from ionic bonding which can be de-
scribed in terms of the classical Coulombic attraction that
arises when two charges of opposite sign attract each other.
In modern terminology, covalent bonding is a result of inter-
actions between shared electrons while ionic bonding arises
from closed-shell interactions between separated fragments
which carry opposite charges, that is, charged species whose
electron densities do not overlap. Ionic bonding can be de-
scribed by the laws of classical electrostatic interactions.


The understanding of covalent bonds in terms of the basic
laws of physics puzzled scientists for a long time until quan-
tum theory was developed and applied to chemical prob-
lems. Heitler and London showed in 1927 that the strongly
attractive forces between two hydrogen atoms can only be
understood when the electrons are described as wave func-
tions, which are then used to express the electronic structure
of H2.


[4] Heitler and London called it a “characteristic quan-
tum mechanical resonance phenomenon”, which is crucial
for the understanding of the interactions between neutral
atoms. It should be emphasized that covalent and ionic
bonding are both the result of electrostatic forces. We would
also like to point out that besides the electrostatic interac-
tions the kinetic energy of the electrons is also very impor-
tant for the chemical bond.[5] The difference is that quantum
theoretical laws enforce electrons to behave in a peculiar
way when they interact, which can be understood by treat-
ing them as resonating waves which may lead to a strong at-
traction that yields chemical bonding. We would like to
point out that the “resonance phenomenon”, known as orbi-
tal interactions in modern terminology, is not associated
with the pairing of two electrons which Lewis believed to be
the driving force for a covalent bond. Resonance of the
wave function takes place when there is only one electron
such as in H2


+ .[6]


Calculation of the quasiclassical[7] electrostatic interac-
tions, DEelstat, between two hydrogen atoms at the equilibri-
um distance of H2 (a so-called promolecule) indicates only a
spurious attraction. Nearly all the bonding energy in dihy-
drogen comes from the resonating wave function. Since the
wave function is usually described in terms of one-electron
functions called molecular orbitals, the bonding in H2 arises
nearly exclusively from orbital interactions. This finding has
led covalent interactions in nonpolar bonds to be described
in many chemistry textbooks only in terms of molecular or-
bitals, that is, covalent bonding and orbital interactions are
considered as synonymous. Polar bonds between different
atoms or groups R�R’ are then considered to have contribu-
tions from both covalent and ionic attractions. However, a


value of DEelstat~0 for H2 is atypical of nonpolar diatomic
molecules! In 1986 Spackman and Maslen calculated the
electrostatic energies of 148 polar and nonpolar diatomic
compounds.[8] They showed that the quasiclassical electro-
static attraction in 18 homoatomic species E2, where E is an
element up to the fourth row of the periodic table, is always
very large except for H2. The calculated values of DEelstat


were in most cases even larger than the bond dissociation
energies! For example, the quasiclassical electrostatic attrac-
tion between two spherical nitrogen atoms in the 4S ground
state at the equilibrium distance of N2 was calculated to be
DEelstat =�330.7 kcal mol�1[8] while the bond dissociation
energy (BDE) of dinitrogen is 228.5 kcal mol�1.[9] This is in
striking contrast to H2 which has a BDE of 109.6 kcal
mol�1[9] but the calculated value for DEelstat is only
�1.4 kcal mol�1.[8]


Spackman and Maslen were not the first to recognize that
the quasiclassical Coulombic attraction in diatomic mole-
cules E2 is very large when E is not hydrogen. Hirshfeld and
Rzotkiewicz reported as early as 1974 that the net electro-
static attraction makes a much larger contribution to the
bonding of the heavier first-row E2 molecules than to the
bonding in H2.


[10] The unusually weak electrostatic attraction
in H2 is a consequence of its small nuclear charge and the
shape of the electronic charge cloud. The larger positive
charge of the heavier nuclei results in a strong electrostatic
attraction for the electrons of other neutral atoms at inter-
mediate internuclear distances, which is contrary to the gen-
eral belief that there are only weak electrostatic interactions
between neutral atoms at equilibrium distance.


Several workers have pointed out that the quasiclassical
electrostatic attraction in heavier nonpolar molecules is
quite strong,[6,11,12a] but this knowledge has not led to a
change in the standard interpretation of the nature of the in-
teratomic interactions in nonpolar bonds that is found in
many chemistry textbooks. Very recently, Rioux carried out
a survey of popular general chemistry textbooks and showed
that none of them gives an accurate description of covalent
bonding.[13] In particular, the kinetic energy of the electrons,
which plays a paradoxical role in the formation of the chem-
ical bond, as shown by the pioneering work of Rueden-
berg,[14] is never mentioned. Furthermore, the role of elec-
trostatic interactions is described incorrectly.


There are several reasons why the knowledge about the
physical origin of the chemical bond that has been gained in
recent decades[6] has had little impact on the way covalent
bonding is presented and explained in chemistry textbooks.
One reason is that Lewis� bonding model,[1] which received
quantum-chemical brute-force support from Pauling,[15] is
deceptively easy to interpret in terms of classical electrostat-
ic interactions. Many chemists have a strong tendency to
judge the value of a bonding model more by its simplicity
and ease of visualization than by its agreement with physical
laws and quantum theoretical insights. This can be explained
by consideration of the early attempts to rationalize chemi-
cal bonding prior to the advent of quantum theory, when a
true understanding of the chemical bond based on the first


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1813 – 18251814



www.chemeurj.org





principles of physics was not possible. The heuristic models
that were developed during this time were remarkably suc-
cessful; not only were they used to rationalize experimental
observations, they also served as helpful guidelines in the
search for new compounds and novel reactions, making
them very popular amongst the wider chemical community.
The quantum theoretical explanation of chemical bonding,
in which the wave function Y was introduced as the funda-
mental quantity for describing electrons, deterred chemists
from accepting a theoretical interpretation of the chemical
bond for a long time owing to its complicated mathematical
derivation and, more importantly, because the results are
difficult to cast into simple models. Although quantum
theory quickly proved invaluable for understanding chemi-
cal bonding, for example, it allowed longstanding problems
such as the triplet ground state of dioxygen[16a] and the pecu-
liar stability of aromatic compounds[16b] to be solved, it was
treated like an illegitimate child by orthodox chemistry
practitioners for a long time. Organic chemists eventually
accepted the wave function as a helpful quantity because
pericyclic reactions could only be explained by MO argu-
ments by using the symmetry of Y. The didactical approach
and the use of simple figures, which were introduced by
Woodward and Hoffmann in their ground-breaking work,
were important reasons for the acceptance of the wave func-
tion.[17]


This does not mean that we think it necessary to discard
the heuristic bonding models that are so widely used in
chemistry. What is required, however, is an interpretation of
the models that is in agreement with the physical origin of
the chemical bond. It is necessary to connect the historically
derived bonding models with the knowledge of the inter-
atomic interactions that has been gained through accurate
quantum theoretical investigations. Quantum theoretical
support for an empirical chemical heuristic model is impor-
tant for two reasons: one learns where the limits of the
model are to be expected and how the model can be extend-
ed so it is more reliable. With this paper we wish to contrib-
ute to this endeavour. The goal of this study was to quantita-
tively interpret the chemical bond in terms of quasiclassical
electrostatic interactions, the Pauli repulsion, and orbital in-
teractions through accurate quantum-chemical calculations.
The relative strengths of the attractive contributions to
chemical bonding, that is, the electrostatic, DEelstat, and orbi-
tal, DEorb, interactions, can then be used to classify and to
compare chemical bonds.


Before starting, we wish to comment on the terms “ionic
bonding” and “electrostatic interactions” to avoid confusion.
The former term describes the attractive interactions be-
tween two ions that have opposite charges, which can be un-
derstood in terms of the classical electrostatic attraction be-
tween a positive and a negative charge. Thus, ionic bonding
as it is found in ionic solids is largely the result of purely
electrostatic interactions. However, electrostatic interactions
do not automatically mean that there is ionic bonding. Non-
polar (covalent) bonds may also contain strong electrostatic
attractions between the bonded atoms which can make a


larger contribution to the bonding than the orbital interac-
tions. The change in the absolute and relative contributions
of the orbital and electrostatic attractions on going from
nonpolar to polar bonds is the topic of another paper.[18]


In this paper we will first present the results of the bond-
ing analysis of N2. The calculated value for the electrostatic
attraction, DEelstat, will be compared with the result reported
by Spackman and Maslen.[8] Spackman and Maslen write in
their paper “A more detailed analysis of bonding in diatom-
ics, in the spirit of that outlined by Morokuma and Kitaura,
may well be warranted.” This is exactly what we report in
this paper, although our analysis, however, extends beyond
diatomic molecules. We have used the energy-partitioning
analysis (EPA) of the ADF program,[12] which is based on
the methods of Morokuma[19] and Ziegler and Rauk.[20]


After discussing the bonding analysis of N2 we analyze the
homolytic bonding between singly bonded elements of the
first octal row of the periodic table HnE�EHn (E=Li to F),
that is, of the nonpolar molecules Li2, HBe�BeH, H2B�BH2,
H3C�CH3, H2N�NH2, HO�OH, and F2. We also investigate
the changes in the nature of the E�E bonds when hydrogen
is substituted by fluorine, that is, in the molecules FnE�EFn


(E=Be to O). In the third part we analyze the bonding in-
teractions in the multiple bonds HB=BH, H2C=CH2, HC=


CH, and HN=NH. In the final part of the study the H3C�
CH3 bond in ethane is compared with the H3E�EH3 bond of
the heavier Group 14 elements (E= Si to Pb). The results
suggest that the standard interpretation of nonpolar bonds,
which considers only orbital interactions, should be modi-
fied. In addition to the Pauli repulsion, there are two attrac-
tive components, the orbital and quasiclassical electrostatic
interactions, that contribute to the total interaction energy.
The use of Kohn–Sham orbitals instead of Hartree–Fock or-
bitals has been justified by Baerends and co-workers.[12,21]


This paper is a continuation of our systematic studies of
the nature of the chemical bond. In previous studies we fo-
cussed on the bonding in donor–acceptor complexes, that is,
the bonding interactions that take place between closed-
shell fragments.[22] We are presently studying the bonding in-
teractions between open-shell fragments. We wish to point
out that there are other workers in the field who have re-
cently reported energy-partitioning analyses of chemical
bonds.[23]


Methods


The geometries of the molecules were optimized at the nonlocal DFT
level of theory by using Becke�s exchange functional[24a] in conjunction
with Perdew�s correlation functional[24b] (BP86). Uncontracted Slater-type
orbitals (STOs) were employed as basis functions in SCF calculations.[25a]


Triple-z-quality basis sets were used, which were augmented by two sets
of polarization functions, that is, p and d functions for the hydrogen atom
and d and f functions for the other atoms. This level of theory is denoted
as BP86/TZ2P. An auxiliary set of s, p, d, f, and g STOs was used to fit
the molecular densities and to represent the Coulomb and exchange po-
tentials accurately in each SCF cycle.[25b] Scalar relativistic effects were
considered by using the zero-order regular approximation (ZORA).[26]


All structures were verified as minima on the potential energy surface by
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calculating the Hessian matrices. The atomic partial charges were calcu-
lated by using the Hirshfeld partitioning scheme.[27] The calculations were
carried out using the ADF(2.3) program package.[12]


The N�N, HnE�EHn, and FnE�EFn binding interactions were analyzed
by using the ADF energy-partitioning scheme[12] which was originally de-
veloped by Morokuma[19] and later modified by Ziegler and Rauk.[20] The
focus of the bonding analysis was the instantaneous interaction energy,
DEint, of the bond, which is the energy difference between the molecule
and its fragments in the frozen geometry of the compound. The interac-
tion energy can be divided into three main components [Eq. (1)],


DEint ¼ DEelstat þ DEPauli þ DEorb ð1Þ


where DEelstat is the electrostatic interaction energy between the frag-
ments and is calculated by using the frozen electron-density distribution
of the N, EHn or EFn fragments in the N�N, HnE�EHn or FnE�EFn mole-
cules. The second term in Equation (1), DEPauli, refers to the repulsive in-
teractions between the fragments, which are caused by the fact that two
electrons with the same spin cannot occupy the same region in space.
DEPauli is calculated by enforcing the Kohn–Sham determinant of the or-
bitals of the superimposed fragments to obey the Pauli principle by anti-
symmetrization and renormalization. The stabilizing orbital interaction
term, DEorb, which incorporates the Heitler–London resonance phenom-
enon[4] and has additional contributions from polarization and relaxation,
is calculated in the final step of the energy-partitioning analysis when the
Kohn–Sham orbitals relax to their optimal form. This term can be further
partitioned into contributions from the orbitals that belong to different
irreducible representations of the point group of the interacting system.
The interaction energy, DEint, together with the term DEprep, which is the
energy necessary to promote the fragments from their equilibrium geom-
etry to the geometry in the compounds, can be used to calculate the
bond dissociation energy, De, [Eq. (2)].[28] Further details of the energy-
partitioning analysis can be found in the literature.[12]


�De ¼ DEprep þ DEint ð2Þ


It is important to recognize the physical meaning and the relevance of
the energy terms involved in the EPA, DEelstat, DEPauli, and DEorb, to
avoid misinterpretation of the calculated numbers. In particular, we
would like to point out that in the calculation of DEelstat the electron-den-
sity distribution of the fragments is used without consideration of the po-
larization of the charge distribution that arises in chemical interactions.
The polarization is only considered in the final step of the EPA, which
means that stabilization due to polarization and relaxation is completely
included in the DEorb term. Thus, the calculated electrostatic interaction
energy, DEelstat, of the unpolarized fragments is not the same as the total
potential energy change of bond formation because the final electron
density differs from the electronic density that results from superposition
of the two fragment densities. While the DEelstat term contains only quasi-
classical electrostatic interactions that arise from the frozen electron den-
sities of the fragments, the DEorb term contains electrostatic attractions
that result from quantum interference, potential energy changes due to
polarization and relaxation and kinetic energy contributions. The DEPauli


term also contains potential energy contributions because electronic
charge is moved from the area of overlap of the fragments to nearer the
nuclei which actually lowers the energy. The increase in the total energy
due to the DEPauli term comes from the kinetic energy of the electrons
which is much higher when they are closer to the nuclei. This is why the
DEPauli term is sometimes called kinetic repulsion.[12]


EPA has been used in the past mainly for analyzing the interactions be-
tween closed-shell species. To the best of our knowledge, the method was
extended to electron-pair bonding for the first time by Bickelhaupt
et al.[29]


Results


Dinitrogen bond N�N : Table 1 gives the results of the
energy-partitioning analysis (EPA) of the nitrogen�nitrogen
bond with nitrogen atoms in the 1s22s22px


12py
12pz


1 (4S)


ground state used as fragments. The calculated bond dissoci-
ation energy (D0 = 237.1 kcal mol�1) is in satisfactory agree-
ment with the experimental value (D0 =225.0 kcal mol�1).[9]


The theoretical bond energy gives, after correction for the
ZPE contribution, a value of DEint =�240.5 kcal mol�1 for
the interaction energy. Table 1 shows that the calculated
quasiclassical electrostatic attraction (DEelstat =�312.9 kcal
mol�1) is very similar to the value that was calculated by SM
(DEelstat =�330.7 kcal mol�1).[8] Thus, our EPA shows that
the electrostatic attraction in the N2 promolecule is larger
than the BDE, in agreement with the previous calculation
by SM.


Table 1 shows that the quantum theoretical energy contri-
butions of the electrostatic interactions, that is, the Pauli re-
pulsion (DEPauli =802.4 kcal mol�1) and the orbital term
(DEorb =�730.0 kcal mol�1), have much higher absolute
values than the quasiclassical electrostatic attraction. The
sum of the attractive orbital and the repulsive Pauli terms is
+72.4 kcal mol�1, that is, the quantum theoretically defined
energies (which include the contribution of the kinetic
energy of the electrons) in N2 have a weakening effect on
the electrostatic attraction at the equilibrium distance. This
is in contrast to H2 in which the bonding is exclusively de-
rived from the orbital term, DEorb. The energy-partitioning
analysis of dihydrogen, using the same level of theory as
used in this work, gives a repulsive electrostatic contribution
of DEelstat =5.8 kcal mol�1 at the equilibrium distance. The
binding in H2 is a result of orbital interactions only which
give a stabilizing contribution of �118.7 kcal mol�1.[30]


The large value for the quasiclassical electrostatic attrac-
tion in N2 may come as a surprise to many chemists who
assume that the attractive and repulsive interactions be-


Table 1. Energy decomposition analysis[a] of the N�N bond in N2 at the
BP86/TZ2P level of theory.


N2


DEint �240.5
DEPauli 802.4
DEelstat


[b] �312.9 (30.0 %)
DEorb


[b] �730.0 (70.0 %)
DEs


[c] �479.8 (65.7 %)
DEp


[c] �250.3 (34.3 %)
E�E bond length [�][d] 1.102 (1.09768)[e]


De
[d] 240.5 (228.5)[e]


D0
[d] 237.1 (225.0)[e]


[a] Energy values are given in kcal mol�1. [b] The percentage values in pa-
rentheses give the contribution to the total attractive interactions
DEelstat+DEorb. [c] The percentage values in parentheses give the contri-
bution to the orbital interactionsDEorb. [d] The experimental values are
given in parentheses. [e] Ref. [9].
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tween the positively charged nuclei and the negatively
charged electrons in dinitrogen, which has an overall charge
of zero, should roughly cancel. A model calculation of the
quasiclassical attraction in N2 by Kutzelnigg gave a similar
result.[31] A pictorial explanation was given by Bickelhaupt
and Baerends.[32] When two atoms approach each other with
spherical charge densities, the repulsion between the inter-
penetrating clouds is weaker than the repulsion between the
point charges that are at the center of the charge. This is
why the repulsive term between the electronic charges of
the two atoms at intermediate distances is smaller than the
two attractive terms (the attraction between the electrons of
one atom and the nucleus of the other atom) and the repul-
sion between the nuclei. The net result is an overall charge
attraction.


We analyzed the nitrogen–nitrogen interactions at differ-
ent interatomic distances by using the EPA method.
Figure 1 shows the energy curves for DEint, DEelstat, DEPauli,
and DEorb for N�N distances between 0.6 and 1.8 �. From
the calculations it can be predicted that, on the basis of the
electrostatic interactions alone, the dinitrogen molecule
would have a bond length of ~0.85 �, with a value for DEelstat


of ~450 kcal mol�1! Assuming that the virial theorem holds
at this point (the molecular virial theorem for a stationary


system reads DE=0.5DV and DV=�DT, where V is the po-
tential energy and T is the kinetic energy), the bond dissoci-
ation energy would be ~225 kcal mol�1, which is close to the
experimental value (De =228.5 kcal mol�1).[9] Classical forces
would yield nearly the same BDE for N2 as was calculated
by quantum theory, albeit at a significantly shorter bond
length. Figure 1 shows that the curves for DEint and DEelstat


cross at a N�N distance of ~1.3 �. At shorter distances, the
repulsive contributions of DEPauli are stronger than those of
the attractive DEorb term, but at longer N�N distances the
latter interactions are stronger than the DEPauli term.


The two attractive energy contributions to the nitrogen�
nitrogen bond are DEelstat =�312.9 kcal mol�1 and DEorb =


�730.0 kcal mol�1. We have previously proposed that the
ratio of the two attractive energy terms should be used to
define the character of the bond in terms of electrostatic
and orbital interactions.[22] The calculated numbers suggest
that the chemical bond in N2 has 30.0 % electrostatic charac-
ter while 70.0 % comes from orbital interactions. Note that
these percentage values are the contribution to the attrac-
tive interactions and not to the total interactions. The break-
down of the DEorb term into orbitals that belong to different
irreducible representations of the D¥h point group show that
the contribution of the s bond (�479.8 kcal mol�1) is much
larger than that of the degenerate p bond (�250.3 kcal
mol�1). This is in agreement with the general assessment
that s bonds are stronger than p bonds. However, Kutzel-
nigg concluded upon theoretical analysis of the overlapping
orbitals of the N�N s bond that the latter is already in the
antibonding region.[33] This is because the interatomic dis-
tance is very short. It was suggested that the s bond is much
weaker than the p bond,[34] but this seems to be at variance
with the values for DEs and DEp determined by EPA, which
are given in Table 1. However, these values refer only to the
attractive interactions between electrons with opposite
spins, while the repulsive interactions between electrons
with the same spin are given by the DEPauli term. The latter
cannot be divided into orbitals that have different symmetry
but a comparison of the DEPauli value for N2 (802.4 kcal
mol�1) with the much smaller value for C2 (252.3 kcal mol�1)
suggests that the strong repulsion arises mainly from the
electrons in the s orbitals. Note that the 5s(HOMO) of N2 is
the LUMO orbital of C2 (X1Sg


+). The sum of the attractive
(DEorb) and repulsive (DEPauli) interactions of the electrons
in the s orbitals of dinitrogen contribute very little if any-
thing to the N�N bond. Note also that the sum of DEorb


(�730.0 kcal mol�1) and DEPauli (802.4 kcal mol�1) results in a
repulsive contribution to DEint. According to the EPA, N2 is
a stable molecule only because of the strong contribution of
the quasiclassical electrostatic interaction.


The results of the EPA of N2 have shown that the electro-
static attractions between the spherical nitrogen atoms,
which amount to 30.0 % of the total attraction, make a sig-
nificant contribution to the nonpolar bond between two ele-
ments of the first octal row. The data also show that the
Pauli repulsion plays a very important role in the strength
of the chemical bond. In the next section we investigate the


Figure 1. Energy contributions of DEelstat, DEPauli and DEorb to the total in-
teraction energy DEint in N2 as a function of N�N interatomic distance:
a) large scale; b) small scale.
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differences in the nonpolar single bonds between atoms of
the first octal row of the periodic system.


HnE�EHn bonds (E= Li to F; n=0–3): Table 2 gives the
most important results from the EPA of the HnE�EHn


bonds (E= Li to F) and the calculated bond lengths. The
complete geometries are given in the Supporting Informa-
tion. The theoretical geometries and bond dissociation ener-
gies are in good agreement with experimental data, except
for the bond energy of F2. The theoretical BDE for F2 (D0 =


51.5 kcal mol�1) is clearly higher than the experimental value
(D0 = 37.9 kcal mol�1).


The calculations indicate that the C�C bond of ethane
has the largest interaction energy (DEint =�114.8 kcal mol�1)
of the E�E single bonds that were investigated in our study.
The bond dissociation energy for ethane (De = 93.1 kcal
mol�1) is significantly lower than the DEint value because of
the rather large preparation energy (DEprep = 21.7 kcal
mol�1); CH3 has a planar equilibrium structure, while the
methyl groups in ethane have a pyramidal geometry. The
ZPE-corrected bond dissociation energy (D0 = 83.4 kcal
mol�1) is in reasonable agreement with the experimental
value of 89.9 kcal mol�1.


The breakdown of DEint into the three energy terms pro-
vides the most important result. Table 2 shows that the elec-
trostatic attraction, DEelstat, is �130.9 kcal mol�1, which is
41.4 % of the total attractive energy, while the orbital term,
DEorb, contributes �185.5 kcal mol�1 (58.6 %). The EPA re-
veals that, like the nitrogen�nitrogen bond in N2, the quasi-
classical electrostatic attraction between the methyl groups
in ethane is stronger than the total interaction energy. It
should be emphasized that this result does not depend on
the partitioning procedure that was used in the bonding
analysis. The only arbitrary decision made was the choice of
methyl fragments for the analysis of the C�C bond in
ethane.


Table 2 shows that the electrostatic character of the E�E
bond increases monotonically from F�F (20.7 %) to HBe�


BeH (58.4 %) but then decreases for Li�Li (37.3 %). The
absolute values of DEelstat exhibit a less regular trend. There
are several factors that determine the strength of the elec-
trostatic attraction; the interatomic distance E�E, the nucle-
ar charge of E and the topography of the electronic charge
distribution. The latter can be visualized by analysis of the
electron-density distribution. Figure 2a shows a contour line
diagram of the Laplacian distribution of the electron densi-
ty, 521(r), of the CH3 fragment in the frozen geometry of
ethane. The Laplacian distribution has been found to be a
sensitive probe for the topology of the electron-density dis-
tribution, 1(r).[40] The solid lines in Figure 2a show areas of
relative electronic charge concentration, while the dashed


Table 2. Energy decomposition analysis[a] of the HnE�EHn single bond (E=Li to F) at the BP86/TZ2P level of theory. Calculated atomic partial charges
qE and the E�E bond lengths are also given.


Li2 Be2H2 B2H4 C2H6 N2H4 O2H2 F2


Symm. D¥h D¥h D2d D3d C2 C2 D¥h


DEint �20.6 �70.3 �114.5 �114.8 �76.8 �62.6 �52.8
DEPauli 1.9 41.1 161.7 201.6 407.9 384.6 145.8
DEelstat


[b] �8.4 (37.3 %) �65.1 (58.4 %) �140.5 (50.9 %) �130.9 (41.4 %) �178.3 (36.8 %) �145.8 (32.6 %) �41.1 (20.7 %)
DEorb


[b] �14.1 (62.7 %) �46.3 (41.6 %) �135.7 (49.1 %) �185.5 (58.6 %) �306.4 (63.2 %) �301.4 (67.4 %) �157.5 (79.3 %)
DEs


[c] �14.1 (100 %) �46.3 (100 %) �119.7 (88.2 %) �175.5 (94.6 %) �151.3 (96.1 %)
DEp


[c] �16.0 (11.8 %) �10.0 (5.4 %) �6.2 (3.9 %)
DEprep 0 1.6 6.1 21.7 4.2 3.2 0
De 20.6 68.7 108.4 93.1 72.6 59.4 52.8
D0


[d] 20.1 (26.4�1.0) 64.9 (71.7)[e] 103.0 (104.0)[e] 83.4 (89.9�0.5) 62.8 (65.8) 53.6 (50.9�1.0) 51.5 (37.9)
qE [e] 0.0 0.196 0.081 �0.105 �0.214 �0.153 0.0
E�E [�][d] 2.737 (2.673) 2.101 (2.101)[f] 1.623 (1.656)[g] 1.532 (1.535) 1.443 (1.449) 1.473 (1.464)[h] 1.421 (1.412)


[a] Energy values are given in kcal mol�1. [b] The percentage values in parentheses give the contribution to the total attractive interactions DEelstat+DEorb.
[c] The percentage values in parentheses give the contribution to the orbital interactions DEorb. [d] The experimental values are given in parentheses.
Unless otherwise noted they have been taken from ref. [35]. [e] The theoretical value was taken from high-level (CBS-Q) ab initio calculations, see
ref. [36]. [f] The theoretical value was taken from ref. [37]. [g] The theoretical value was taken from ref. [38]. [h] Ref. [39].


Figure 2. Contour line diagrams of the Laplacian distribution, 521(r), of
a) CH3 calculated with the frozen geometry of H3C�CH3 and b) BeH cal-
culated with the frozen geometry of HBe�BeH. Solid lines give areas of
charge concentration [521(r)<0], while dashed lines give areas of charge
depletion [521(r)>0].
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lines indicate areas of relative charge depletion. We would
like to point out that the Laplacian distribution does not
show absolute charge concentrations. It indicates rather the
differences in the charge concentration around the atoms
with respect to monotonous decay. In a separated atom, the
Laplacian distribution gives the shell structure of the elec-
tron density. For a bonded atom in a molecule, the Lapla-
cian distribution gives the deformation of the spherical
charge distribution which is caused by the interatomic inter-
actions. The shape of the Laplacian distribution of a mole-
cule shows the areas of charge concentration and charge de-
pletion relative to the charge distribution of the free atoms.


The shape of the Laplacian distribution in Figure 2a clear-
ly shows that the carbon atom of the methyl group has an
area of charge concentration that is aligned in the direction
of the carbon�carbon bond of ethane. This charge concen-
tration can be interpreted as the electron density of an elec-
tron in an sp3-hybridized orbital. The important point is that
the carbon atom of the methyl radical in ethane has a highly
anisotropic valence-electron distribution that enhances the
electrostatic attraction with the nucleus of the other carbon
atom. The EPA of the nitrogen�nitrogen bond in N2 has
shown, however, that fragments that have a spherically sym-
metrical charge distribution may strongly attract each other
through classical electrostatic interactions. Hence, the aniso-
tropy of the charge distribution enhances or weakens the
DEelstat term.


The electron-density distribution in the BeH fragment of
HBe�BeH shows an even larger area of charge concentra-
tion at the beryllium atom directed towards the other Be
(Figure 2b). This is because beryllium is less electronegative
than carbon and thus the charge distribution is more diffuse.
The charge distribution around the lithium atom is isotropic,
however, because the valence electron occupies the 2s AO
(Figure 3a). The results of the calculations suggest that the
topography of the electron-density distribution of the inter-
acting fragments is very important for the relative strength
of the DEelstat term. Note that according to the atomic partial
charge, qE, there should be electrostatic repulsion between
the atoms in E�E. The repulsion should be particularly
large for the N�N interactions in N2H4, which actually has
the biggest absolute value of the electrostatic attractions in
the HnE�EHn molecules (Table 2). This is because only the
total atomic net charge is considered in the partial charges,
which can be misleading because the topography of the va-
lence-electron distribution is neglected.


The EPA calculations underestimate the contribution of
the electrostatic attraction. This can be demonstrated by fur-
ther analysis of the electronic structure of Li2. Figure 3a ex-
hibits the Laplacian distribution, 521(r), of lithium, which
shows that an isotropic charge distribution, 1(r), is used to
calculate DEelstat. Figure 3b shows the Laplacian distribution
of lithium in Li2, which was calculated by using the frozen
orbital coefficients of lithium in the diatomic molecule. It is
evident that the valence-electron concentration of lithium is
highly polarized towards the other lithium atom as the
charge concentration is aligned along the Li�Li bond. The


distorted electronic charge distribution of lithium will en-
hance the electrostatic attraction compared with the undis-
torted charge distribution because more negative charge is
accumulated near the nucleus of the other lithium atom. It
could be argued that DEelstat should be calculated by using
the electron-density distribution shown in Figure 3b. Howev-
er, this would be meaningless because the distorted charge
distribution, 1(r), is a result of all the interatomic interac-
tions including the orbital interactions.


So far in the discussion of the nature of the chemical
bond in HnE�EHn we have focussed on the attractive
energy contributions, DEorb and DEelstat, but the repulsive
contribution of DEPauli is also very important for understand-
ing the strength of the bonding interactions. For example,
the calculated DEPauli value for H2N�NH2 is very large
(407.9 kcal mol�1), which is why the DEint value and the
bond dissociation energy, De, are significantly lower than
those of H2B�BH2 and H3C�CH3. The strong Pauli repul-
sion arises from the interaction between the lone-pair elec-
trons of the nitrogen atoms in the lowest-lying gauche con-
formation of hydrazine shown in Figure 4a. The attractive
terms, DEelstat and DEorb, of H2N�NH2 have the largest
values of the HnE�EHn molecules, which indicates that the
lower BDE of H2N�NH2 relative to H3C�CH3 is not caused
by a weaker nitrogen–nitrogen attraction. The results of the
EPA of H2N�NH2 and H2Be�BeH2 show that use of the net
interaction energy, DEint, and the bond dissociation energy,
De, in a comparison of the nature of the chemical bonds
may be misleading. These two molecules have very similar
DEint and De values, but the Pauli repulsion in H2N�NH2 is
10 times higher than in H2Be�BeH2. The Pauli repulsion in


Figure 3. Contour line diagrams of the Laplacian distribution, 521(r), of
a) the lithium atom calculated with complete SCF convergence and b)
the lithium atom calculated with the frozen AO coefficients of Li2. The
solid lines give areas of charge concentration [521(r)<0], while the
dashed lines give areas of charge depletion [521(r)>0].
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HO�OH, which comes from the interatomic interactions of
the oxygen lone-pair electrons (see Figure 4c), is also very
large (DEPauli =384.6 kcal mol�1) and hence the reason for
the rather low BDE.


The calculated energy terms of the fluorine�fluorine bond
in F2 are good examples with which to demonstrate the in-
sight that has been gained through the EPA. It is well
known that F2 has a lower BDE than Cl2. This is usually ex-
plained by the interatomic Pauli repulsion of the fluorine
lone-pair electrons, which is expected to be rather strong
owing to the short F�F interatomic distance. However,
recent investigations of the chemical bonds in the dihalogen
molecules X2 (X=F to I) using the EPA method have
shown that the small BDE of F2 is in fact due to the unusu-
ally weak quasiclassical electrostatic attraction between the
fluorine atoms.[41] Fluorine is the most electronegative ele-
ment and has a small atomic radius because of the compact
electron-density distribution. Hence the electron density of
the fluorine atom only overlaps with the nucleus of the
other fluorine atom to a small extent.


It seems possible that the much weaker bond of F2


(DEint =�52.8 kcal mol�1) relative to that of H2B�BH2


(DEint =�114.5 kcal mol�1) can also be explained by the dif-
ference between the DEelstat values. Alternatively F2 may
have a weaker bond than
H2B�BH2 because the former
has a larger Pauli repulsion
due to its lone-pair electrons
which the latter does not have.
The data in Table 2 does not
support this reasoning. Com-
parison of the results for F2


and H2B�BH2 shows that the
orbital interactions in difluor-
ine (DEorb =�157.5 kcal mol�1)
are stronger than those in
H2B�BH2 and that the Pauli
repulsion (DEPauli = 145.8 kcal
mol�1) is weaker. The weaker
bond of F2 compared with
H2B�BH2 is therefore a result
of the significantly weaker
electrostatic attraction (DEelstat


=�41.1 kcal mol�1). The low DEelstat value can be attributed
to the compact 2p orbital of the most electronegative ele-
ment, fluorine, which prevents a strong attraction between
the unpaired electron in the 2p(s) AO of one fluorine atom
and the nucleus of the other. The same argument explains
why the Pauli repulsion in F2 is much weaker than that in
HO�OH and H2N�NH2.


Table 2 also includes the s and p contributions to the E�
E orbital interactions in molecules that possess a mirror
plane. The p-bonding contributions to DEorb in B2H4, C2H6


and F2 are, as expected, rather small. The strength of the hy-
perconjugative interactions in H2B�BH2 (D2d) is 16.0 kcal
mol�1, which is 11.8 % of the total DEint term. This means
that the empty p(p) orbital of boron is stabilized by one B�
H bond by 4.0 kcal mol�1. A detailed EPA of the boron�
boron bond in X2B�BX2 (X=H, F, Cl, Br, and I) has been
presented somewhere else.[22l]


FnE�EFn bonds (E=Be to O; n= 1–3): We analyzed the E�
E bonding in molecules of FBe�BeF, F2B�BF2, F3C�CF3,
F2N�NF2, and FO�OF by the EPA method in order to learn
about the effect of fluorine substitution on the nature of the
bond. The results are given in Table 3.


The results of the EPA show that the ratio of the contri-
bution of electrostatic and orbital interactions to the E�E
bond does not change much when hydrogen is substituted
by fluorine. The relative contributions of the electrostatic at-
traction to the binding interactions in FnE�EFn are as high
as in HnE�EHn. In the former compounds the DEelstat term
constitutes between 29.8 (E= O) and 55.3 % (E=Be) of the
attractive interactions. Previous theoretical studies have in-
dicated that several of the properties of these molecules
change very little when hydrogen atoms are replaced by flu-
orine atoms.[47] However, there are surprising differences in
the bond strengths of FnE�EFn and HnE�EHn, which will be
analyzed with the help of the EPA data.


Comparison of the calculated interaction energy values
DEint of the FnE�EFn bond (Table 3) with the DEint values of


Figure 4. Sketch of the calculated conformations of a) H2N�NH2, b)
F2N�NF2, c) HO�OH and d) FO�OF. The theoretically predicted torsion
angles are given in degree.


Table 3. Energy decomposition analysis[a] of the FnE�EFn single bond (E=Be to O) at the BP86/TZ2P level
of theory. Calculated atomic partial charges qE and the E�E bond lengths are also given.


Be2F2 B2F4 C2F6 N2F4 O2F2


Symm. D¥h D2d D3d C2 C2


DEint �71.8 �102.6 �92.9 �21.7 �97.6
DEPauli 26.3 123.8 253.9 323.1 614.4
DEelstat


[b] �54.2 (55.3 %) �116.5 (51.5 %) �150.2 (43.4 %) �130.6 (37.9 %) �212.0 (29.8 %)
DEorb


[b] �43.9 (44.7 %) �109.9 (48.5 %) �196.6 (56.6 %) �214.2 (62.1 %) �500.0 (70.2 %)
DEs


[c] �43.8 (99.8 %) �105.3 (95.8 %) �184.2 (93.7 %)
DEp


[c] �0.1 (0.2 %) �4.6 (4.2 %) �12.4 (6.3 %)
DEprep 1.3 4.1 5.6 4.6 36.0
De 70.5 98.5 87.3 17.1 61.6
D0


[d] 68.4 95.2 84.3 (96.9�2)[e] 14.2 (21�1)[e] 59.2 (48)[f]


qE [e] 0.268 0.247 0.221 0.113 0.159
E�E [�][d] 2.050 1.725 (1.719)[g] 1.567 (1.545)[h] 1.527 (1.492)[i] 1.204 (1.217)[j]


[a] Energy values in kcal mol�1. [b] The percentage values in parentheses give the contribution to the total at-
tractive interactions DEelstat+DEorb. [c] The percentage values in parentheses give the contribution to the orbi-
tal interactions DEorb. [d] The experimental values are given in parentheses. [e] Ref. [42]. [f] On the basis of
the heats of formation of FOOF and OF, which are reported in ref. [43]. [g] Ref. [44]. [h] Ref. [35].
[i] Ref. [45]. [j] Ref. [46].
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the respective hydrogen-substituted analogues HnE�EHn


(Table 2) shows that the fluorine atom has a non-uniform
effect on the interaction energies. FBe�BeF and HBe�BeH
have nearly the same DEint values, whereas the fluorine ana-
logues, F2B�BF2 and F3C�CF3, have smaller interaction en-
ergies than the corresponding hydrogen systems. The inter-
action energy of N2F4 (DEint =�21.7 kcal mol�1) is much
smaller than that of N2H4 (DEint =�76.8 kcal mol�1), while
O2F2 (DEint =�97.6 kcal mol�1) has a significantly larger in-
teraction energy than O2H2 (DEint =�62.6 kcal mol�1). The
analysis of the energy terms should enable a better under-
standing of the peculiar trend of the calculated DEint values.


Inspection of the energy contributions to DEint of FBe�
BeF (Table 3) shows that the absolute values of DEelstat,
DEPauli, and DEorb are smaller than those of HBe�BeH
(Table 2) even though the former compound has a shorter
Be�Be bond than the latter. The FBe�BeF bonding orbital
has a higher percentage s character and is therefore more
compact than the HBe�BeH s orbital because fluorine is
more electronegative than hydrogen.[48] The repulsive and
attractive beryllium–beryllium interactions in FBe�BeF are
therefore weaker than those in HBe�BeH but the sum of
the energy contributions in the two molecules yields nearly
the same DEint value. Note that the B�B distance in F2B�
BF2 is significantly longer (1.725 �) than that in H2B�BH2


(1.623 �), which is in contrast to the findings with the beryl-
lium system in which the substitution of hydrogen by fluo-
rine causes a shortening of the central bond. This can be ex-
plained by consideration of the p-bonding contribution to
the D2d equilibrium structures of F2B�BF2 and H2B�BH2.
The B�H bonding orbital is a better hyperconjugative donor
than the B�F bonding orbital. The latter orbitals contribute
only 4.6 kcal mol�1 to the B�B bond (Table 3) while the p-
bonding contribution to the B�H bonds is 16.0 kcal mol�1


(Table 2). The F2B�BF2 bond becomes shorter than the
H2B�BH2 bond when the hyperconjugative interactions are
turned off. Geometry optimization of planar (D2h) structures
gives bond lengths of 1.734 (F2B�BF2) and 1.752 � (H2B�
BH2). Hence, the HBe�BeH and FBe�BeF bonding interac-
tions are mainly determined by direct Be�Be contact while
the F2B�BF2 and H2B�BH2 bonding interactions in the D2d


equilibrium structures are significantly influenced by the hy-
drogen and fluorine substituents.


The interaction energy of F3C�CF3 (DEint =�92.9 kcal
mol�1) is clearly smaller than that of H3C�CH3 (DEint =


�114.8 kcal mol�1) even though the electrostatic attraction
and orbital interactions in the former compound are stron-
ger than in the latter. The smaller DEint value for the former
molecule can be explained in terms of the much higher
Pauli repulsion in F3C�CF3, which is caused by the fluorine�s
lone-pair electrons. Note that the bond dissociation energy
of F3C�CF3 (calculated D0 =84.3 kcal mol�1; experimental
D0 =96.9 kcal mol�1) is greater than that of H3C�CH3 (calcu-
lated D0 = 83.4 kcal mol�1; experimental D0 = 89.9 kcal
mol�1). Two factors are responsible for this. One factor is
significantly smaller preparation energy of the CF3 groups
(DEprep =5.6 kcal mol�1) compared with that of the CH3


groups (DEprep =21.7 kcal mol�1). The second factor that
leads to the higher bond dissociation energy of F3C�CF3 is
the smaller contribution of the zero-point vibrational energy
(3.0 kcal mol�1) compared with that for H3C�CH3 (9.7 kcal
mol�1). The contributions of the p bonding to the DEorb of
F3C�CF3 (�12.4 kcal mol�1) and H3C�CH3 (�10.0 kcal
mol�1) are similar although this property only plays a minor
role in the C�C bond of these molecules.


The energy-partitioning analysis of F2N�NF2 was carried
out by using the gauche conformation of the molecule (Fig-
ure 4b) in order to compare the results with those for the
hydrazine molecule, which has a gauche equilibrium geome-
try. A recent experimental study of the conformational sta-
bility of N2F4 by Raman spectroscopy showed that the
gauche and trans conformations are energetically nearly de-
generate.[49] The enthalpy difference was determined to be
0.197�0.017 kcal mol�1 with the trans conformer the most
stable rotamer.


F2N�NF2 has the smallest DEint value (�21.7 kcal mol�1)
of the FnE�EFn compounds (Table 3). Comparison of the
energy components of the N�N bond in F2N�NF2 with
those in H2N�NH2 (Table 2) shows that the absolute values
of DEPauli, DEelstat, and DEorb in the former compound are
smaller than those in the latter. This appears reasonable be-
cause F2N�NF2 has a significantly longer N�N bond
(1.527 �) than H2N�NH2 (1.443 �). Shortening of the F2N�
NF2 distance would result in a steep increase in the Pauli re-
pulsion because the lone pairs on the fluorine atoms of the
adjacent NF2 groups would be closer to each other. Note,
however, that F3C�CF3 also has a longer central bond than
H3C�CH3 and yet the former compound has larger values of
DEPauli, DEelstat, and DEorb than the latter. The differences be-
tween the carbon and nitrogen systems can be explained by
the shorter E�E bond length of H2N�NH2 (1.443 �) relative
to that of H3C�CH3 (1.532 �) and by the lone pairs in the
former compound, which also yield a strong Pauli repulsion
in the hydrogen-substituted compound.


The most surprising result of the energy analysis of the
FnE�EFn compounds is the very strong interaction energy of
FO�OF (DEint =�97.6 kcal mol�1). The calculated bond dis-
sociation energy (De = 61.6 kcal mol�1) is much smaller than
the DEint value because the preparation energy of the OF
fragments is rather high. The O�F distance in FO�OF is
clearly longer (1.608 �) than that in free OF (1.366 �). The
lengthening of the O�F distance on formation of FO�OF is
in agreement with the experimental[46] and previous theoret-
ical[50] results. Inspection of the energy terms (Table 3)
shows that the contribution of the orbital interactions to the
oxygen�oxygen bond is very large (DEorb =�500.0 kcal
mol�1). The large value of the DEorb term relative to that for
HO�OH compensates for the greater Pauli repulsion
(614.4 kcal mol�1) in FO�OF. The O�O bond length in FO�
OF is much shorter (1.204 �) than that in HO�OH
(1.473 �). It is striking that substitution of the hydrogen
atoms in H3C�CH3 and H2N�NH2 by fluorine leads to
longer interatomic distances and smaller interaction energies
for the central C�C and N�N bonds, while the central bond
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length in FO�OF is much shorter and the DEint value is sig-
nificantly higher than for HO�OH. This can be explained in
terms of the Pauli repulsion between the fluorine�s lone-pair
electrons in FO�OF, which can be reduced by rotation
about the O�O bond (Figure 4d). This is not possible in
F3C�CF3 and F2N�NF2 because any rotation about the C�C
or N�N bond that reduces the Pauli repulsion between one
pair of adjacent fluorine atoms will enhance the Pauli repul-
sion between other fluorine atoms (see Figure 4b for F2N�
NF2). Note that the calculated FO�OF dihedral angle is
89.48 (experimental value 87.58),[46] which shows that the
molecule tries to minimize the F–F repulsion in the gauche
conformation. The Pauli repulsion between the fluorine
atoms would be even weaker in the trans conformer, but
then the favorable hyperconjugation between the oxygen�s
lone-pair electrons and the trans O�F s* orbitals would be lost.


Multiple bonds in HB=BH, H2C=CH2, HC�CH, and HN=


NH : We analyzed the double bonds between elements of
the first octal row in the homopolar molecules HB=BH,
H2C=CH2, and the trans form of HN=NH. The calculations
on the boron species B2H2 were performed on the (1Sg


+)
singlet state (D¥h symmetry), which is an excited state, be-
cause we wanted to compare the strength of the boron�
boron p bond with the other molecules: B2H2 has a (3Sg


�)
triplet ground state.[51] We also investigated the triple bond
in acetylene, HC�CH. The EPA results are given in Table 4.


The contributions of the electrostatic attraction to the
binding interactions of the multiple bonds are smaller than


in the respective single bonds (Table 2) but they are still
rather large. The HnE=EHn double bonds possess between
34.6 (E=N) and 40.1 % (E=B) electrostatic character.
Thus, more than one third of the total interatomic attraction
comes from electrostatic forces. The contribution of DEelstat


to the binding interactions of HC�CH is still 27.6 %.
The calculated HB=BH bond length is clearly shorter


(1.526 �) than that of H2B�BH2 (1.623 �) and the estimat-
ed interaction energy of the former compound (DEint =


�159.8 kcal mol�1) is significantly larger than that of the
latter (DEint =�114.5 kcal mol�1). How much of the increase
in DEint can be attributed to the boron�boron p bond? The
results in Table 4 show that the contribution of DEorb to the
HB=BH bond is larger (absolute value: �165.5 kcal mol�1;
relative value 59.9 %) than the contribution of DEorb to the
H2B�BH2 bond. However, the s contribution to DEorb of
HB=BH is actually less (DEs =�111.1 kcal mol�1) than that
to DEorb of H2B�BH2 (DEs =�119.7 kcal mol�1). This means
that the p-bonding interactions in HB=BH lead to a reduc-
tion in the s-bond strength, which is compensated by the en-
hanced p-bond strength. Table 4 shows that DEp contributes
�54.4 kcal mol�1 (32.9 %) to DEorb while DEs contributes
�111.1 kcal mol�1 (67.1%). It follows that the p bond in
HB=BH is half as strong as the s bond. The electrostatic at-
traction and the Pauli repulsion in HB=BH are clearly
weaker than in H2B�BH2.


The interaction energy in ethylene is also higher (DEint =


�191.1 kcal mol�1) than in ethane (DEint =�114.8 kcal
mol�1), but in contrast to the boron systems all the energy
components of the doubly bonded molecule are larger than
those of the singly bonded species. The contribution of the
orbital interactions to the carbon=carbon double bond in
ethylene is slightly larger (61.6 %) than to the carbon�
carbon single bond in ethane (58.6 %). The p-bond strength
in H2C=CH2 (DEp =�79.2 kcal mol�1) amounts to 27.2 % of
the total orbital interactions, while the s contribution
(DEs =�212.2 kcal mol�1) is 72.8 % of DEorb. This means
that the p-bond strength in ethylene has approximately one
third the strength of the s bond.


We wish to point out that the EPA of DEint gives a much
more direct estimate of the p-bond strength than the cal-
culation or the measurement of the rotational barrier of
the molecule since rotation about a double bond also affects
the other energy components of the chemical bond, that is,
the s bonding, electrostatic attraction, and nuclear repul-
sion.


The data in Table 4 show that the N=N interaction energy
of trans-diazene is also much higher (DEint =�137.4 kcal
mol�1) than the N�N interaction energy of hydrazine
(DEint =�76.8 kcal mol�1), but is clearly less than the DEint


value of ethylene. The absolute values of the energy compo-
nents of HN=NH are significantly higher than those of
ethylene, but the very strong Pauli repulsion in diazene
(DEPauli = 599.4 kcal mol�1) leads to a weaker net attraction.
Note that the absolute values of the p-bonding interactions
increase from HB=BH to H2C=CH2 and HN=NH, while the
percentage DEp decreases (Table 4).


Table 4. Energy decomposition analysis[a] of the HB=BH, H2C=CH2,
trans-HN=NH and HC�CH multiple bonds at the BP86/TZ2P level of
theory. Calculated atomic partial charges qE and the E�E bond lengths
are also given.


B2H2 C2H4 trans-N2H2 C2H2


Symm. D¥h D2h C2h D¥h


DEint �159.8 �191.1 �137.4 �280.0
DEPauli 116.3 281.9 599.4 255.4
DEelstat


[b] �110.6
(40.1 %)


�181.6
(38.4 %)


�254.6
(34.6 %)


�147.5
(27.6 %)


DEorb
[b] �165.5


(59.9 %)
�291.4
(61.6 %)


�482.2
(65.4 %)


�387.9
(72.4 %)


DEs
[c] �111.1


(67.1 %)
�212.2
(72.8 %)


�392.6
(81.4 %)


�215.5
(55.6 %)


DEp
[c] �54.4


(32.9 %)
�79.2
(27.2 %)


�89.6
(18.6 %)


�172.4
(44.4 %)


DEprep 4.4 12.9 5.6 32.8
De 155.4 178.2 131.8 247.2
D0


[d] 149.8 168.3
(175.4�2)


123.7
(123.8�1)[e]


238.7
(230.9�2)


qE [e] 0.031 �0.086 �0.106 �0.093
E�E
[�][d]


1.526
(1.498)[f]


1.333
(1.339)


1.249
(1.252)[g]


1.206
(1.203)


[a] Energy values are given in kcal mol�1. [b] The percentage values in pa-
rentheses give the contribution to the total attractive interactions
DEelstat+DEorb. [c] The percentage values in parentheses give the contri-
bution to the orbital interactions DEorb. [d] The experimental values are
given in parentheses. Unless otherwise noted they have been taken from
ref. [35]. [e] Ref. [52]. [f] The theoretical values was taken from ref. [53].
[g] Ref. [54].
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The EPA results suggest
(Table 4) that the much higher
interaction energy of acetylene
(DEint =�280.0 kcal mol�1)
compared with that of ethyl-
ene (DEint =�191.1 kcal mol�1)
comes from the increase in the
strength of the orbital interac-
tions. The electrostatic attrac-
tion in HC�CH (DEelstst =


�147.5 kcal mol�1) is weaker
than that in H2C=CH2


(DEelstst =�181.6 kcal mol�1),
whereas the DEorb value of the
C�C triple bond (�387.9 kcal
mol�1) is much higher than
that of the double bond
(�291.4 kcal mol�1). The in-
crease in DEorb is nearly exclu-
sively a result of the p-bonding
interactions in acetylene. The data in Table 4 indicate that
the strength of the p bonding in HC�CH (DEp =


�172.4 kcal mol�1) is much higher than in H2C=CH2 (DEp =


�79.2 kcal mol�1), while the s-bond strength in HC�CH
(DEs =�215.5 kcal mol�1) is nearly the same as in H2C=CH2


(DEs =�212.2 kcal mol�1). This is not surprising because
acetylene has a degenerate p orbital which has two compo-
nents while the p orbital of ethylene has only one. The cal-
culated data suggest that each of the p-orbital components
of acetylene has about the same strength as the p orbital in
ethylene. The p-bond strength in acetylene contributes
44.4 % to the total orbital interactions.


Finally, we compare the C�C triple bond in acetylene
with the triple bond in dinitrogen (Table 1). The calculated
energy terms show that the triple bond in C2H2 has a signifi-
cantly larger interaction energy than that in N2 as a result of
the much weaker Pauli repulsion in the former bond. The
attractive interactions in the N�N bond (DEelstst+DEorb =


�1042.9 kcal mol�1) are nearly twice as high as those in the
HC�CH bond (DEelstst+DEorb =�535.4 kcal mol�1), although
the difference between the DEPauli strengths is even greater.


H3E�EH3 bonds (E= C to Pb): We have also investigated
the changes in the nature of the H3E�EH3 homopolar bonds
along the Group 14 elements: E=C, Si, Ge, Sn, and Pb.
Table 5 gives the results of the EPA.


The calculated data predict that the interaction energies
DEint decrease monotonically from the lightest member of
the series H3C�CH3 (DEint =�114.8 kcal mol�1) to the heavi-
est H3Pb�PbH3 (DEint =�48.2 kcal mol�1). The dissociation
energies, De and D0, display the same trend. With the excep-
tion of ethane, the absolute values of the interaction ener-
gies are only slightly larger than the De values because the
preparation energies are rather small.


The electrostatic nature of the H3E�EH3 bond increases
from E=C to E=Sn. The lead�lead bond has a slightly
higher percentage contribution from the orbital interactions


than the tin�tin bond, which might be caused by relativistic
effects which are particularly strong in lead compounds.[58]


Apart from this, the changes in the nature of the H3E�EH3


bond and the strengths of the energy terms along the series
from carbon to lead are uniform. Note, however, that the
absolute values of the Pauli repulsion and electrostatic at-
traction in H3Ge�GeH3 are larger than in H3Si�SiH3, possi-
bly due to the filled 3d shell and the resulting contracted
atomic radius of Ge relative to Si.


Summary


The interaction energy of a chemical bond can be meaning-
fully interpreted in terms of quasiclassical electrostatic inter-
action, Pauli repulsion, and orbital interactions. The contri-
butions of all three terms must be considered when chemical
bonds are compared. Chemical bonding is caused by classi-
cal electrostatic interactions and by the specific quantum
mechanical kinematics of electrons, which result in the Pauli
repulsion of occupied overlapping orbitals and the reso-
nance and deformation of partially occupied orbitals.


The results of the EPA show that nonpolar covalent
bonds between main-group elements of the first and higher
octal rows of the periodic table have large contributions
from quasiclassical electrostatic attractions between the
bonded fragments that may be even stronger than orbital in-
teractions. The bonding interactions in HnE�EHn (E= Li to
F; n=0–3) possess between 20.7 (E=F) and 58.4 % (E=


Be) electrostatic character. The nature of the bonding inter-
actions in H2, which comes exclusively from orbital interac-
tions, is atypical of chemical bonds. The electrostatic bond-
ing arises from the attraction between areas of electronic
charge concentration in the valence-shell distribution of one
atom and the nucleus of the other atom. With the exception
of lithium, the electronic charge distribution in the valence
shell of E in the fragment HnE is highly anisotropic. Howev-


Table 5. Energy decomposition analysis[a] of the H3E�EH3 single bond (E=C to Pb) at the BP86/TZ2P level
of theory. Calculated atomic partial charges qE and E�E bond lengths are also given.


C2H6 Si2H6 Ge2H6 Sn2H6 Pb2H6


Symm. D3d D3d D3d D3d D3d


DEint �114.8 �75.2 �69.7 �58.8 �48.2
DEPauli 201.6 101.2 114.4 98.3 84.0
DEelstat


[b] �130.9 (41.4 %) �83.8 (47.5 %) �95.2 (51.7 %) �86.6 (55.1 %) �68.3 (51.7 %)
DEorb


[b] �185.5 (58.6 %) �92.6 (52.5 %) �88.9 (48.3 %) �70.5 (44.9 %) �63.9 (48.3 %)
DEs


[c] �175.5 (94.6 %) �87.8 (94.8 %) �84.3 (94.8) �67.5 (95.7 %) �61.2 (95.8)
DEp


[c] �10.0 (5.4 %) �4.8 (5.2 %) �4.6 (5.2 %) �3.0 (4.3 %) �2.7 (4.2)
DEprep 21.7 2.8 2.2 1.4 1.4
De


[d] 93.1 72.4 67.5 57.4(61.3)[e] 46.8
D0


[d] 83.4 (89.9�0.5)[f] 68.3 (74�3)[g] 63.8 (70.2)[h] 54.4 43.6
qE [e] �0.105 0.208 0.184 0.263 0.250
E�E [�][d] 1.532 (1.535)[f] 2.352 (2.331)[f] 2.418 (2.403)[f] 2.786 (2.758)[e] 2.898 (2.897)[i]


[a] Energy values in kcal mol�1. [b] The percentage values in parentheses give the contribution to the total at-
tractive interactions DEelstat+DEorb. [c] The percentage values in parentheses give the contribution to the orbi-
tal interactions DEorb. [d] The experimental values are given in parentheses. [e] The theoretical value was
taken from ref. [55]. [f] Ref. [35]. [g] Ref. [42]. [h] The theoretical value was taken from ref. [56]. [i] The theo-
retical value was taken from ref. [57].
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er, even fragments with a spherically symmetrical electronic
charge distribution may strongly attract each other through
quasiclassical electrostatic forces. This is evident from the
calculated value DEelstat =�312.9 kcal mol�1 for N2. A true
understanding of the nature of the chemical bond can only
be achieved when the Pauli repulsion is considered. The
binding interactions in H2N�NH2 and HO�OH are weak-
ened by strong Pauli repulsion.


The substitution of hydrogen by fluorine does not lead to
significant changes in the nature of the binding interactions
in FnE�EFn (E=Be to O), that is, the relative strengths of
the orbital interactions and electrostatic attraction change
little although the absolute values may change substantially.
The fluorine substituents have a large effect on the Pauli re-
pulsion in the nitrogen and oxygen compounds, which ex-
plains why F2N�NF2 has a much weaker bond than H2N�
NH2, while the interaction energy in FO�OF is much stron-
ger than in HO�OH.


The double bonds in HB=BH, H2C=CH2, and HN=NH
have a higher degree of orbital interactions than the corre-
sponding single bonds in HnE�EHn. Orbital interactions
make an even bigger contribution to the covalent bonding
in the HC�CH triple bond. The relative contribution of the
DEelstat term increases whilst that of the p bonding decreases
as E becomes more electronegative. The p-bonding interac-
tions in HC�CH amount to 44.4 % of the total orbital inter-
actions. The interaction energy in H3E�EH3 (E= C to Pb)
decreases monotonically as the element E becomes heavier.
The electrostatic character of the E�E bond increases from
E=C (41.4 %) to E= Sn (55.1 %), but decreases when E=


Pb (51.7 %).
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Why Does Pivalaldehyde (Trimethylacetaldehyde) Unexpectedly Seem More
Basic Than 1-Adamantanecarbaldehyde in the Gas Phase? FT-ICR and High-
Level Ab Initio Studies


Esther Quintanilla,[a] Juan Z. D�valos,[a] Jos�-Luis M. Abboud,*[a] Manuel Alcam�,[b]


M. Pilar Cabildo,[c] Rosa M. Claramunt,*[c] Jos� Elguero,[d] Otilia M�,[b] and
Manuel Y�Çez*[b]


Introduction


A great deal of quantitative thermodynamic data on struc-
tural effects on the gas-phase basicity of aliphatic and alicy-
clic carbonyl compounds is currently available,[1] an impor-
tant exception being the family of aldehydes, R�CHO. We
summarize in Table 1 representative gas-phase basicities and
proton affinities for aliphatic and alicyclic aldehydes report-


ed in the literature, the gas-phase basicity (GB) and the
proton affinity (PA) of a base B being the standard Gibbs
energy [DrGm8(1)] and enthalpy [DrHm8(1)] changes for the
reaction given in Equation (1), respectively.


BHþðgÞ ! BðgÞ þHþðgÞ DrGm
�ð1Þ DrHm


�ð1Þ ð1Þ


The National Institute of Standards and Technology
(NIST) compilation of GB and PA values embodies both ex-
perimental and high-level computational results and fre-
quently reports recommended values obtained from the
average of both kinds of data.[1] Here we use the NIST data-
base to obtain the purely experimental values of GB and
PA presented in Table 1. Details regarding the uncertainties
on these properties are given in the Supporting Information.


Initially, we intended to extend this database through the
experimental determination of the gas-phase basicities of tri-
methylacetaldehyde (pivalaldehyde, tBuCHO, 1) and 1-ada-


Abstract: Fourier transform ion cyclo-
tron resonance spectroscopy (FT ICR)
techniques, including collision-induced
dissociation (CID) methodology, were
applied to the study of the gas-phase
protonation of pivalaldehyde (1) and 1-
adamantanecarbaldehyde (2). A new
synthetic method for 2 was developed.
The experiments, together with a thor-


ough computational study involving ab
initio and density functional theory
(DFT) calculations of high level, con-
clusively show that upon monoprotona-


tion in the gas phase, compound 1
yields monoprotonated methyl isopro-
pyl ketone 3. The mechanism of this
gas-phase acid-catalyzed isomerization
is different from that reported by Olah
and Suryah Prakash for the reaction in
solution. In the latter case, isomeriza-
tion takes place through the diprotona-
tion of 1.
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mantanecarbaldehyde (1-AdCHO 2), by means of Fourier
transform ion cyclotron resonance spectroscopy (FT ICR).[2]


As it turned out, this formally straightforward study led us
to some unexpected results that prompted us to further ex-
amine methyl isopropyl ketone (3). These results are report-
ed and discussed below, together with their analysis, both
experimental and theoretical.


Experimental Section


Materials : Pivalaldehyde (1) and methyl isopropyl ketone (3) were pur-
chased from Aldrich and used without further purification. GC analyses
of their vapors showed a purity of 99% and, in particular, the absence of
pivalic acid (formed by oxidation of 1 and likely to be more basic).


Synthesis of 1-adamantanecarbaldehyde (2): Compound 2 was synthe-
sized by the Bouveault reaction[3] starting from dry 1-bromoadamantane
(1.07 g, 5.0 mmol), anhydrous N,N’-dimethylformamide (5.2 mmol), and a
25% lithium dispersion in mineral oil or lithium wire (10.5 mmol, both
containing 1% sodium; with a lesser amount of Na, for instance 0.05 %,
the reaction did not work) in anhydrous THF (50 mL) under argon and
external cooling with ultrasonic radiation from a VIRSONIC 300 CELL
Disrupter Model #175893 (20 kHz). The reaction was completed at room
temperature in 5 min when the lithium dispersion was utilized or in
50 min with lithium wire (the reaction was followed by thin-layer chro-
matography). The excess lithium was filtered and the traces of it remain-
ing in the reaction mixture were destroyed with ammonium chloride in
an ice bath. The product was then extracted with diethyl ether or di-
chloromethane and the solvent evaporated off. Filtration over dry silica
gel 60 (30–400 mesh) with hexane separated the unreacted 1-bromoada-
mantane and high Rf secondary products. The elution with hexane:ethyl
acetate (75:25) afforded pure 1-adamantanecarbaldehyde (2). Yields 50
to 75%; m.p 160–162 8C (literature:[3] 160–162 8C); Rf =0.52 in hexa-
ne:ethyl ether (9:1); IR: ñ=1720 cm�1 (C=O; literature:[3] 1720 cm�1).


Gas-phase studies


The FT ICR spectrometer : In this work, use was made of a modified
Bruker CMS 47 FT ICR mass spectrometer. A detailed description of
the original instrument is given in reference [4]. It has already been used
in a number of studies.[5] Some salient features are as follows. The spec-
trometer was linked to an Omega Data Station (IonSpec, CA). The high-
vacuum was provided by a Varian TURBO V550 turbomolecular pump
(550 Ls�1). Inert gases for CID studies were admitted by means of a


Abstract in Spanish: La t�cnica espectrosc�pica de Resonan-
cia Ciclotr�nica de Iones con Transformada de Fourier (FT
ICR) junto con la metodolog�a de Disociaci�n Inducida por
Colisi�n (CID) se han aplicado al estudio de la protonaci�n
en fase gaseosa del pivalaldehido (1) y adamantanocarbal-
dehido (2). Se ha desarrollado un nuevo m�todo para la s�n-
tesis de 2. Los experimentos, junto con un minucioso estudio
computacional que incluye c�lculos de nivel considerable,
tanto ab initio como por medio de la Teor�a del Funcional de
Densidad (DFT) llevan a la conclusion de que la monoproto-
naci�n en fase gaseosa de 1 da lugar a metilisopropilcetona
(3) monoprotonada. El mecanismo de esta isomerizaci�n en
fase gaseosa catalizada por �cidos es diferente al descrito por
Olah y Suryah Prakash para la reacci�n en disoluci�n. En el
fflltimo caso, la isomerizaci�n ocurre a trav�s de la diprotona-
ci�n de 1.


Table 1. Total energies (E), gas-phase basicities (GB), and proton affinities (PA) of the aldehydes and ketones under investigation.


Substituents E [hartrees][a] ZPE[h] GB [kJ mol�1] PA [kJ mol�1]
R1 R2 B3 LYP G2(MP2) [hartrees] B3 LYP[b] G2(MP2) Exptl[d,g] B3 LYP[b] G2(MP2) Exptl[d,g]


H H 114.549401 114.333205 0.026076 679.7 (684.1) 683.3 680.9�2.6 716.6 712.1 711.1�1.4
114.831261 114.602371 0.039120 712.1�5.5[e]


Me H �153.89229 �153.56901 0.053 511 741.4 (738.6) 737.9 737.9�5.3 775.6 (772.4) 770.6 768.2�4.0
�154.19842 �153.86016 0.065755 772.8�5.9[e]


Me Me �193.23088 �192.80342 0.080 274 792.9 (784.0) 785.8 785.1�5.0 820.0 (811.6) 812.8 812.6�4.4
�193.55367 �193.11064 0.092276 812.2�5.6[e]


Et H �193.21968 �192.79246 0.081203 751.4 (747.4) 746.6 752.6�5.1 783.3 (779.2) 778.0 784.5�5.7[e]


�193.52916 �193.08639 0.093693
Et Me �232.43934 �232.02604 0.120657 801.3 (791.4) 790.1 795.5�6.0 837.2 (826.8) 826.3 831.4�6.5[e]


�232.75590 �232.33836 0.134651
iPr H �232.42750 �232.01631 0.121234 770.4 (764.1) 769.6 765.5�5.1 802.5 (796.5) 801.7 798.9�5.7[e]


�232.73027 �232.31930 0.135266
iPr Me �271.73415 �271.24972 0.151278 810.1 (799.2) 797.5 804.4� 5.1 843.5 (832.3) 830.9 837.8�5.7[e]


�272.05314 �271.56438 0.163841
tBu H �271.72660 �271.24534 0.147505 778.3 (771.1) 770.7 800.1� 10.1[f] 811.3 (803.9) 802.1 833.1�10.4[e,f]


�272.03330 �271.54850 0.151075 863.6 (850.1)[c] 843.9 836.3[f]


tBu Me �311.03151 �310.51498 0.161914 819.7 (807.7) 810.7 808.3�4.5 853.5 (841.2) 842.2 842.1�5.1[e]


�311.35424 �310.98063 0.174111
1-Ad H �503.94658 503.368006 0.271370 807.2 (796.6) 791.6 792.7�4.3[e] 839.7 (829.0) 823.0 825.2�5.0[e,f]


�504.26406 503.693648 0.285719
1-Ad Me �543.25172 845.2 (830.1) (830.1) 833.1�4.7 877.0 (861.9) (861.9) 864.9�5.3[f]


�543.58335


[a] The first entry corresponds to the total energy of the neutral. The second entry is the total energy of the protonated species. [b] Values within paren-
theses correspond to G2(MP2) estimated values from the linear correlation between B3 LYP and G2(MP2) calculated gas phase basicities and proton af-
finities. [c] Values in boldface correspond to the PA of 1 assuming that, upon protonation, it isomerizes to yield the protonated isopropyl methyl ketone.
[d] Average of purely experimental values from reference [1]. [e] From the experimental GB values and the corresponding entropy corrections obtained
at the B3 LYP/6–311 +G(d,p) level in this work. [f] This work. [g] Further details concerning the estimate of the uncertainties are given in the Supporting
Information. [h] Uncorrected values correspond to HF/6–31G(d).
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Parker 009-1380-900 solenoid valve. The magnetic field strength of the
superconducting magnet was 4.7 T.


Determination of gas-phase basicities :[6] Mixtures of the base under scruti-
ny (B) and a reference base (Bref) of known gas-phase basicity were in-
troduced into the high-vacuum section of the instrument. Typical partial
pressures were in the range 5� 10�8–5� 10�7 mbar. The average tempera-
ture of the cell was about 331 K. The mixture was ionized by electron
ionization, using energies in the range 12–18 eV, and ionic fragments of B
and Bref acted as proton sources (to generate BH+ and BrefH


+ ions). In
cases in which the total pressures were below 5� 10�7 mbar, argon was
added up to a total pressure of this order. After reaction times of 3–8 s,
either BH+ or BrefH


+ ions were formed and isolated by means of ion-se-
lection techniques; however, while these ions were reacting with the neu-
tral species, the system was monitored during 10–20 s. In the cases of
compound 2, the reaction given in Equation (2) reached a state of equili-
brium during this time.


BrefðgÞ þ BHþðgÞ ! BrefH
þðgÞ þ BðgÞ Kp ð2Þ


From experiment to experiment, the ratio of the abundances of the two
ions remained constant within 5%, irrespective of whether the BH+ or
BrefH


+ ions were selected. In other experiments, no selection was carried
out, but the ratio was the same within these limits. The pressures of the
neutral species were measured with a Bayard–Alpert ion gauge. Its read-
ings were corrected according to the method by Bartmess and Georgia-
dis,[7] using the polarizabilities (a[ahc]) calculated following Miller�s
method[8] for each compound. The gas-phase basicity of B can be ob-
tained from GB(Bref) and Kp through Equation (3).


GB½B� ¼ GBðBrefÞ�RT ln Kp ð3Þ


In each case, the Kp values were taken as the average of six different ex-
periments involving different ratios of the pressures of the neutral bases.
Experimental results are summarized in Table 2.


Furthermore, because purely experimental PA values are generally
scarce, the entropic term linking GB and PA values is generally estimated
from changes in symmetry numbers of the neutral and protonated spe-
cies.[1] Here we used the NIST database to obtain purely experimental
values of PA and GB. In cases in which only GB values are of experi-
mental origin, we obtained the corresponding PAs by using the relevant
entropies computed in this work at the B3 LYP/6–311 +G(d,p) level. Full
details are given in the Supporting Information.


The apparent gas-phase basicity of pivalaldehyde (1): Proton exchange ex-
periments similar to those indicated above were performed on mixtures
of 1 and 2. It was observed that in a 1:1 mixture of these compounds,
2H+(g) was slowly but irreversibly deprotonated by 1(g) and the same
applied to the protonated forms of MeOAc (GB =790.7), THF (GB =


794.7), and butanone (GB = 795.5 kJ mol�1). Under the same conditions,
1(g) was unable to deprotonate the protonated forms of EtOAc (GB =


804.7) and methyl benzoate (GB =805.7 kJ mol�1). From these results,
the apparent GB of 1 can be estimated at 800.1�9.2 kJ mol�1.


Collision-induced dissociation (CID) experiments : In all cases, nominal
partial pressures of the reagents, that is, 1(g) or 2(g) and the correspond-
ing reference base were in the range 5–8 � 10�9 mbar. Each experiment


started with a quench pulse aimed at removing any ions left within the
ICR cell. Protonation of the neutral species by fragment ions involved
ionization energies in the 14–17 eV range and 12–15 s reaction times. The
protonated molecules BH+ and BrefH


+ thus formed represent about
90% of the total number of ions. Species BH+ were isolated by means of
broadband and soft excitation chirps and cooled after 300 ms by a 7 ms
argon pulse leading to pressures of approximately 9 � 10�6 mbar. Next,
after 300 ms, a second pulse of argon, 9 ms long (maximum pressure of
ca. 1.2 � 10�5 mbar) was applied. BH+ ions were excited by 25 ms “on-res-
onance” RF pulses applied 300 ms later (time corresponding to the maxi-
mum pressure). Peak-to-peak voltages (Vp–p) applied to the excitation
plates were such that the upper limit of the center of mass energies[9]


varied between 1 and 32 eV. Broad-band detection was carried out after
350 ms. We summarize in Figure 1 the evolution of the relative abundan-


ces of the fragment ions obtained from protonated 1 and 3 as a function
of the maximum energies at the center of mass, Ecm (in eV). The frag-
mentation patterns of protonated 1 and 3 are indistinguishable both in
terms of the m/z ratios of the daughter ions as well as of their relative
abundances (agreement within 10% or better from experiment to experi-
ment). The m/z values for the daughter ions (in Th units) are 69 [C5H9]


+ ,
45 [C2H5O]+ , and 41 [C3H5]


+ . Similar studies were performed using
2H2O as a source of 2H+ ; in these experiments the partial pressure of
2H2O was about about 2.0� 10�7 mbar. The results were quite similar to
those reported above, except for the fact that the m/z ratio for all the
parent ions was 88. In the case of deuterated 1 and 3, the only different
daughter ion has an m/z value of 46 and the ion with an m/z value of 45
is absent.


Computational methods : Full details are given in the Supporting Infor-
mation. Here we indicate that, with the exception of 1-adamantyl methyl
ketone, GB and PA values for all aldehydes and ketones were obtained
using the G2(MP2) method,[10] a high-level ab initio technique in the
framework of the general G2 theory. In the case of 1-adamantyl methyl
ketone, these thermodynamic properties were obtained using the excel-
lent correlation between the G2(MP2) and B3 LYP/6–311+G(3df,2p)
data.[11]


Table 2. Experimental results pertaining to the determination of GB
(2).[a]


Bref GB(Bref)
[b] DG GB


1-AdCHO (2) MeOAc 790.7 +1.5 792.2
THF 794.7 �1.5 793.2
MeCOEt 795.5 �2.8 792.7


Average 792.7�4.3[c]


[a] All values in kJ mol�1. [b] From reference [1]. [c] Full details can be
found in the Supporting Information.


Figure 1. Comparative evolution of the relative ion abundances obtained
from CID experiments on protonated pivalaldehyde (1) and protonated
methyl isopropyl ketone (3). Ecm stands for the maximum energy at the
center of mass in each experiment.
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Results and Discussion


The gas-phase protonation of 1-adamantanecarbaldehyde
(2): As indicated in above, this is a reversible process. The
gas-phase basicity of 2 as determined by FT ICR experi-
ments amounts to 792.7�1.1 kJ mol�1, in excellent agree-
ment with the G2(MP2) value, 791.6 kJ mol�1. Furthermore,
using the data reported in Table 1, we find that there is an
excellent linear relationship between the experimental gas
phase basicities of aliphatic and alicyclic aldehydes and the
corresponding methyl ketones (Figure 2). The size of the


slope is fully consistent with the larger electron demand in
protonated aldehydes relative to protonated methyl ketones
(or, alternatively, the lower electronic density on carbonyl
group in the case of protonated aldehydes). The only deviat-
ing datum corresponds to the couple 1/tert-butyl methyl
ketone, discussed below.


The gas-phase protonation of pivalaldehyde (1): At variance
with the case of 2, we find that the gas-phase protonation of
1 by a protonated reference base, BrefH


+ [Eq. (3)], does not
seem to be a reversible process. Bracketing experiments
lead to an apparent GB(1) of 800.1�9.2 kJ mol�1. Interest-
ingly, this value is larger than GB(2) and this is experimen-
tally confirmed by the fact that 1(g) irreversibly deproto-
nates 2H+(g). As shown in Figure 2, compound 1 is a clear
outlier in the correlation between GB values of aldehydes
and methyl ketones (Figure 2, solid square). On the other
hand, the GB(1) value calculated at the G2(MP2) level as-
suming “normal” carbonyl protonation equals
770.7 kJ mol�1, and this value is nicely consistent with the


correlation discussed above (see Figure 2, solid circle).
These facts and further evidence discussed below tend to
suggest that the structure of protonated pivalaldehyde in the
gas phase is not that corresponding to the “normal” proto-
nation of an aliphatic or alicyclic aldehyde [Eq. (4)].


R�CHOðgÞ þHþðgÞ ! ðRCHOHÞþðgÞ ð4Þ


The structure of the ion obtained by gas-phase protonation
of pivalaldehyde : On the basis of the above, we assume that
the protonation of 1 in the gas phase [Eq. (5)] leads to an
ion 1xH


+(g) and deprotonation of this ion by a base B
[Eq. (6)] leads to a neutral species 1x endowed with a struc-
ture different from that of 1.


1ðgÞ þ BHþðgÞ ! 1xHþðgÞ þ BðgÞ ð5Þ


1xHþðgÞ þ BðgÞ ! 1xðgÞ þ BHþðgÞ ð6Þ


As indicated in reference [12], it has long been known
that in condensed phases and in the presence of very strong
acids, compound 1 isomerizes to yield 3-methyl-2-butanone
(methyl isopropyl ketone, 3) [Eq. (7)].


Thus, we first explored the possibility that 1x might be
ketone 3. The key result is that the fragmentation patterns
of 1xH


+(g) and 3H+(g) obtained by CID using Ar as the
collision gas (see the Experimental Section) are identical
within the experimental limits of the method. It is particu-
larly important that the CID spectrum of 1xH


+(g) does not
show the peak at m/z= 57, corresponding to the tert-butyl
cation. These facts indicate that 1x is different from 1 and,
most likely, that 1x no longer incorporates the tert-butyl
moiety initially present in 1. In this respect, we observed
that the CID spectrum of 2H+ , a “well-behaved” aldehyde,
only shows a single peak at m/z 135 (1-adamantyl cation).
We carried out experiments involving deuteration instead of
protonation (see Experimental Section). The CID spectra of
1x


2H+(g) and 32H+(g) are again identical within the experi-
mental limits.


All these results strongly suggest that the isomerization
reaction in Equation (7) takes place in the gas phase and
that it is also an acid-catalyzed process. Interestingly, in
moderately to strongly acidic solutions, compound 1 under-
goes reversible protonation. Isomerization only occurs
under very strongly acidic conditions (close to the super-
acid borderline).[12] This point has important mechanistic
consequences and is discussed in detail below.


Figure 2. Experimental PA values for relevant methyl ketones (RCOMe)
versus those for the corresponding aldehydes (RCHO). The tBu data are
not included in the correlation. sd is the standard deviation of fit.
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The experimental results reported above raise two impor-
tant questions: 1) Why does protonation of 1 in the gas
phase yield 3H+ instead of the non-rearranged 1H+ ion?
and 2) Why does protonation of 1 lead to isomerization,
while no isomerization occurs in the case of, for example,
isobutyraldehyde? These questions call for the computation-
al study reported below.


Computational rationale of the experimental results : As in-
dicated in the previous section the agreement between the
calculated and the experimental proton affinities is very
good, with the exception of 1. In fact, according to our theo-
retical results, either at the B3 LYP or the G2(MP2) levels,
and in agreement with what should be expected in terms of
the polarizability effects[13] of the different substituents con-
sidered, compound 1 is predicted to be more basic than iso-
butyraldehyde, but less basic than 3 and tert-butyl methyl
ketone. This clearly ratifies our previous conclusion that the
structure of 1 is not preserved in the protonation process,
and that very likely the protonated species being formed is
protonated isopropyl methyl ketone.


The potential-energy surface associated with this isomeri-
zation, evaluated at the G2(MP2) level, is shown in
Figure 3. The first step implies a methyl transfer from the


tBu moiety in 1 towards the carbonyl carbon atom to yield a
stable carbocation 1 aH+ , which is 43.9 kJ mol�1 less stable
than 1H+ . This methyl transfer involves the TS1 transition
state, which at the G2(MP2) level lies 49.8 kJ mol�1 above
the oxygen protonated form of pivalaldehyde. Once the in-
termediate species 1 aH+ is formed, a subsequent hydrogen
transfer, which involves an activation barrier of 10.1 kJmol�1


(relative to 1 aH+ and 54.0 kJ mol�1 above 1H+)
through the transition state TS2, yields 3H+ , which lies
41.8 kJ mol�1 below the oxygen protonated form of 1. In
summary, the overall isomerization process is exothermic by
more than 40 kJ mol�1. Similar qualitative conclusions, based
on B3 LYP/6–31G(d) calculations have been reported previ-


ously in the literature by Olah et al.,[12] in a study of the
acid-catalyzed isomerization of 1.


For the process 1H+!3H+ to take place under experi-
mental ICR conditions, it is necessary to prove that the ini-
tially formed protonated species 1H+ has enough internal
energy to pass over the activation barriers. Under normal
experimental conditions, collision complexes are formed be-
tween neutral and protonated species. The energy liberated
(mostly by general ion-induced dipole interactions as well as
by strong hydrogen bonds) is able to drive the process to
completion. To confirm this from a more quantitative point
of view we have evaluated, as an example, the interaction
energy between 1 and its “normal” protonated form. The
structure of this adduct was obtained at the B3 LYP/6–
31G(d) level and is shown in Figure S1 in the Supporting In-
formation. Its harmonic vibrational frequencies were ob-
tained at the same level of accuracy to confirm that the sta-
tionary point found corresponds to a minimum of the poten-
tial-energy surface and to estimate the zero-point energy.
The corresponding interaction energy was evaluated at the
B3 LYP/6–311+ G(3df,2p) level. The value obtained was
119.2 kJ mol�1, which clearly indicates that the formation of
the dimer is exothermic enough to induce the aforemen-
tioned 1H+!3H+ isomerization.


Hence, we can safely conclude that as a consequence of
the isomerization process, 1H+!3H+ [Eq. (7)], and because
of the enhanced stability of the latter ion relative to its pre-
cursor, the apparent proton affinity measured for 1 should
be about 46.2 kJ mol�1 higher than expected, and therefore
about 21.0 kJ mol�1 higher than that of 1-adamantanecarbal-
dehyde. One may wonder why this possibility is only open
for 1 and does not occur for similar compounds as isobutyr-
aldehyde (4). Indeed, following a similar mechanism to that
outlined above, the oxygen protonated form of the latter
(4H+) could isomerize to yield the protonated form of buta-
none (5H+). Should this possibility be open, the proton af-
finity calculated for 4 should be significantly smaller than
the measured value, which is not the case.


It seems quite evident that, as expected, the isomerization
barriers should be much higher in this reaction. Indeed, as
shown in Figure 4, the methyl transfer implies in this case an
activation barrier (116.9 kJ mol�1) almost twice as large as
that estimated for the tBu derivative. Also the activation
energy associated with the hydrogen migration
(165.0 kJ mol�1) is much higher than that found for the tBu
derivative (10.1 kJ mol�1). As mentioned above, these results
are not surprising, since the intermediate carbocation 4 aH+ ,
at the MP2/6–31G(d) level, is 112.2 kJ mol�1 less stable than
the oxygen protonated form of isobutyraldehyde (4H+), be-
cause an ethyl group is significantly less able to stabilize the
positive charge than an isopropyl group. In summary, in the
case of the isobutyraldehyde, the internal energy of the pro-
tonated species is not sufficient to overcome the isomeriza-
tion barriers and, under the usual ICR experimental condi-
tions, the ion 4H+ cannot evolve to yield species 5H+ . It is
interesting to mention that 2H+ does not isomerize under
our experimental conditions, most likely because this pro-


Figure 3. 0 K energies profile for the isomerization of the oxygen pro-
tonated form of pivalaldehyde (1) to yield the oxygen protonated form
of methyl isopropyl ketone (3). All values (in kJ mol�1) were obtained at
the G2(MP2) level of theory.
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cess would bring about an increase in the strain of the
system, when evolving to yield protonated 4-homoadaman-
tanone. For the sake of consistency with the G2(MP2) calcu-
lation, harmonic vibrational frequencies were obtained at
the HF/6–31G(d) level and corrected with the 0.8929 factor.


It has recently been shown experimentally by Olah[12a]


and co-workers that in moderate to strongly acidic solutions,
compound 1 reversibly protonates to yield unrearranged
1H+ . More precisely, at an H0


[12b] value of �7.7, the yield of
3H+ is only 17 %, while already half of the pivaIaldehyde is
already monoprotonated. The optimal acidity for isomeriza-
tion is �10.9, close to the superacid limit (H0 =�12). The
mechanism for the high-acidity isomerization of 1 in so-
lution as suggested by these authors„[12a,14,15] involves high
energy dications 62+ and 72+ . They finally lead to 3H+ .


We have shown in this paper that in the gas phase, the
system overcomes the activation barrier for isomerization,
most likely thanks to the energy released in the formation
of the encounter complex between neutral 1(g) and a pro-
tonated base BH+(g). In solution, this mechanism no longer
operates. We have recently reported a similar situation in
the case of the protonation of cubylamine.[5a] In water, pro-
tonation takes place at the nitrogen atom, whereas in the
gas phase, it takes place on the cubane framework. The


physical origin of this behavior is similar. Of course the pos-
sible relationship between the gas- and solution-phase mech-
anisms of rearrangement monocationic protonated pivalal-
dehyde is a moot point at this time.
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Diaminocarbene- and Fischer-Carbene Complexes of Palladium and Nickel
by Oxidative Insertion: Preparation, Structure, and Catalytic Activity


Doris Kremzow, G�nter Seidel, Christian W. Lehmann, and Alois F�rstner*[a]


Introduction


Metal complexes of N-heterocyclic carbenes (NHCs) were
pioneered in the 1960 s by Wanzlick[1] and �fele.[2] Although
their organometallic chemistry has been intensively studied
early on,[3] it was not until the last decade that the favorable
properties of such complexes were fully appreciated by the
scientific community. This development was triggered by Ar-
duengo�s seminal discovery that various NHCs can be isolat-
ed in pure form,[4,5] and by the recognition of their potential
as ancillary ligands for many metal catalyzed transforma-
tions.[6,7] Not only represent NHCs mere substitutes for
phosphine ligands, but it became increasingly evident that
they impart superior properties to various metal templates
in terms of stability and activity. Moreover, the ease of syn-
thesis allows for structural variations which may be used to
adjust the electronic as well as steric properties of the com-


plex to the specific requirements of a given metal-catalyzed
transformation. Although many recent reports bear witness
for the favorable profile of metal–NHC complexes in syn-
thesis,[6] applications to olefin metathesis,[8] palladium- and
nickel-catalyzed cross-coupling reactions,[9] and hydrosilyla-
tion[10] deserve particular mentioning.


The most general procedure for the preparation of metal–
NHC complexes known to date relies on simple ligand ex-
change and therefore hinges upon the ability to form the
corresponding carbenes as a discrete or a transient species
by the methods depicted in Scheme 1.[11–14] This is one of the
reasons why the highly stabilized five-membered NHCs
A–C are most commonly used because they are particularly
well amenable to this synthesis route. They constitute, how-
ever, only one particular class of “stable” (or metastable)
carbene species;[15–17] other types are depicted in Scheme 2.
Despite some highly promising chemical and physical prop-
erties,[18] such species have only rarely been used as ancillary
ligands in catalysis, not least because they are somewhat
more delicate to handle and therefore less suited for proc-
essing via ligand exchange.[19,20] To explore the full potential
of (acyclic) diaminocarbene–metal catalysts with ligands
such as D–H, it seems necessary to develop practical alter-
native methods for their preparation.


Abstract: Oxidative insertion of
[Pd(PPh3)4] or [Ni(cod)2]/PPh3 into the
C�Cl bond of various 2-chloroimidazo-
linium- and other -amidinium salts af-
fords metal–diaminocarbene complexes
in good to excellent yields. This proce-
dure is complementary to existing
methodology in which the central
metal does not change its oxidation
state, and therefore allows to incorpo-
rate carbene fragments that are diffi-
cult to access otherwise. The prepara-
tion of a variety of achiral as well as
enantiomerically pure, chiral metal–
NHC complexes (NHC = N-heterocy-


clic carbene) and metal complexes with
acyclic diaminocarbene ligands illus-
trates this aspect. Furthermore it is
shown that oxidative insertion also
paves a way to prototype Fischer car-
benes of PdII. Since the required start-
ing materials are readily available from
urea- or thiourea derivatives, this novel
approach allows for substantial struc-
tural variations of the ligand backbone.


The catalytic performance of the re-
sulting library of nickel- and palladi-
um–carbene complexes has been evalu-
ated by applications to prototype
Suzuki-, Heck-, and Kumada–Corriu
cross-coupling reactions as well as
Buchwald–Hartwig aminations. It was
found that even Fischer carbenes show
appreciable catalytic activity. More-
over, representative examples of all
types of neutral and cationic metal–car-
bene complexes formed in this study
have been characterized by X-ray crys-
tallography.
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As part of our ongoing studies in this field,[21–23] we con-
sidered that oxidative insertion of a low-valent metal into an
appropriate 2-halo-amidinium salt may open an as yet large-
ly unexplored but potentially very useful entry. Outlined
below is the reduction of this concept to practice which pro-
vides access to a wide variety of metal-diaminocarbene- and
even prototype Fischer-carbene complexes of palladium and
nickel that are difficult to make otherwise.[24] Their structur-
al properties and potential as catalysts for cross-coupling re-
actions are also outlined.


Results and Discussion


Palladium–NHC complexes : As shown in Scheme 1, the
most common synthesis route for metal–diaminocarbene
complexes in general and metal–NHC complexes in particu-
lar involves a ligand exchange or salt metathesis in which
the metal template does not change its oxidation state.
Therefore it seemed likely at the outset of this project that
any route based on oxidative insertion might potentially be
complementary in scope.[25]


The formation of Fischer-carbene complexes by oxidative
addition has precedence in early investigations by Lap-
pert,[26] Stone[27] and others[28] who showed that certain metal
templates are able to react with for example iminium-, 2-
chlorothiazolium- or 2-chloro-1-methylpyridinum salts to
afford the corresponding carbene complexes. Surprisingly


though, it seems that this potentially general method has
not been applied to the synthesis of metal–imidazol(idin)-2-
ylidene complexes except for one special case.[29] This ap-
proach, however, promises a broad substrate scope and
might allow for substantial structural variations since the re-
quired precursor salts are easily obtained from cyclic ureas
or thioureas on treatment with for example oxalyl chlo-
ride.[30] Moreover, the N,N’-dimethyl imidazolinium deriva-
tives 1 a–c (X = PF6, BF4, Cl) are even commercially availa-
ble and have been widely used as excellent dehydrating
agents for a host of esterification-, chlorination-, oxidation-,
and rearrangement reactions as well as for heterocycle syn-
thesis.[31,32]


Treatment of the imidazolinium salt 1 a (X= PF6) with an
equimolar amount of [Pd(PPh3)4] in refluxing CH2Cl2 leads
to a clean reaction which can be nicely monitored by
31P NMR spectroscopy. Initially, two sets of signals at dP =


31.8 (d, J=24 Hz) and dP =21.2 (d, J=24 Hz) are detected
which converge over a period of about 6 h to a singlet at
dP =22.5 ppm; two equivalents or PPh3 are released concom-
itantly. This course reflects the formation of cis-2 a as the
primary product which isomerizes with time to the more
stable trans-2 a. After extraction of the free PPh3, trans-2 a
was isolated as a white solid in analytically pure form
(72 %) by recrystallization from CHCl3. The structure of this
ionic palladium–NHC complex in the solid state is depicted
in Figure 1. The imidazolinium salt 1 b (X= BF4) reacts anal-
ogously affording compound trans-2 b (dP =22.8 ppm) in
similar yield (Scheme 3).[33]


The reactivity of chloride 1 c (X= Cl) follows the same
trend giving rise to the expected cationic complex trans-2 c
(dP =22.8 ppm) which was again fully characterized by X-
ray crystallography.[24] The solution structure must be similar
because the carbene center in trans-2 c resonates as a triplet
at dC =194.9 ppm (J=6.9 Hz), thus indicating the presence
of two phosphorous atoms at degenerate positions. Howev-
er, the crude mixture formed from 1 c and [Pd(PPh3)4] invar-
iably contains small amounts of other complexes in addition


Scheme 1. Common routes to metal–imidazol(idin)-2-ylidene complexes:
a) base (e. g. KOtBu, KH, BuLi) in THF or liquid NH3; b) thermolysis
(a-elimination); c) cf. ref. [3]; [d] K in THF.


Scheme 2. Prototype diaminocarbene and related carbene fragments.


Figure 1. Molecular structure of complex 2a. The PF6
� counterion is


omitted for clarity.
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to 2 c ; one of them (dP =27.7 ppm) cleanly regenerates when
recrystallized 2 c is dissolved in CD2Cl2 or THF. Although
we were unable so far to isolate this new compound on a
preparative scale, crystals were picked out from a co-precip-
itate and were analyzed by X-ray crystallography,[34] which
showed that this product is the neutral, cis-configured palla-
dium dichloride complex 3 (Scheme 4).[35,36] Therefore the
particular behavior of 2 c in solution is deemed to reflect the
higher affinity of the chloride ion to PdII compared with the
only weakly coordinating anions PF6


� or BF4
� escorting


compounds 2 a, b, respectively.


Next, we probed the applicability of this novel method to
the formation of chiral PdII–NHC complexes.[37] To this end,
the enantiomerically pure 1,2-diamine 4 was converted into
the corresponding thiourea derivative 5 (Figure 2). Exposure
of 5 to oxalyl chloride in toluene at 60 8C cleanly afforded
the desired imidazolinium chloride 6 a (X= Cl) (Scheme 5).
Compounds 7 and 8 were prepared analogously. All of them
reacted smoothly with [Pd(PPh3)4] in CH2Cl2 at ambient
temperature to afford the corresponding enantiopure palla-
dium–NHC complexes. Interestingly though, substrates 7
and 8 (Scheme 6) favor the neutral, cis-configured palladium
dichloride complexes 11 (Figure 5) and 13 (Figure 7), re-
spectively,[35] whereas the closely related proline derived salt
6 a (X= Cl) furnished the cationic trans-configured complex
9 (X=Cl) as the major product. Its structure was also unam-
biguously confirmed by X-ray analysis (Figure 3). In analogy
to the results described above for the achiral complex 2 c,


dissolution of 9 in CH2Cl2 re-establishes an equilibrium be-
tween the cationic form and the corresponding neutral ver-
sion as judged by 31P NMR spectroscopy. The subtle prefer-
ences of the different precursors to form either neutral or
cationic complexes are not yet clear.


Exchange of the chloride counter-ion in 6–8 a for PF6
�


was easily achieved on treatment with AgPF6 in CH2Cl2.
The resulting chiral imidazolinium hexafluorophosphates
6 b, 7 b and 8 b are equally amenable to oxidative insertion
of Pd0, although more forcing conditions had to be used.


Scheme 3. a) [Pd(PPh3)4], CH2Cl2, reflux, 72% (trans-2a), 74% (trans-
2b), 87% (trans-2c).


Scheme 4. Equilibrium between the cationic and the neutral form of the
palladium–NHC complex.


Scheme 5. a) Thiophosgene, Et3N, CH2Cl2, 82 %; b) oxalyl chloride, tolu-
ene, 60 8C; c) AgPF6, CH2Cl2, 71 % (6 b), 79% (7 b), 70% (8b).


Scheme 6. a) [Pd(PPh3)4], CH2Cl2, RT, 67% (9a, X= Cl), 85% (11), 70 %
(13); b) [Pd(PPh3)4], toluene, 100 8C, 71% (9b), 63 % (10), 43 % (12).
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Best results were obtained in toluene at 100 8C. In two cases
were the resulting cationic NHC-complexes characterized
by X-ray crystallography. In line with their achiral counter-
parts 2 a, b, both of them are trans-configured, likely due to
the strong trans-influence exerted by the carbene fragment
(Figures 4 and 6).


Other palladium–diaminocarbene complexes : Since many
amidinium salts other than the imidazolinium compounds
mentioned above are readily accessible on large scale, a gen-
eralization of this concept seemed possible. Therefore we
explored if oxidative addition can provide palladium com-
plexes bearing less common diaminocarbene ligands.


The first aspect to be investigated was the effect of the
ring size. For this purpose, commercial DMPU 14 was con-
verted into 15 a (X=Cl) on treatment with oxalyl chloride;


Figure 2. Molecular structure of thiourea 5.


Figure 3. Molecular structure of complex 9a. The chloride counterion is
omitted for clarity.


Figure 4. Molecular structure of complex 9b. The PF6
� counterion is


omitted for clarity.


Figure 5. Molecular structure of complex 11.


Figure 6. Molecular structure of complex 12. The escorting PF6
� counter-


ion is omitted for clarity.


Figure 7. Molecular structure of complex 13.
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subsequent reaction with [Pd(PPh3)4] under standard condi-
tions gave the desired PdII–1,3-dimethyl-3,4,5,6-tetrahydro-
pyrimidin-2-ylidene complex 16 a (X= Cl) in good yield
(Scheme 7). The corresponding PF6


� salt 15 b behaved simi-


larly well, thus lending credence to the notion that the ring
size of the backbone has no significant effect on the out-
come of the reaction.[38] The structure of these complexes in
the solid state is depicted in Figures 8 and 9.


Even more gratifyingly, the commercial amidinium salt 18
derived from N,N’-carbonyldipiperidine 17 was exposed to
[Pd(PPh3)4] in toluene at 100 8C, thus furnishing the diami-
nocarbene complex 19 in 50 % yield after recrystallization
of the crude product (Scheme 8 and Figure 10). This result
must be seen in the light of previous experiences with the
corresponding free carbene F-1 (Scheme 9); although this


Scheme 7. a) Oxalyl chloride, CCl4, 60 8C, 59%; b) AgPF4, CH2Cl2, 90 %;
c) [Pd(PPh3)4], 62 % (16a), 61% (16 b).


Figure 8. Top: Molecular structure of complex 16 a. The chloride counter-
ion is omitted for clarity. Carbon atom C4 is disordered due to the crys-
tallographic mirror symmetry. Bottom: Space filling representation of
16a. The 1,3-dimethyl-3,4,5,6-tetrahydropyrimidin-2-ylidene ligand is
sandwiched between two phenyl rings. The chlorine (green) in trans posi-
tion to the carbene is readily accessible.


Figure 9. Molecular structure of complex 16b. The PF6
� counterion is


omitted for clarity.


Scheme 8. a) Oxalyl chloride, toluene, 60 8C; b) [Pd(PPh3)4], toluene,
100 8C, 50%.


Figure 10. Molecular structure of complex 19. The PF6
� counterion is


omitted for clarity.
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species was previously described by Alder et al.,[39] it is
known to be rather unstable and has not yet found any ap-
plication as ancillary ligand for catalytically relevant metal
complexes. The same pertains to bis(dimethylamino)carbene
F-2. Although accessible in situ, this particular carbene
could not be isolated in pure form[40] and was incorporated
into a metal complex only once.[28a] Scheme 10 shows that


oxidative insertion makes it easy to generate the corre-
sponding neutral or cationic PdII-complexes 22 and 23 of
this interesting ligand from the readily available amidinium
salts 21. The proposed structures were again confirmed by
X-ray crystallography (Figures 11 and 12).


Fischer-carbene complexes of palladium : Encouraged by the
results summarized above, a further extension of the scope
of this novel method was envisaged. Specifically, formal re-
placement of one of the N-atoms in a diaminocarbene by
heteroatoms X other than nitrogen or by an aromatic ring
renders the resulting carbenes of types G or H semistable at
best (Scheme 2); the corresponding metal complexes are
prototype Fischer carbenes.


Access to this series was gained on treatment of suitable
precursor salts with [Pd(PPh3)4] in CH2Cl2 at ambient tem-
perature (for the chloride salts) or in toluene at 100 8C (for
the hexafluorophosphates) as shown in Schemes 11–13. Al-
though the yields were somewhat lower than before—in par-
ticular for the cationic species 28, 33 and 35—this method is


Scheme 9. Diaminocarbenes with acyclic backbone.


Scheme 10. a) Oxalyl chloride, toluene, 60 8C, 90%; b) [Pd(PPh3)4],
CH2Cl2, RT, 40 %; c) [Pd(PPh3)4], toluene, 100 8C, 48 %.


Figure 11. Molecular structure of complex 22.


Figure 12. Molecular structure of complex 23. The PF6
� counterion is


omitted for clarity.


Scheme 11. a) Oxalyl chloride, toluene, 60 8C, 91% (25a), 85% (25b);
b) AgPF4, CH2Cl2, 76% (26 a), 86% (26b); c) [Pd(PPh3)4], CH2Cl2, RT,
35% (27 a), 64% (27b); d) [Pd(PPh3)4], toluene, 100 8C, 30 % (28a),
24% (28b).
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highly flexible in structural terms due to the ready accessi-
bility of the required precursor salts from simple benzoic
acid amides, thiocarbamates or dithiocarbamates, respective-
ly. Figures 13–18 show the structure of representative mem-


bers of such Fischer carbenes of PdII in the solid state. It is
interesting to note that compound 33 is the only cationic
complex prepared during this study which is cis- rather than
trans-configured.


Nickel–carbene complexes : The proven flexibility of the
new approach to palladium carbene complexes of different


types by oxidative addition suggested that the concept
should be applicable to other transition metals as well. In
contrast to our expectations, however, preliminary attempts
to replace [Pd(PPh3)4] by [Rh(Ph3P)3Cl], [RhCl(cod)]2,
[RhCp(C2H4)2], [CoCp(C2H4)2], or [FeCp(CO)2]2 essentially


Scheme 12. a) Oxalyl chloride, toluene, 60 8C, 69 %; b) AgPF4, CH2Cl2,
65%; c) [Pd(PPh3)4], CH2Cl2, RT, 56%; d) [Pd(PPh3)4], toluene, 100 8C,
43%.


Scheme 13. Further Fischer-carbene complexes of PdII formed by oxida-
tive insertion.


Figure 13. Molecular structure of complex 27 a.


Figure 14. Molecular structure of complex 27 b.


Figure 15. Molecular structure of complex 28b. The PF6
� counterion is


omitted for clarity.


Figure 16. Molecular structure of complex 32.
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met with failure. Particularly surprising was the fact that the
reaction of [Ni(PPh3)4] or [Ni(cod)2] with 1 as a prototype


carbene source led to rather com-
plex mixtures under various experi-
mental conditions. The only product
that could be isolated in analytically
pure form was the imidazolinium
tetrachloronickelate salt 36, the
structure of which is shown in
Figure 19.


Despite these setbacks, the importance of nickel catalysts
for various types of bond forming reactions spurred further
efforts to prepare carbene complexes of this metal via oxi-
dative addition.[41] After some experimentation it was found
that the use of [Ni(cod)2] in combination with PPh3


(2 equiv) in THF at ambient temperature led to clean con-
versions and allowed for the formation of a variety of cati-
onic nickel–diaminocarbene complexes in good to excellent
yields. The use of PEt3 instead of PPh3 works equally well,
suggesting that further variations of the accompanying phos-
phine ligands might be possible (Table 1, entry 3). Products


37–42 formed by this protocol are summarized in Table 1. In
several cases was it possible to grow crystals suitable for X-
ray analysis. The structures of representative complexes are
depicted in Figures 20–22.


Structural aspects : Several carbene complexes yielded crys-
tals suitable for single crystal structure determination. All of
them are distorted square-planar with root mean square de-
viations from planarity ranging from 0.005 to 0.068 �. Al-
though the square planar geometry allows for cis–trans iso-
merism, the neutral dichloro complexes invariably show cis
geometry placing one chlorine trans to the PPh3 ligand and
the other one trans to the carbene. In the series of charged


Figure 17. Molecular structure of the cis-configured complex 33. The
PF6


� counterion is omitted for clarity.


Figure 18. Molecular structure of complex 34.


Figure 19. Molecular structure of the nickelate complex 36.


Table 1. Preparation of nickel-diaminocarbene complexes by oxidative
insertion into various amidinium salts. All reactions were performed in
THF at ambient temperature using [Ni(cod)2] and PPh3 as the reagents
unless stated otherwise.


Entry Substrate Product Yield [%]


1 1a 37 86


2 1b 38 62


3 1a 39 78[a]


4 18a 40 41


5 18b 41 50


6 21 42 64


[a] Using PEt3/[Ni(cod)2] as the reagent combination.
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complexes, the two PPh3 ligands are mutually trans to each
other except for 33 in which the two phosphines have a cis
arrangement (Figure 17).


For the palladium complexes a strong trans-effect is noted
which shortens the metal�phosphorous bond by almost


0.1 � from an average of 2.344(16) � for those complexes
with two phosphine ligands trans to each other, to 2.259(8)
when a chlorine is trans to the phosphine. The metal–chlor-
ine distances are not affected significantly, the average is
2.358(12) ranging from 2.341 to 2.378 �. A much smaller
and statistically less significant influence on bond length is
observed for the palladium–carbene distance. This distance
is on average 1.990(15) � ranging from 1.969 to 2.023 � for
the 15 complexes where a chlorine is trans to the carbene,
and the one example 33 which has a phosphine trans to the
carbene where the Pd–C distance is 2.047(3) �. From the
nickel complexes, all of which have two PPh3 ligands in
trans orientation, no trends can be deduced. In line with the
results of previous crystallographic investigations of diami-
nocarbenes and metal complexes thereof, the bond angle N-
Ccarbene-X (X= N, O, S, C) is significantly widened in all
structures in which this element is not part of a cyclic motif;
likewise, complexes 16 a, b bearing the heterocyclic carbene
with a six-membered backbone also feature such a rather
large bond angle. Selected data together with the character-
istic shifts of the carbene atoms in the 13C NMR spectra are
compiled in Table 2.


The crystal structures encompass both charged and neu-
tral complexes, but no significant differences in metal car-
bene distance are found. The average palladium–carbene
distance for the charged complexes is 1.998(21) � and for
neutral complexes 1.979(8) �, respectively. For individual
pairs of neutral/charged complexes it is observed that the
charged complex always has a slightly longer metal–carbene
distance (e.g. 3/trans-2 a ; 22/23 ; 33/32 ; 13/12).


Figure 20. Molecular structure of the nickel complex 37. The PF6
� coun-


terion is omitted for clarity.


Figure 21. Molecular structure of the nickel complex 38. The BF4
� coun-


terion is omitted for clarity.


Figure 22. Molecular structure of the nickel complex 42. The PF6
� coun-


terion omitted for clarity.


Table 2. Selected structural data and compilation of the 13C NMR shifts
of the carbene centers of all metal carbene complexes characterized by
X-ray crystallography.


Complex M–Ccarbene


[�]
N-Ccarbene-X
[8]


Tilt angle
[8][a]


dC


[Ccarbene, ppm]


2a 1.9805(18) 109.70(16) 87.87 194.9
9a 1.975(2) 108.65(18) 84.79 193.2
9b 1.9687(17) 108.95(15) 78.94 190.0
11 1.971(3) 109.0(3) 86.39 194.5
12 1.986(4) 109.6(3) 87.86 195.4
13 1.981(2) 109.1(2) 78.77 195.0
16a 2.005(2) 120.1(2) 90.00 187.4
16b 2.005(4) 119.6(4) 90.00 187.7
19 2.023(3) 122.3(3) 81.06 193.8
22 1.9825(13) 119.20(12) 80.85 201.3
23 2.003(5) 121.6(5) 84.87 198.8
27a 1.9791(11) 111.63(9) 82.45 204.8
27b 1.985(5) 113.8(3) 89.31 228.7
28b 1.998(3) 113.5(2) 82.84 230.3
32 1.9937(12) 122.44(11) 74.93 232.4
33 2.047(3) 124.0(2) 80.24 235.1
34 1.975(2) 121.8(2) 81.29 226.4
37 1.8650(17) 109.0(16) 87.93 197.1
38 1.8626(14) 109.85(13) 85.91 197.0
42 1.894(5) 121.3(3) 81.81 199.9


[a] Refers to the dihedral angle between the square plane defined by the
ligands around the metal and the plane of the carbene ligand formed by
N-Ccarbene-X.
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Although the carbene ligands encompass a wide variety
of different functional groups and steric demand, there is a
general tendency for the plane formed by N-C-(N,C,O,S) to
be rotated away from the square-planar arrangement of the
metal ligands. The dihedral angle between these two planes
ranges from 74.93 to 908 for the palladium complexes and is
between 81.81 and 89.938 for the nickel complexes.


This perpendicular arrangement would certainly be ex-
pected for the more bulky carbene ligands like the one in
complexes 10 and 11. However, it is interesting to speculate
whether there would be sufficient space for the bis(dimethyl-
amino)methylene ligand in 22 and 23 or the similar sized
carbene ligand in complex 16 to adopt a conformation plac-
ing the N-C-N plane more or less parallel to the metal coor-
dination plane. This orientation permits the overlap of the
empty pp orbital of the carbene with the 4dz2-orbital of palla-
dium. To achieve this conformation it would be necessary
for the triphenylphosphines to rotate around the Pd�P bond
and to re-orient the phenyl rings. An analysis of the arrange-
ment of triphenylphosphines binding to tetra-coordinated
palladium in cis geometry to chlorine based on 170 crystal
structures reveals, however, that there is a clear preference
for a staggered orientation of the PPh3 group with respect to
the Pd�Cl bond. This becomes even more pronounced if
only those 40 structures are considered where the remaining
two palladium ligands are carbon and either another phos-
phorous or another chlorine atom (Figure 23). Based on this
preferred dihedral angle distribution it is reasonable to
assume that the phosphine�s phenyl rings exert a significant
directing influence on the orientation of the carbene.


Catalytic performance in cross-coupling reactions : Although
the main purpose of this study was the development of a
novel synthesis route for metal–carbene complexes rather
than the optimization of their catalytic properties, the small
library of compounds formed during this investigation was
screened in prototype cross-coupling reactions.


Preliminary experiments showed that the cationic Pd–
NHC complex 2 a serves as active catalyst for Suzuki reac-
tions (Scheme 14).[42,43] Specifically, cross-coupling of 4-bro-


moacetophenone 43 a with PhB(OH)2 in the presence of
1 mol % of 2 a afforded the expected product 45 in 79 %
yield. Likewise, the borate formed in situ from 9-MeO-9-
BBN and NaC�CMe[44] transferred its alkynyl unit with sim-
ilar ease to give product 44. Furthermore, this catalyst ef-
fected the Heck coupling[43,45, 46] of bromo- or iodobenzene
with butyl acrylate as well as the Buchwald-Hartwig amina-
tion[47,48] of either bromobenzene or 2-chloropyridine with
morpholine in satisfactory yields (Scheme 15). Therefore
these prototype reactions were used to evaluate and com-
pare the performance of the different catalysts.


As can be seen from the results compiled in Table 3, all
complexes investigated showed good to excellent activity in
the chosen test reactions. While this may not be surprising
for the palladium complexes bearing NHC- and related dia-
minocarbene ligands in view of the proven efficiency of such
species in various kinds of metal-catalyzed cross-couplings,
it is interesting to note that even prototype Fischer carbenes
such as 32 and 34 showed appreciable reactivity, although
they are likely less electron rich at the metal center than
their NHC counterparts (entries 41–46). Likewise, carbenes
with heteroelements other than nitrogen gave promising re-
sults (entries 30–40). This is particularly true for complex
22 b incorporating a phenylthioether motif (entries 36–40).
In evaluating these data, it must be kept in mind that the
steric properties of all catalysts tested herein are almost cer-


Figure 23. Distribution of the C-P-Pd-Cl dihedral angles in complexes
with the extended substructure Ph3P-Pd-(X,C,Cl)3, where X is either
phosphorous or chlorine and the carbon atom may be any type of
carbon. The P-Pd-Cl as well as the P-Pd-C angles are restricted to values
between 75 and 1058.


Scheme 14. a) trans-2a (1 mol %), PhB(OH)2, K2CO3, THF, reflux, 79%;
b) trans-2 a (1 mol %), [(9-BBN)(OMe)(C�CMe)], THF, reflux, 82 %
(GC).


Scheme 15. Model reactions to evaluate the catalytic performance of dif-
ferent metal carbene complexes; for the reaction conditions see Table 3.
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tainly not ideal, thus leaving
room for further optimiza-
tion.[49]


The same holds true for the
novel nickel carbene com-
plexes which were found to
effect the Kumada–Corriu
cross-coupling[43,50,51] of p-me-
thoxyphenylmagnesium bro-
mide with chloro- or bromo-
benzene as well as 2-chloropyr-
idine (Table 4). Although small
amounts of 4,4’-dimethoxybi-
phenyl formed by homocou-
pling of the Grignard reagent
were invariably detected in the
crude mixtures (15–25 %), the
desired products were obtained
in good yields in all cases in-
vestigated.


Conclusion


Oxidative insertion of
[Pd(PPh3)4] or [Ni(cod)2]/PPh3


into the C�Cl bond of 2-chloro-
amidinium and related salts
constitutes a fairly general and
highly flexible entry into neu-
tral as well as cationic diami-
nocarbene complexes of PdII


and NiII, respectively. This ap-
proach is complementary to
existing methodology which
relies on metathetic ligand ex-
change reactions without alter-
ing the oxidation state of the
central metal, and therefore
provides access to ligand sets
that are difficult to prepare
otherwise. Moreover, it can
also be applied to the forma-
tion of Fischer-carbene com-
plexes of nickel and palladium.
A representative subset of the
products formed by this novel
route was characterized by X-
ray crystallography and was
found to exhibit appreciable
catalytic activity in Suzuki-,
Heck-, Kumada- and Buch-
wald–Hartwig reactions. In
view of the ready availability
of the required amidinium salts
(even in enantiopure form)
from simple urea or thiourea


Table 3. Evaluation of the catalytic performance of various palladium–carbene complexes in prototype cross-
coupling reactions. All transformations were carried out by using 1 mol % of the metal complex. The yields
refer to GC data unless stated otherwise.


Entry Catalyst Substrate Suzuki [%][a] Heck [%][b] Amination[c]


1
2
3


43a
47
48


79[d] 86
84


100


4
5
6
7


43a
43c
46
47


89
88


100
90


8
9


46
47


100
81


10
11


46
47


97
59


12
13
14


43a
46
47


93
100


51


15
16


46
47


96
79


17
18


46
47


98
98


19
20


46
47


87
72


21
22


46
47


91
88


23
24


46
47


92
77


25
26
27


46
47
48


80
75 89


100


28
29


46
47


82
56
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precursors, it is reasonable to expect that this method might
find broader applications in the future.


Experimental Section


General : All reactions were carried out under Ar in flame-dried glass-
ware. The solvents used were purified by distillation over the drying
agents indicated and were transferred under Ar: THF, Et2O (Mg/anthra-
cene), CH2Cl2 (P4O10), MeCN, Et3N (CaH2), MeOH (Mg), DMF, DMA
(Desmodur, dibutyltin dilaurate), hexane, toluene (Na/K). Flash chroma-
tography: Merck silica gel 60 (230–400 mesh). NMR: Spectra were re-
corded on a Bruker DPX 300, AV 400, or DMX 600 spectrometer in the
solvents indicated; chemical shifts (d) are given in ppm relative to TMS,
coupling constants (J) in Hz. The solvent signals were used as references
and the chemical shifts converted to the TMS scale (CDCl3: dC =


77.0 ppm; residual CHCl3 in CDCl3: dH = 7.24 ppm; CD2Cl2: dC =


53.8 ppm; residual CH2Cl2 in CD2Cl2: dH = 5.32 ppm). IR: Nicolet FT-
7199 spectrometer, wave numbers (ñ) in cm�1. MS (EI): Finnigan MAT
8200 (70 eV), ESI-MS: Finnigan MAT 95, accurate mass determinations:
Bruker APEX III FT-MS (7 T magnet). Melting points: B�chi melting
point apparatus B-540 (corrected). Elemental analyses: H. Kolbe, M�l-
heim/Ruhr. All commercially available compounds (Fluka, Lancaster, Al-
drich) were used as received.


Starting materials


Compound 5 : Thiophosgene (0.48 mL, 6.24 mmol) was slowly added to a
solution of diamine 4 (1.0 g, 5.67 mmol) in CH2Cl2 (25 mL) and Et3N
(1.6 mL, 11.34 mmol) and the resulting mixture was stirred for 3 h at am-
bient temperature. For work-up, the mixture was diluted with CH2Cl2


and the reaction was quenched with water. The aqueous phase was re-
peatedly extracted with CH2Cl2, the combined organic layers were dried
(Na2SO4), the solvent was evaporated and the residue was purified by


flash chromatography (hexane/ethyl
acetate 6:1) to give thiourea 5 as a
white solid (1.02 g, 4.67 mmol, 82%).
1H NMR (400 MHz, CDCl3): d=


7.55–7.53 (m, 2 H), 7.41–7.36 (m, 2H),
7.24–7.20 (m, 1 H), 4.18–4.06 (m, 3H),
3.99–3.96 (m, 1 H), 3.48–3.42 (m, 1H),
2.21–2.12 (m, 2 H), 2.06–1.94 (m, 1H),
1.63–1.53 (m, 1 H); 13C NMR
(100 MHz, CDCl3): d= 184.2 (C),
141.1 (C), 129.1 (CH), 126.4 (CH),
124.7 (CH), 59.8 (CH), 55.6 (CH2),
48.2 (CH2), 31.6 (CH2), 25.6 (CH2);
IR (KAP): ñ =3102, 3064, 3037, 2965,
2945, 2913, 2877, 1594, 1581, 1498,
1475, 1436, 1396, 1362, 1332, 1314,
1295, 1259, 1183, 1165, 1081, 1047,
945, 900, 878, 830, 764, 693, 644, 631,
567, 545, 492 cm�1; MS (EI): m/z (%):
218 (100) [M +], 217 (90), 189 (5), 185
(3), 177 (4), 175 (3), 151 (2), 145 (3),
136 (7), 135 (16), 132 (6), 130 (3), 117
(5), 109 (5), 104 (11), 77 (29), 55 (10),
41 (10); HRMS: calcd for C12H14N2S:
218.0878, found: 218.0877; elemental
analysis calcd (%) for: C 66.02, H
6.46, N 12.83; found: C 66.21, H 6.40,
N 12.69.


General procedure for the conversion
of thioureas into amidinium chlori-
des :[31c] Oxalyl chloride (1.2 equiv)
was added to a solution of the thiour-
ea in anhydrous toluene (5 mL per
mmol of thiourea). The resulting
bright yellow solution was stirred for


16 h at 60 8C, causing the precipitation of a pale brown solid. This precipi-
tate was allowed to settle, the solution was siphoned off, and the solid
was repeatedly washed with Et2O. The following compounds were pre-
pared according to this general procedure.


Compound 6a (X=Cl): colorless solid (96 mg, 80%); 1H NMR
(400 MHz, CD2Cl2): d=7.77–7.72 (m, 2H), 7.51–7.43 (m, 3H), 4.82–4.61
(m, 3 H), 4.20–4.13 (m, 1H), 3.67–3.61 (m, 1H), 2.76–2.66 (m, 1 H), 2.51–
2.43 (m, 1 H), 2.31–2.15 (m, 2 H); 13C NMR (100 MHz, CD2Cl2): d =156.6
(C), 135.5 (C), 130.2 (CH), 130.0 (CH), 126.4 (CH), 63.9 (CH), 59.5
(CH2), 47.9 (CH2), 30.1 (CH2), 26.4 (CH2); IR (KBr): ñ =3057, 2963,
2947, 2873, 1599, 1581, 1503, 1482, 1448, 1412, 1365, 1328, 1318, 1282,
1218, 1137, 1120, 1075, 1043, 1024, 995, 912, 898, 877, 816, 770, 752, 693,
628, 606, 562, 535, 511 cm�1; MS (ESI-pos., CH2Cl2): m/z : 221.2 [M +


�Cl]; elemental analysis calcd (%) for: C 56.00, H 5.35, N 10.96; found:
C 56.05, H 5.49, N 10.89.


Compound 7 a (X= Cl): colorless solid (529 mg, 82 %); 1H NMR
(400 MHz, CD2Cl2): d=3.94–3.91 (m, 2H), 3.68–3.54 (m, 4H), 2.26–2.23
(m, 2H), 1.97–1.92 (m, 2 H), 1.75–1.66 (m, 2 H), 1.56 (ddd, J =13.0, 11.4,
6.3 Hz, 2 H), 1.50–1.38 (m, 4 H), 0.96 (s, 18H); 13C NMR (100 MHz,
CD2Cl2): d =158.1, 67.9, 43.7, 41.2, 29.9, 28.9, 27.5, 23.7; IR (KBr): ñ =


3000, 2868, 1578, 1466, 1419, 1383, 1366, 1328, 1309, 1269, 1250, 1176,
1112, 1065, 1022, 966, 912, 834, 757, 645, 518; MS (ESI-pos., CH2Cl2): m/z :
327.3 [M +�Cl]; elemental analysis calcd (%) for: C 62.80, H 9.98, N
7.71; found: C 62.63, H 9.98, N 7.74.


Compound 21 a :[52] colorless solid (1.16 g, 90 %); 1H NMR (400 MHz,
CD2Cl2): d =3.47 (s, 12 H); 13C NMR (100 MHz, CD2Cl2): d=159.0 (C),
44.8 (CH3); IR (KBr): ñ=3442, 3023, 2945, 2434, 2171, 1653, 1544, 1506,
1467, 1404, 1301, 1260, 1170, 1118, 1064, 1038, 939, 898, 872, 719, 638,
562 cm�1; MS (ESI-pos.): m/z : 135.1 [M +�Cl]; elemental analysis calcd
(%) for: C 35.11, H 7.07, N 16.38; found: C 35.25, H 7.15, N 16.29.


General procedure for the conversion of ureas into amidinium chlori-
des :[31c] Oxalyl chloride (1.2 equiv) was added to a solution of the urea in
anhydrous CCl4 (2 mL per mmol). The resulting bright yellow solution


Table 3. (Continued)


Entry Catalyst Substrate Suzuki [%][a] Heck [%][b] Amination[c]


30
31
32
33


43b
43a
47
48


83
81


82
100


34
35


43b
43a


72
69


36
37
38
39
40


43b
43a
43c
47
48


82
78
81[e]


92
47


41
42
43
44


43b
43a
47
48


68
55


73
100


45
46


43b
43a


80
78


[a] Unless stated otherwise, the Suzuki reactions were performed in refluxing THF using K2CO3 as the base.
[b] Heck reactions were performed in NMP at 120 8C for 16 h using Cs2CO3 as the base. [c] The amination re-
actions were performed in DME with NaO(tBu) as the base at ambient temperature with substrate 48 and at
70 8C with substrate 47. [d] Isolated yield. [e] In toluene at 120 8C.
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was stirred for 16 h at 60 8C under argon, causing the precipitation of a
white solid. This precipitate was allowed to settle, the solution was si-
phoned off, and the solid was repeatedly washed with Et2O. The follow-
ing compounds were prepared according to this procedure:


Compound 8a (X =Cl):[53] colorless solid (356 mg, 60%); 1H NMR
(400 MHz, CD2Cl2): d=7.58–7.55 (m, 2H), 7.45–7.43 (m, 3H), 7.34–7.31
(m, 3H), 7.15–7.12 (m, 2 H), 5.29 (s, 1H), 4.05 (s, 1H), 3.16 (s, 3 H), 2.62
(s, 3H); 13C NMR (100 MHz, CD2Cl2): d=158.1 (C), 138.3 (C), 133.1 (C),
130.4 (CH), 129.7 (CH), 128.9 (CH), 128.9 (CH), 128.4 (CH), 127.5
(CH), 75.2 (CH), 70.4 (CH), 34.0 (CH3), 29.9 (CH3); IR (KBr): ñ =3389,
3061, 3026, 3004, 2945, 2865, 1615, 1586, 1482, 1455, 1434, 1409, 1389,
1359, 1307, 1284, 1251, 1195, 1149, 1078, 1029, 1018, 835, 777, 762, 711,
634, 615, 583, 554, 505, 473 cm�1; MS (ESI-pos.): m/z : 285.1 [M +�Cl].


Compound 15a (X =Cl): colorless solid (423 mg, 59%); 1H NMR
(400 MHz, CD2Cl2): d=3.86 (dt, J =5.9, 1.2 Hz, 4H), 3.40 (d, J =1.2 Hz,
6H), 2.2 (dquint. , J=5.9, 1.4 Hz, 2 H); 13C NMR (100 MHz, CD2Cl2): d=


153.0 (C), 51.0 (CH2), 43.2 (CH3), 19.4 (CH2); IR (KAP): ñ=2944, 2874,
2363, 2059, 1648, 1508, 1445, 1411, 1364, 1324, 1235, 1123, 1033, 863, 844,
756, 624, 565 cm�1; MS (ESI-pos.): m/z : 147.2 [M +�Cl]; elemental analy-
sis calcd (%) for: C 39.36, H 6.61, N 15.30; found: C 39.37, H 6.68, N
15.24.


Compound 25a (X=O):[54] Prepared in toluene as the solvent; colorless
solid (249 mg, 91%); 1H NMR (400 MHz, CD2Cl2): d=7.74–7.70 (m,
2H), 7.49–7.39 (m, 3 H), 3.75 (s, 6 H); 13C NMR (100 MHz, CD2Cl2): d=


161.7 (C), 153.0 (C), 130.4 (CH), 128.9 (CH), 121.7 (CH), 44.0 (CH3); IR
(KBr): ñ =3054, 3019, 2943, 1723, 1664, 1586, 1533, 1488, 1457, 1389,
1326, 1247, 1208, 1170, 1070, 1026, 939, 915, 845, 827, 814, 770, 752, 691,
663, 637, 615, 603, 502 cm�1; MS (ESI-pos.): m/z : 184.2 [M +�Cl]; ele-


mental analysis calcd (%) for: C
49.11, H 5.04, N 6.36; found C 48.98,
H 5.11, N 6.43.


Compound 25 b (X =S):[55] Prepared
in toluene as the solvent; colorless
solid (202 mg, 85%); 1H NMR
(400 MHz, CD2Cl2): d=7.80–7.77 (m,
2 H), 7.66–7.62 (m, 1H), 7.57–7.52
(m, 2 H), 4.02 (s, 6 H); 13C NMR
(100 MHz, CD2Cl2): d= 177.8 (C),
136.5 (CH), 133.1 (CH), 130.7 (CH),
124.8 (C), 49.1 (CH3); IR (KBr): ñ=


3050, 2995, 2930, 1667, 1596, 1476,
1441, 1405, 1365, 1311, 1257, 1246,
1178, 1102, 1087, 1070, 1023, 990, 909,
872, 750, 708, 687, 653, 548, 525,
504 cm�1; MS (ESI-pos.): m/z : 200.2
[M +�Cl]; elemental analysis calcd
(%) for: C 45.77, H 4.69, N 5.93;
found: C 45.70, H 4.63, N 6.04.


Compound 30 : Prepared in toluene
as the solvent; colorless solid
(573 mg, 69%); 1H NMR (400 MHz,
CD2Cl2): d=7.86–7.82 (m, 2 H), 7.14–
7.10 (m, 2H), 4.87–4.79 (m, 2H), 3.91
(s, 3 H), 1.83 (d, J =7.0 Hz, 6H), 1.61
(d, J= 6.6 Hz, 6 H); 13C NMR
(100 MHz, CD2Cl2): d= 173.4 (C),
164.7 (C), 131.3 (CH), 124.5 (C),
115.0 (CH), 65.4 (CH3), 58.8 (CH),
56.1 (CH), 20.3 (CH3), 20.2 (CH3);
IR (KBr): ñ =3085, 3014, 2972, 2938,
2877, 2841, 1593, 1571, 1510, 1460,
1438, 1379, 1369, 1339, 1308, 1268,
1244, 1182, 1126, 1016, 894, 852, 843,
805, 773, 724, 689, 627, 605, 555, 535,
507 cm�1; MS (ESI-pos.): m/z : 254.2
[M +�Cl]; elemental analysis calcd
(%) for: C 57.94, H 7.29, N 4.83;
found: C 57.76, H 7.39, N 4.81.


Representative procedure for the formation of hexafluorophosphate
salts—Compound 7b (X =PF6): AgPF6 (147 mg, 0.58 mmol) was added
to a solution of chloride salt 7a (X =Cl, 210 mg, 0.58 mmol) in CH2Cl2


(4 mL) and the resulting suspension was stirred for 1 h at ambient tem-
perature under argon. The mixture was filtered and the solvent was
evaporated to give the corresponding hexafluorophosphate salt 7b in an-
alytically pure form (219 mg, 79%). 1H NMR (400 MHz, CD2Cl2): d=


3.63–3.60 (m, 2H), 3.58–3.52 (m, 4H), 2.26–2.23 (m, 2 H), 2.03–1.98 (m,
2H), 1.63–1.60 (m, 2 H), 1.59–1.51 (m, 2H), 1.47–1.36 (m, 4H), 0.96 (s,
18H); 13C NMR (100 MHz, CD2Cl2): d=157.8 (C), 67.7 (CH), 43.3
(CH2), 40.9 (CH2), 29.9 (C), 28.8 (CH3), 27.4 (CH2), 23.7 (CH2);
31P NMR (121 MHz, CD2Cl2): d=�143.9 (hept., J(P,F)=711 Hz); IR
(KBr): ñ =2950, 2873, 1571, 1494, 1474, 1458, 1444, 1366, 1328, 1313,
1271, 1253, 1178, 1165, 1110, 1054, 999, 969, 912, 877, 839, 778, 652, 557,
485 cm�1; MS (ESI-pos.): m/z : 327.3 [M +�PF6]; elemental analysis calcd
(%) for: C 48.25, H 7.67, N 5.92; found: C 48.31, H 7.74, N 5.96.


The following compounds were prepared analogously:


Compound 6b (X=PF6): pale brown solid (203 mg, 71%); 1H NMR
(400 MHz, CD2Cl2): d=7.57–7.49 (m, 3H), 7.44–7.41 (m, 2H), 4.78–4.69
(m, 1H), 4.54 (t, J= 11.0 Hz, 1 H), 4.39 (dd, J =11.1, 8.9 Hz, 1H), 3.93–
3.86 (m, 1H), 3.72 (dt, J=9.6, 2.9 Hz, 1H), 2.48–2.37 (m, 2 H), 2.32–2.19
(m, 1H), 2.17–2.06 (m, 1 H); 13C NMR (100 MHz, CD2Cl2): d =156.0 (C),
134.8 (C), 130.6 (CH), 130.4 (CH), 125.5 (CH), 68.7 (CH), 58.3 (CH2),
47.4 (CH2), 30.5 (CH2), 25.7 (CH2); 31P NMR (121 MHz, CD2Cl2): d=


�143.8 (hept., J(P,F)=711 Hz); IR (KBr): ñ= 3071, 2964, 2883, 1604,
1590, 1507, 1490, 1471, 1451, 1367, 1333, 1298, 1285, 1223, 1140, 1047,
1027, 833, 772, 696, 639, 608, 558, 536 cm�1; MS (ESI-pos.): m/z : 221.0


Table 4. Kumada cross-coupling reactions catalyzed by different nickel–carbene complexes. All reactions were
performed in THF at ambient temperature for 18 h, by using 3 mol % of the catalyst; the yields refer to GC
data.


Entry Catalyst Substrate Yield [%]


1
2
3


47
53
48


70
69
78


4
5
6


47
53
48


61
69
71


7
8
9


47
53
48


81
77
76


10
11
12


47
53
48


80
77
78


13
14
15


47
53
48


67
61
74
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[M +�PF6]; elemental analysis calcd (%) for: C 39.31, H 3.85, N 7.64;
found: C 39.46, H 3.81, N 7.60.


Compound 8 b (X=PF6): colorless solid (121 mg, 70%); 1H NMR
(400 MHz, CD2Cl2): d=7.50–7.46 (m, 3H), 7.40–7.36 (m, 3H), 7.34–7.32
(m, 2H), 7.20–7.17 (m, 2 H), 5.08 (s, 1H), 4.30 (s, 1H), 3.11 (s, 3 H), 2.75
(s, 3H); 13C NMR (100 MHz, CD2Cl2): d=157.0 (C), 137.6 (C), 132.8 (C),
130.7 (CH), 130.0 (CH), 129.1 (CH), 128.8 (CH), 128.2 (CH), 127.4
(CH), 74.8 (CH), 70.6 (CH), 33.6 (CH3), 29.9 (CH3); 31P NMR (121 MHz,
CD2Cl2): d=�143.7 (hept., J(P,F)=711 Hz); IR (KBr): ñ=3066, 3035,
2950, 2881, 2813, 1697, 1655, 1619, 1587, 1519, 1498, 1457, 1413, 1358,
1308, 1279, 1235, 1214, 1144, 1081, 1030, 1004, 971, 839, 759, 703, 656,
635, 588, 557 cm�1; MS (ESI-pos.): m/z : 285.2 [M +�PF6]; elemental anal-
ysis calcd (%) for: C 47.40, H 4.21, N 6.50; found: C 47.56, H 4.34, N
6.63.


Compound 15 b (X= PF6):[56] colorless solid (157 mg, 90 %); 1H NMR
(400 MHz, CD2Cl2): d=3.67 (t, J= 6.0 Hz, 4 H), 3.37 (s, 6 H), 2.21 (quint. ,
J =6.0 Hz, 2 H); 13C NMR (100 MHz, CD2Cl2): d=153.0 (C), 53.0 (CH2),
43.0 (CH3), 19.1 (CH2); 31P NMR (121 MHz, CD2Cl2): d=�143.9 (hept.,
J(P,F)=711 Hz); IR (KBr): ñ =2956, 2892, 2263, 1651, 1511, 1452, 1416,
1368, 1326, 1306, 1239, 1129, 1057, 1037, 833, 742, 635, 610, 558, 494,
481 cm�1; MS (ESI-pos.): m/z : 147.1 [M +�PF6]; elemental analysis calcd
(%) for: C 24.63, H 4.13, N 9.57; found: C 24.57, H 4.18, N 9.48.


Compound 21 b (X= PF6):[57] colorless solid (224 mg, 91 %); 1H NMR
(400 MHz, CD2Cl2): d= 3.33 (s, 12H); 13C NMR (100 MHz, CD2Cl2): d=


159.9 (C), 44.3 (CH3); 31P NMR (121 MHz, CD2Cl2): d=�144.0 (hept.,
J(P,F)=711 Hz); IR (KBr): ñ= 2960, 2928, 1655, 1508, 1473, 1408, 1395,
1263, 1179, 1122, 1064, 1005, 836, 645, 617, 557 cm�1; MS (ESI-pos.): m/z :
135.0 [M +�PF6]; elemental analysis calcd (%) for: C 21.40, H 4.31, N
9.98; found: C 21.36, H 4.27, N 10.06.


Compound 26a (X=O): colorless oil (111 mg, 75 %); 1H NMR
(400 MHz, CD2Cl2): d=7.57–7.48 (m, 3 H), 7.21–7.16 (m, 2 H), 3.71 (s,
3H), 3.68 (s, 3H); 13C NMR (100 MHz, CD2Cl2): d=161.7 (C), 152.6 (C),
129.6 (CH), 125.3 (CH), 121.0 (CH), 44.7 (CH3), 42.9 (CH3); 31P NMR
(121 MHz, CD2Cl2): d=�143.9 (hept., J(P,F)= 711 Hz); IR (KBr): ñ=


3063, 2955, 2917, 2849, 2645, 1668, 1602, 1585, 1490, 1462, 1418, 1392,
1332, 1248, 1210, 1172, 1144, 1070, 1030, 1005, 939, 838, 815, 766, 688,
664, 630, 608, 558, 499, 467 cm�1; MS (ESI-pos.): m/z : 184.1 [M +�PF6];
elemental analysis calcd (%) for: C 32.80, H 3.36, N 4.25; found: C 32.74,
H 3.43, N 4.16.


Compound 26 b (X= S): pale yellow solid (191 mg, 86 %); 1H NMR
(400 MHz, CD2Cl2): d=7.69–7.65 (m, 3 H), 7.61–7.57 (m, 2 H), 3.81 (s,
6H); 13C NMR (100 MHz, CD2Cl2): d=176.7 (C), 136.5 (CH), 133.6
(CH), 130.3 (CH), 124.2 (C), 49.0 (CH3); 31P NMR (121 MHz, CD2Cl2):
d=�143.9 (hept., J(P,F)=711 Hz); IR (KBr): ñ =3060, 2919, 2849, 1666,
1605, 1477, 1446, 1411, 1366, 1335, 1261, 1236, 1137, 1104, 1089, 1059,
1026, 990, 879, 838, 758, 707, 688, 657, 558, 525, 505, 494 cm�1; MS (ESI-
pos.): m/z : 200.2 [M +�PF6]; elemental analysis calcd (%) for: C 31.27, H
3.21, N 4.05; found: C 31.21, H 3.16, N 3.88.


Compound 31: colorless solid (176 mg, 65%); 1H NMR (400 MHz,
CD2Cl2): d=7.63–7.59 (m, 2H), 7.16–7.12 (m, 2H), 4.87 (hept., J =


6.6 Hz, 1H), 4.61 (hept., J=7.1 Hz, 1 H), 3.93 (s, 3 H), 1.79 (d, J =7.0 Hz,
6H), 1.54 (d, J =6.6 Hz, 6 H); 13C NMR (100 MHz, CD2Cl2): d=165.6
(C), 161.9 (C), 131.1 (CH), 128.2 (C), 114.5 (CH), 65.7 (CH3), 56.3 (CH),
55.7 (CH), 20.2 (CH3), 20.1 (CH3); 31P NMR (121 MHz, CD2Cl2): d=


�143.8 (hept., J(P,F) =710.6 Hz); IR (KBr): n=2975, 2939, 2848, 1625,
1610, 1576, 1546, 1511, 1470, 1443, 1371, 1339, 1302, 1256, 1213, 1180,
1161, 1107, 1027, 925, 887, 842, 819, 801, 767, 733, 596, 558, 491 cm�1; MS
(ESI-pos): m/z : 254.2 [M +�PF6], 212.2 [M+�PF6�iPr]; elemental analy-
sis calcd (%) for: C 42.06, H 5.30, N 3.50; found: C 42.16, H 5.26, N 3.41.


Representative procedure for the preparation of palladium complexes by
oxidative insertion into amidinium hexafluorophosphate salts—Com-
pound 10 : A suspension of the hexafluorophosphate salt 7 b (X =PF6,
129 mg, 0.27 mmol) and [Pd(PPh3)4] (312 mg, 0.27 mmol) in toluene
(20 mL) was stirred under argon for 2 h at 100 8C. After cooling, the sol-
vent was removed in vacuo, the waxy residue was suspended in pentane
and stirred for 1 h at ambient temperature to form a fine powder. The
pentane was discarded and the residue was extracted with pentane to
remove the remaining PPh3. The crude product was then recrystallized


from CH2Cl2 to precipitate impurities. After filtration, crystallization of
the product was induced by slowly diffusing pentane into the CH2Cl2 so-
lution to afford complex 10 as a yellow solid (183 mg, 63 %). 1H NMR
(400 MHz, CD2Cl2): d=7.65–7.58 (m, 18 H), 7.54–7.50 (m, 12 H), 3.67–
3.59 (m, 2 H), 2.88–2.80 (m, 2 H), 2.00 (br, 2H), 1.70 (d, J =6.1 Hz, 4 H),
0.97–0.86 (m, 8H), 0.74 (s, 18 H); 13C NMR (100 MHz, CD2Cl2): d=195.0
(C), 134.7 (CH), 132.2 (CH), 130.6 (C), 129.2 (t, J(C,P)= 5.2 Hz, CH),
68.6 (CH), 47.2 (CH2), 41.5 (CH2), 29.6 (CH2), 28.7 (CH3), 28.6 (C), 23.7
(CH2); 31P NMR (121 MHz, CD2Cl2): d=23.1, �143.9 (hept., J(P,F)=


711 Hz); IR (KBr): ñ=3056, 2954, 2866, 1585, 1573, 1482, 1436, 1396,
1367, 1324, 1310, 1260, 1187, 1162, 1093, 1027, 1000, 873, 839, 748, 695,
637, 617, 557, 520, 495 cm�1; MS (ESI-pos.): m/z : 957.5 [M +�PF6]; ele-
mental analysis calcd (%) for: C 59.84, H 6.03, N 2.54; found: C 59.73, H
5.95, N 2.48.


Complex trans-2a[24] and the following were prepared analogously.


Compound 12 : pale yellow solid (151 mg, 43%); 1H NMR (400 MHz,
CD2Cl2): d= 7.73–7.63 (m, 18 H), 7.59–7.55 (m, 12 H), 7.32–7.28 (m, 2H),
7.22–7.18 (m, 4H), 6.24–6.22 (m, 4H), 3.82 (s, 2 H), 3.01 (s, 6H);
13C NMR (100 MHz, CD2Cl2): d= 195.4 (C), 134.6 (t, J(C,P) =6.1 Hz,
CH), 132.1 (CH), 131.9 (CH), 129.8 (C), 129.7 (d, J(C,P)=22.2 Hz, C),
129.4 (t, J(C,P)=5.2 Hz, CH), 129.2 (CH), 127.8 (CH), 76.6 (CH), 36.3
(CH3); 31P NMR (121 MHz, CD2Cl2): d=24.4, �143.9 (hept., J(P,F)=


711 Hz); IR (KBr): ñ=3056, 2914, 1586, 1573, 1523, 1496, 1483, 1455,
1436, 1395, 1352, 1310, 1273, 1230, 1189, 1162, 1095, 1029, 1000, 960, 911,
875, 838, 750, 695, 642, 616, 594, 558, 521, 494 cm�1; MS (ESI-pos.): m/z :
915.25 [M +�PF6]; elemental analysis calcd (%) for: C 59.95, H 4.56, N
2.64; found: C 59.90, H 4.48, N 2.56.


Compound 16 b (X=PF6): pale yellow solid (301 mg, 61%); 1H NMR
(400 MHz, CD2Cl2): d=7.74–7.69 (m, 12H), 7.60–7.50 (m, 18H), 3.31 (s,
6H), 2.25 (t, J= 6.1 Hz, 4 H), 0.91 (quint., J=6.0 Hz, 2 H); 13C NMR
(100 MHz, CD2Cl2): d =187.7 (C), 134.4 (t, J(C,P)=6.2 Hz, CH), 131.9
(CH), 129.5 (d, J(C,P)= 25.0 Hz, Cq), 129.1 (t, J(C,P)=5.1 Hz, CH), 46.1
(CH2), 45.9 (CH3), 18.0 (CH2); 31P NMR (121 MHz, CD2Cl2): d=21.9,
�143.9 (hept., J(P,F)=711 Hz); IR (KBr): ñ=3047, 2952, 2915, 2875,
1579, 1494, 1482, 1435, 1406, 1361, 1321, 1265, 1240, 1220, 1188, 1159,
1095, 1027, 999, 925, 837, 764, 748, 708, 695, 619, 599, 558, 520, 494 cm�1;
MS (ESI-pos.): m/z : 779.2 [M +�PF6]; elemental analysis calcd (%) for:
C 54.62, H 4.58, N 12.34; found: C 54.58, H 4.63, N 12.36.


Compound 19 : pale yellow solid (139 mg, 50%); 1H NMR (400 MHz,
CD2Cl2): d =7.60–7.49 (m, 30H), 4.03 (t, J =5.4 Hz, 4H), 2.21 (t, J=


4.8 Hz, 4H), 1.39 (quint., J=5.4 Hz, 4 H), 1.20 (quint., J = 5.5 Hz, 8H);
13C NMR (100 MHz, CD2Cl2): d =193.8 (C), 134.5 (CH), 131.9 (CH),
129.4 (C), 129.2 (t, J(C,P) =5.4 Hz, CH), 57.0 (CH2), 24.4 (CH2), 23.3
(CH2); 31P NMR (121 MHz, CD2Cl2): d=24.2, �143.9 (hept., J(P,F)=


710.6 Hz); IR (KBr): ñ= 3057, 2947, 2853, 1587, 1573, 1538, 1481, 1436,
1409, 1346, 1321, 1281, 1259, 1244, 1188, 1161, 1130, 1095, 999, 838, 790,
746, 705, 693, 602, 557, 520, 498 cm�1; MS (ESI-pos.): m/z : 847.3 [M +


�PF6]; elemental analysis calcd (%) for: C 56.92, H 5.08, N 2.82; found:
C 57.08, H 5.03, N 2.75.


Compound 23 : pale yellow solid (255 mg, 48%); 1H NMR (400 MHz,
CD2Cl2): d=7.70–7.66 (m, 12 H), 7.60–7.50 (m, 18H), 3.43 (s, 6H), 2.03
(s, 6H); 13C NMR (100 MHz, CD2Cl2): d =198.8 (C), 134.4 (t, J(C,P)=


6.2 Hz, CH), 132.0 (CH), 129.6 (d, J(C,P)=25.0 Hz, C), 129.3 (t, J(C,P)=


5.2 Hz, CH), 47.1 (CH3), 42.9 (CH3); 31P NMR (121 MHz, CD2Cl2): d=


22.4, �143.9 (hept., J(P,F)= 710.6 Hz); IR (KBr): ñ= 3051, 2960, 2922,
1656, 1564, 1496, 1482, 1435, 1405, 1389, 1314, 1267, 1189, 1159, 1095,
1052, 1027, 999, 918, 836, 747, 693, 611, 558, 521, 493 cm�1; MS (ESI-
pos.): m/z : 767.3 [M +�PF6]; elemental analysis calcd (%) for: C 54.02, H
4.64, N 12.50; found: C 54.12, H 4.58, N 12.57.


Compound 28a (X=O): yellow solid (110 mg, 30%); 1H NMR
(400 MHz, CD2Cl2): d =7.68–7.58 (m, 7H), 7.54–7.47 (m, 12H), 7.44–7.39
(m, 12 H), 7.20–7.15 (m, 2H), 6.84–6.81 (m, 2H), 3.18 (s, 3H), 2.57 (s,
3H); 13C NMR (75 MHz, CD2Cl2): d =207.5 (C), 153.2 (C), 134.3 (t,
J(C,P)= 5.8 Hz, CH), 132.2 (CH), 130.2 (CH), 129.3 (t, J(C,P) =5.3 Hz,
CH), 128.5 (C), 128.1 (CH), 120.4 (CH), 44.5 (CH3), 38.8 (CH3);
31P NMR (121 MHz, CD2Cl2): d=21.4, �143.9 (hept., J(P,F)=711 Hz);
IR (KBr): ñ =3057, 1598, 1574, 1482, 1435, 1347, 1308, 1266, 1226, 1156,
1095, 1026, 999, 841, 770, 751, 694, 606, 558, 521, 496 cm�1; MS (ESI-
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pos.): m/z : 814.1 [M +�PF6], 553.9 [M +�PF6�PPh3]; elemental analysis
calcd (%) for: C 56.27, H 4.30, N 1.46; found: C 56.16, H 4.12, N 1.36.


Compound 28 b (X=S): colorless solid (116 mg, 24 %); 1H NMR
(400 MHz, CD2Cl2): d =7.69–7.48 (m, 31H), 7.30–7.25 (m, 4 H), 3.41 (s,
3H), 2.63 (s, 3H); 13C NMR (75 MHz, CD2Cl2): d=230.3 (C), 140.4 (C),
134.7 (CH), 134.5 (CH), 132.1 (CH), 131.8 (CH), 130.4 (CH), 129.1 (t,
J(C,P)= 5.3 Hz, CH), 128.4 (C), 44.9 (CH3); 31P NMR (121 MHz,
CD2Cl2): d=19.9, �143.9 (hept., J(P,F) =711 Hz); IR (KBr): ñ =3058,
1616, 1586, 1574, 1532, 1481, 1435, 1404, 1391, 1322, 1308, 1267, 1225,
1191, 1133, 1095, 1071, 1027, 999, 924, 897, 877, 838, 745, 735, 694, 617,
557, 520, 495 cm�1; MS (ESI-pos.): m/z : 830.2 [M +�PF6], 570.1 [M +


�PF6�PPh3]; elemental analysis calcd (%) for: C 55.34, H 4.23, N 1.43;
found: C 55.37, H 4.21, N 1.38.


Compound 33 : yellow solid (151 mg, 43%); 1H NMR (400 MHz,
CD2Cl2): d=7.50–7.46 (m, 4 H), 7.40–7.36 (m, 3 H), 7.27–7.23 (m, 6H),
7.20–7.11 (m, 17 H), 6.84–6.81 (m, 2 H), 6.62 (br, 2H), 5.79–5.74 (m, 1H),
4.15–4.11 (m, 1H), 3.90 (s, 3H), 2.03 (d, J =6.6 Hz, 3H), 1.59 (d, J =


6.7 Hz, 3H), 1.07 (d, J=6.9 Hz, 3 H), 0.94 (d, J =7.0 Hz, 3H); 13C NMR
(75 MHz, CD2Cl2): d= 235.1 (C), 161.4 (C), 135.9 (d, J(C,P)= 3.0 Hz, C),
134.8 (d, J(C,P) =10.7 Hz, CH), 134.6 (d, J(C,P)=10.4 Hz, CH), 134.0 (d,
J(C,P)= 12.1 Hz, C), 132.3 (d, J(C,P) =2.7 Hz, CH), 130.9 (d, J(C,P)=


2.4 Hz, CH), 130.3 (d, J(C,P)=50.2 Hz, C), 129.2 (d J(C,P) =11.2 Hz,
CH), 128.4 (d, J(C,P)=10.3 Hz, CH), 127.3 (CH), 113.2 (CH), 71.0
(CH3), 57.0 (CH), 55.8 (CH), 25.2 (CH3), 21.8 (CH3), 21.1 (CH3), 20.3
(CH3); 31P NMR (121 MHz, CD2Cl2): d=29.0 (d, J=37.2 Hz), 22.7 (d,
J =37.3 Hz), �143.9 (hept., J(P,F) =711 Hz); IR (KBr): ñ= 3057, 2987,
2939, 2845, 1600, 1572, 1503, 1481, 1438, 1392, 1376, 1368, 1310, 1284,
1256, 1209, 1179, 1160, 1143, 1096, 1026, 997, 875, 839, 742, 693, 629, 594,
557, 530, 519, 507 cm�1; MS (ESI-pos.): m/z : 884.2 [M +�PF6], 622.1 [M +


�PF6�PPh3], 586.1 [M +�PF6�PPh3�Cl]; elemental analysis calcd (%)
for: C 58.26, H 4.99, N 1.36; found: C 58.33, H 5.08, N 1.32.


Compound 35 : yellow solid (71 mg, 22%); 1H NMR (400 MHz, CD2Cl2):
d=7.63–7.38 (m, 30 H), 6.84–6.82 (m, 2H), 6.64–6.61 (m, 2H), 4.34 (t, J=


5.8 Hz, 2H), 3.81 (s, 3H), 2.91 (t, J =5.3 Hz, 2 H), 1.63–1.62 (m, 2H),
1.55–1.51 (m, 4 H); 13C NMR (75 MHz, CD2Cl2): d=226.5 (C), 162.9 (C),
140.4 (C), 135.9 (d, J(C,P)=3.0 Hz, C), 134.6 (t, J(C,P)=6.2 Hz, CH),
131.9 (CH), 131.1 (CH), 129.1 (t, J =5.3 Hz, CH), 114.1 (CH), 63.4
(CH2), 56.6 (CH2), 56.0 (CH3), 26.0 (CH2), 24.8 (CH2), 22.9 (CH2);
31P NMR (121 MHz, CD2Cl2): d=23.9, �143.9 (hept., J(P,F)=711 Hz);
IR (KBr): ñ =3060, 2954, 2863, 2677, 2580, 1599, 1541, 1505, 1482, 1436,
1310, 1265, 1232, 1172, 1109, 1095, 1072, 1024, 999, 931, 839, 747, 725,
692, 645, 604, 558, 520, 494 cm�1; MS (ESI-pos.): m/z : 868.2 [M +�PF6],
608.2 [M +�PF6�PPh3]; elemental analysis calcd (%) for: C 58.00, H
4.67, N 1.38; found: C 57.92, H 4.58, N 1.34.


Compound 9 b (X= PF6)


Method A : A suspension of the imidazolium salt 6b (X=PF6, 100 mg,
0.27 mmol) and [Pd(PPh3)4] (312 mg, 0.27 mmol, 1 equiv) in CH2Cl2


(18 mL) was refluxed under argon for 2 h. For work up, the solvent was
removed in vacuo, the waxy residue was suspended in pentane and stir-
red for 1 h at RT to form a fine powder. The pentane was discarded and
the residue was extracted with pentane to remove the remaining PPh3.
The crude product was then recrystallized from CH2Cl2 to precipitate im-
purities. After filtration, crystallization of the product was induced by
slowly diffusing pentane into the CH2Cl2 solution affording the desired
product 9b as a pale yellow solid (110 mg, 41%).


Method B : AgPF6 (35 mg, 0.14 mmol) was added to a solution of the cor-
responding chloride complex 9a (X=Cl, 125 mg, 0.14 mmol) in CH2Cl2


(1 mL) and the resulting suspension was stirred for 1 h under argon. The
mixture was filtered and the solvent was evaporated to give the desired
product as a pale yellow solid (99 mg, 71%). 1H NMR (400 MHz,
CD2Cl2): d= 7.71–7.66 (m, 5 H), 7.60–7.50 (m, 13 H), 7.44–7.34 (m, 12H),
7.26–7.17 (m, 5H), 3.67–3.57 (m, 1H), 3.44–3.30 (m, 2 H), 3.06 (t, J=


10.7 Hz, 1 H), 2.88–2.86 (m, 1 H), 1.94–1.90 (m, 1 H), 1.75–1.72 (m, 2H),
0.62 (t, J =9.7 Hz, 1H); 13C NMR (100 MHz, CD2Cl2): d=190.0 (C),
139.2 (C), 134.4 (t, J(C,P)=6.2 Hz, CH), 132.1 (CH), 131.9 (CH), 129.5
(C), 129.1 (dt, J(C,P)=13.0, 5.3 Hz, CH), 126.3 (CH), 118.7 (CH), 63.9
(CH), 54.7 (CH2), 46.4 (CH2), 29.8 (CH2), 26.1 (CH2); 31P NMR
(121 MHz, CD2Cl2): d=22.8, �143.4 (hept., J(P,F)=711 Hz); IR (KBr):


ñ= 3058, 2954, 2918, 2881, 2850, 1598, 1586, 1574, 1521, 1494, 1482, 1471,
1458, 1436, 1413, 1370, 1325, 1301, 1259, 1185, 1119, 1094, 1072, 1028,
998, 922, 877, 840, 757, 746, 734, 697, 625, 594, 558, 542, 517, 497 cm�1;
MS (ESI-pos.): m/z : 853.3 [M +�PF6]; elemental analysis calcd (%) for:
C 57.79, H 4.45, N 2.81; found: C 57.86, H 4.37, N 2.72.


Representative procedure for the preparation of palladium carbene com-
plexes by oxidative insertion into amidinium chloride salts—Compound
13 : A solution of the imidazolium salt 8 a (X=Cl) (150 mg, 0.47 mmol)
and [Pd(PPh3)4] (543 mg, 0.47 mmol) in CH2Cl2 (30 mL) was stirred
under argon for 16 h at ambient temperature. The solvent was removed
in vacuo, the waxy residue was suspended in pentane and stirred for 1 h
at ambient temperature to form a fine powder. The pentane was discard-
ed and the residue was extracted with pentane to remove the remaining
PPh3. The crude product was then recrystallized from CH2Cl2 to precipi-
tate impurities. After filtration, the crystallization of the product was in-
duced by slowly diffusing pentane into the CH2Cl2 solution, affording
product 13 as a yellow solid (230 mg, 70 %). 1H NMR (400 MHz,
CD2Cl2): d=7.80–7.74 (m, 5 H), 7.59–7.52 (m, 3 H), 7.50–7.44 (m, 8H),
7.38–7.35 (m, 3 H), 7.30–7.23 (m, 4H), 6.49–6.47 (m, 2 H), 4.54 (d, J=


11.6 Hz, 1H), 4.01 (d, J =11.6 Hz, 1H), 3.20 (s, 3 H), 3.00 (s, 3H);
13C NMR (100 MHz, CD2Cl2): d=195.0 (C), 136.4 (C), 135.5 (C), 134.7
(d, J(C,P) =11.4 Hz, CH), 131.5 (d, J(C,P)=2.4 Hz, CH), 131.0 (d,
J(C,P)= 52.3 Hz, C), 130.7 (CH), 129.9 (CH), 129.4 (CH), 129.1 (CH),
128.8 (d, J(C,P)=11.0 Hz, CH), 128.1 (CH), 127.3 (CH), 78.3 (CH), 75.7
(CH), 36.5 (CH3), 35.5 (CH3); 31P NMR (162 MHz, CD2Cl2): d=27.90;
IR (KBr): ñ =3050, 2963, 2909, 1702, 1650, 1586, 1571, 1525, 1492, 1481,
1455, 1436, 1407, 1393, 1262, 1194, 1158, 1096, 1027, 999, 942, 923, 803,
747, 721, 703, 693, 653, 619, 585, 533, 508 cm�1; MS (ESI-pos., CH2Cl2):
m/z : 653.2 [M +�Cl]; elemental analysis calcd (%) for: C 60.93, H 4.82,
N 4.06; found: C 61.05, H 4.76, N 4.03.


The following complexes were prepared analogously:


Compound 9a (X= Cl): Colorless solid (458 mg, 67%). In solution, this
product exists as an equilibrium mixture of the cationic form 9a, the neu-
tral form and PPh3 (1:0.28:0.46). 1H NMR (400 MHz, CD2Cl2): d=7.80–
7.51 (m, 3H), 7.70–7.66 (m, 4 H), 7.62–7.51 (m, 10H), 7.47–7.05 (m,
52H), 4.99–4.93 (m, 1H), 3.74–3.44 (m, 5H), 3.39–3.29 (m, 2H), 3.15–
3.09 (m, 1H), 3.01–2.92 (m, 1H), 2.29–2.09 (m, 2 H), 2.03–1.72 (m, 4H),
1.57–1.47 (m, 1H), 0.71–0.60 (m, 1 H); 13C NMR (100 MHz, CD2Cl2): d=


193.2 (C), 193.1 (C), 139.8 (C), 139.2 (C), 137.5 (d, J(C,P)= 21.1 Hz, C,
PPh3), 134.5 (d, J(C,P) =11.5 Hz, CH), 134.3 (t, J(C,P)= 6.1 Hz, CH),
133.8 (d, J(C,P)= 19.7 Hz, PPh3), 132.1 (CH), 132.0 (CH), 131.9 (CH),
131.1 (d, J(C,P) =2.4 Hz, CH), 130.1 (d, J(C,P) =54.5 Hz, C), 129.5 (s, C),
129.1 (t, J(C,P)= 13.3 Hz, CH), 128.8 (CH, PPh3), 128.6 (d, J(C,P)=


6.9 Hz, CH, PPh3), 128.2 (d, J(C,P)=11.2 Hz, CH), 126.8 (CH), 126.3
(CH), 120.6 (CH), 118.9 (CH), 64.3 (CH), 63.1 (CH), 55.0 (CH2), 54.3
(CH2), 47.4 (CH2), 46.4 (CH2), 30.4 (CH2), 30.0 (CH2), 26.1 (CH2), 24.4
(CH2); 31P NMR (162 MHz, CD2Cl2): d=27.5 (neutral), 23.1 (cationic),
�4.3 (PPh3); IR (KBr): ñ=3051, 2961, 2927, 2876, 1597, 1585, 1514, 1495,
1481, 1467, 1434, 1409, 1371, 1320, 1286, 1257, 1158, 1118, 1093, 1027,
997, 804, 746, 721, 694, 624, 542, 517, 497, 470 cm�1; MS (ESI-pos.): m/z :
851.2 (cationic form, [M +�Cl]), 589.1 (neutral form, [M +�Cl]); elemen-
tal analysis calcd (%) for the cationic complex: C 64.91, H 4.99, N 3.15;
found: C 64.72, H 5.15, N 3.08.


Complex 11 (X=Cl): colorless foam (85 %); 1H NMR (400 MHz,
CD2Cl2): d=7.76–7.71 (m, 6 H), 7.52–7.47 (m, 3 H), 7.44–7.39 (m, 6H),
4.03 (dt, J=13.2, 4.7 Hz, 1 H), 3.90 (dt, J=13.4, 4.4 Hz, 1 H), 3.43 (dt, J=


13.1, 4.8 Hz), 3.01 (dt, J= 13.1, 4.7 Hz, 1 H), 2.95–2.88 (m, 1 H), 2.01–1.93
(m, 2 H), 1.92–1.83 (m, 2H), 1.82–1.69 (m, 3H), 1.37–0.98 (m, 6 H), 0.93
(s, 9 H), 0.92 (s, 9 H); 13C NMR (100 MHz, CD2Cl2): d =194.5, 134.9
(j 2JP,C + 4JP,C j=11.2 Hz), 131.3 (J=2.7 Hz), 130.9 (j 1JP,C + 3JP,C j=
52.9 Hz), 128.5 (j 3JP,C + 5JP,C j=11.0 Hz), 67.8, 67.2, 45.9, 45.3, 42.2, 39.9,
29.8, 29.7, 29.1, 28.9, 28.0, 24.0, 23.8; 31P NMR (162 Hz, CD2Cl2): d =27.5;
IR (KBr): ñ =3054, 2952, 2865, 1587, 1573, 1483, 1450, 1436, 1394, 1365,
1354, 1325, 1307, 1251, 1236, 1191, 1162, 1095, 1064, 1028, 999, 967, 911,
842, 749, 695, 662, 641, 616, 533, 513, 494; MS (ESI-pos) m/z : 695.25 [M +


�Cl]; elemental analysis calcd (%) for C 60.70, H 7.02, N 3.83; found: C
60.45, H 7.12, N 3.69.
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Compound 16a (X=Cl): pale yellow solid (278 mg, 62 %). In solution,
this product exists as an equilibrium mixture of the cationic form, the
neutral form, and PPh3 (neutral/cationic/PPh3 0.37:1:0.34). 1H NMR
(400 MHz, CD2Cl2): d=7.80–7.68 (m, 15 H), 7.59–7.47 (m, 24 H), 7.45–
7.47 (m, 6 H), 7.32–7.27 (m, 15H), 3.51 (s, 6H), 3.33 (s, 6H), 2.96–2.91
(m, 2 H), 2.49 (ddd, J= 12.7, 7.8, 4.8 Hz, 2 H), 2.31 (t, J=6.0 Hz, 4H),
1.68–1.65 (m, 1 H), 1.31–1.24 (m, 1H), 0.93 (quint. , J=5.9 Hz, 2H);
13C NMR (100 MHz, CD2Cl2): d=187.4 (C), 186.0 (C), 137.2 (C, PPh3),
134.5 (d, J(C,P)=11.4 Hz, CH), 134.4 (t, J(C,P)= 6.4 Hz, CH), 133.7 (d,
J(C,P)= 19.6 Hz, CH, PPh3), 131.9 (CH), 131.3 (d, J(C,P)= 2.6 Hz, CH),
130.6 (d, J(C,P)=52.4 Hz, C), 129.4 (d, J(C,P) =25.1 Hz, C), 129.1 (t,
J(C,P)= 5.2 Hz, CH), 128.8 (CH, PPh3), 128.51 (d, J(C,P)=6.3 Hz, CH,
PPh3), 128.47 (d, J(C,P)=11.1 Hz, CH), 46.5 (CH2), 46.2 (CH3), 45.93
(CH2), 45.90 (CH3), 19.5 (CH2), 18.1 (CH2); 31P NMR (162 MHz,
CD2Cl2); d=26.5 (neutral), 22.2 (cationic), �4.6 (PPh3); IR (KBr): ñ=


3049, 2916, 2850, 1697, 1629, 1575, 1522, 1629, 1575, 1522, 1493, 1480,
1434, 1402, 1359, 1318, 1240, 1217, 1185, 1159, 1094, 1025, 998, 856, 748,
695, 619, 599, 521, 495 cm�1; MS (ESI-pos., CH2Cl2): m/z : 777.2 (cationic
complex, [M +�Cl]); elemental analysis calcd (%) for the cationic com-
plex: C 61.97, H 5.20, N 3.44; found C 62.10, H 5.12, N 3.38.


Compound 22 : colorless solid (124 mg, 40%). In solution, this product
exists as an equilibrium mixture of the cationic form, the neutral form,
and PPh3 (neutral/cationic/PPh3 0.64:1:0.86). 1H NMR (400 MHz,
CD2Cl2): d= 7.73–7.66 (m, 15 H), 7.59–7.47 (m, 24 H), 7.46–7.40 (m, 6H),
7.32–7.27 (m, 15 H), 3.45 (s, 6 H), 3.00 (s, 6 H), 2.73 (s, 6 H), 2.12 (s, 6 H);
13C NMR (100 MHz, CD2Cl2): d=201.3 (C), 201.2 (C), 137.5 (d, J(C,P)=


20.1 Hz, C, PPh3), 134.6 (d, J(C,P)=11.1 Hz, CH), 134.4 (t, J(C,P)=


6.3 Hz, CH), 133.7 (d, J(C,P) =19.6 Hz, CH, PPh3), 131.9 (s, CH), 131.3
(d, J(C,P) =2.2 Hz, CH), 130.9 (d, J(C,P)=51.3 Hz, C), 129.6 (d, J(C,P)=


25.6 Hz, C), 129.3 (t, J(C,P)= 5.3 Hz, CH), 128.8 (CH, PPh3), 128.6 (d,
J(C,P)= 11.2 Hz, CH), 128.5 (CH, PPh3), 47.1 (CH3), 43.3 (CH3);
31P NMR (162 MHz, CD2Cl2): d=27.5 (neutral), 22.8 (cationic), �4.6
(PPh3); IR (KBr): n =3050, 2955, 2916, 2849, 2674, 1617, 1563, 1480,
1434, 1404, 1382, 1309, 1265, 1185, 1158, 1094, 1052, 1026, 997, 917, 868,
747, 694, 612, 521, 495 cm�1; MS (ESI-pos.): m/z : 505.0 (neutral complex,
[M +�Cl]), 767.2 (cationic complex, [M +�Cl]; elemental analysis calcd
(%) for the neutral complex: C 51.18, H 5.04, N 5.19; found: C 51.08, H
5.11, N 5.08.


Compound 27 a (X =O): clorless solid (190 mg, 35 %); 1H NMR
(400 MHz, CD2Cl2): d = 7.50–7.46 (m, 3H), 7.40–7.20 (m, 17H), 3.80 (s,
3H), 3.01 (s, 3H); 13C NMR (75 MHz, CD2Cl2): d=204.8 (d, J =6.2 Hz,
C), 154.1 (C), 134.3 (d, J(C,P) =11.2 Hz, CH), 131.4 (d, J(C,P) =2.7 Hz,
CH), 129.6 (CH), 128.5 (d, J(C,P)=11.2 Hz, CH), 126.9 (C), 122.2 (CH),
115.7 (CH), 44.7 (CH3), 38.7 (CH3); 31P NMR (162 MHz, CD2Cl2): d=


26.17; IR (KBr): ñ =3052, 2984, 2923, 1622, 1599, 1577, 1483, 1455, 1435,
1412, 1355, 1310, 1275, 1246, 1187, 1147, 1096, 1071, 1026, 999, 820, 759,
693, 609, 534, 510, 498 cm�1; MS (ESI-pos.): m/z : 552.1 [M +�Cl]; ele-
mental analysis calcd (%) for: C 55.08, H 4.45, N 2.38, found: C 54.95, H
4.49, N 2.43.


Compound 27 b (X=S): colorless solid (166 mg, 64 %); 1H NMR
(400 MHz, CD2Cl2): d=7.95–7.93 (m, 2H), 7.65–7.60 (m, 3H), 7.49–7.43
(m, 7 H), 7.35–7.27 (m, 19H), 3.94 (s, 3H), 3.05 (s, 3H); 13C NMR
(75 MHz, CD2Cl2): d= 228.7 (C), 136.0 (CH), 134.5 (C), 132.1 (CH),
131.3 (d, J(C,P)=2.6 Hz, CH), 130.8 (CH), 129.7 (CH), 129.2 (CH), 128.4
(d, J(C,P)= 11.1 Hz, CH), 44.7 (CH3); 31P NMR (162 MHz, CD2Cl2): d=


25.9; IR (KBr): ñ =3142, 3052, 2962, 2919, 2854, 2673, 1667, 1585, 1572,
1545, 1480, 1435, 1403, 1310, 1263, 1228, 1186, 1157, 1117, 1094, 1070,
1026, 998, 923, 900, 857, 803, 746, 721, 693, 617, 557, 533, 512, 495 cm�1;
MS (ESI-pos.): m/z : 832.1 [M +�Cl], 570.0 [M +�Cl�PPh3]; elemental
analysis calcd (%) for: C 62.33, H 4.77, N 1.62; found: C 62.26, H 4.83, N
1.65.


Complex 32 : yellow solid (124 mg, 56%); 1H NMR (400 MHz, CD2Cl2):
d=7.50–7.34 (m, 15 H), 6.67–6.58 (m, 4H), 6.16 (hept., J= 6.6 Hz, 1H),
4.07 (hept., J =7.0 Hz, 1 H), 3.81 (s, 3H), 1.86 (d, J =6.6 Hz, 3H), 1.44 (d,
J =6.8 Hz, 3 H), 1.05 (d, J =7.0 Hz, 3H), 0.90 (d, J =7.0 Hz, 3H);
13C NMR (75 MHz, CD2Cl2): d =232.4 (d, J =8.2 Hz, C), 160.4 (C), 134.8
(d, J(C,P)= 11.2 Hz, CH), 133.9 (d, J =2.9 Hz, C), 131.04 (d, J(C,P)=


52.5 Hz, C), 131.03 (d, J(C,P)=2.5 Hz, CH), 128.4 (d, J(C,P)=10.9 Hz,


CH), 126.9 (CH), 112.7 (CH), 69.6 (CH3), 55.8 (CH), 55.5 (CH), 20.8
(CH3), 20.6 (CH3); 31P NMR (162 MHz, CD2Cl2): d= 26.1; IR (KBr): ñ=


3053, 2973, 2934, 2875, 2836, 1601, 1563, 1502, 1481, 1454, 1435, 1390,
1373, 1308, 1291, 1253, 1220, 1177, 1163, 1142, 1096, 1072, 1026, 1000,
838, 782, 747, 730, 693, 629, 595, 530, 510, 496, 456 cm�1; MS (ESI-pos.):
m/z : 624.1 [M +�Cl], 586.1 [M +�2 Cl], 218.2 [M +�2Cl�PPh3�Pd]; ele-
mental analysis calcd (%) for: C 58.33, H 5.51, N 2.13; found: C 58.24, H
5.59, N 2.16.


Compound 34 : pale yellow solid (116 mg, 50%); 1H NMR (400 MHz,
CD2Cl2): d=7.50–7.26 (m, 15 H), 6.71–6.70 (m, 4H), 5.52–5.45 (m, 1H),
4.06–3.99 (m, 1H), 3.81 (s, 3H), 3.10–3.04 (m, 1 H), 2.54–2.48 (m, 1H),
1.92–1.85 (m, 2H), 1.68–1.50 (m, 4 H); 13C NMR (100 MHz, CD2Cl2): d=


226.4 (d, J(C,P) =6.6 Hz, C), 161.1 (C), 134.6 (d, J(C,P) =11.4 Hz, CH),
133.7 (d, J= 19.7 Hz, C), 131.1 (d, J(C,P) =2.7 Hz, CH), 130.5 (d,
J(C,P)= 52.5 Hz, C), 129.0 (CH), 128.4 (d, J(C,P)=10.9 Hz, CH), 113.4
(CH), 63.7 (CH2), 55.6 (CH3), 55.1 (CH2), 26.6 (CH2), 25.7 (CH2), 23.7
(CH2); 31P NMR (162 MHz, CD2Cl2): d =26.0; IR (KBr): ñ=3053, 2942,
2861, 2677, 1600, 1570, 1505, 1481, 1435, 1352, 1300, 1278, 1256, 1234,
1176, 1136, 1096, 1072, 1026, 999, 951, 858, 836, 804, 777, 746, 694, 606,
568, 532, 511, 498 cm�1; MS (ESI-pos.): m/z : 868.2 [M +�Cl], 608.1 [M +


�Cl�PPh3]; elemental analysis calcd (%) for: C 57.92, H 5.02, N 2.18;
found: C 57.84, H 5.10, N 2.21.


Representative procedure for the formation of nickel complexes by oxi-
dative addition—Compound 37: [Ni(cod)2] (99 mg, 0.36 mmol) was added
to a solution of PPh3 (189 mg, 0.72 mmol) in anhydrous THF (10 mL)
and the dark red mixture was stirred for 15 min under argon. The imida-
zolium salt 1a (100 mg, 0.36 mmol) was then introduced and the resulting
brown-yellow suspension was stirred for 3 h at ambient temperature caus-
ing the precipitation of a yellow solid. This precipitate was allowed to
settle, the supernatant solution was siphoned off, and the solid was dried
in vacuo to give product 37 as a yellow solid (267 mg, 86 %). Crystals
suitable for X-ray structure analysis were formed by slowly diffusing pen-
tane into a CH2Cl2 solution of the complex. 1H NMR (400 MHz,
CD2Cl2): d=7.75–7.71 (m, 12 H), 7.61–7.50 (m, 18H), 3.13 (s, 6H), 2.49
(s, 4H); 13C NMR (100 MHz, CD2Cl2): d =197.1 (C), 134.3 (t, J(C,P)=


5.6 Hz, CH), 131.9 (CH), 129.1 (d, J(C,P)=48.2 Hz, C), 129.0 (d,
J(C,P)= 5.5 Hz, CH), 51.0 (CH2), 36.8 (CH3); 31P NMR (121 MHz,
CD2Cl2): d =21.6, �143.9 (hept., J(P,F)=710.6 Hz); IR (KBr): ñ =3057,
2957, 2924, 2884, 1646, 1587, 1572, 1543, 1516, 1482, 1435, 1402, 1323,
1287, 1208, 1190, 1095, 1028, 999, 838, 745, 695, 620, 558, 524, 513,
494 cm�1; MS (ESI-pos.): m/z : 453.0 [M +�PF6�PPh3]; elemental analysis
calcd (%) for: 57.14, H 4.68, N 3.25; found: C 56.98, H 4.78, N 3.21.


The following complexes were analogously prepared:


Complex 38 : yellow solid (223 mg, 62%); 1H NMR (400 MHz, CD2Cl2):
d=7.73–7.72 (m, 12 H), 7.59–7.52 (m, 18H), 3.13 (s, 6H), 2.50 (s, 4H);
13C NMR (100 MHz, CD2Cl2): d= 197.0 (C), 134.3 (t, J(C,P) =5.1 Hz,
CH), 131.9 (CH), 129.1 (d, J(C,P) =48.3 Hz, C), 129.0 (J(C,P)=5.1 Hz,
CH), 51.0 (CH2), 36.8 (CH3); 31P NMR (162 MHz, CD2Cl2): d=21.8; IR
(KBr): ñ =3053, 2951, 2869, 2678, 1670, 1585, 1571, 1543, 1517, 1481,
1436, 1400, 1323, 1287, 1207, 1184, 1163, 1092, 1055, 998, 901, 805, 751,
698, 621, 522, 494 cm�1; MS (ESI-pos.): m/z : 715.2 [M +�BF4], 453.1 [M +


�BF4�PPh3]; elemental analysis calcd (%) for: C 61.27, H 5.02, N 3.49;
found: C 61.20, H 5.12, N 3.41.


Complex 39 : yellow solid (160 mg, 77%); 1H NMR (400 MHz, CD2Cl2):
d=3.66 (t, J =1.3 Hz, 4 H), 3.52 (s, 6H), 1.70–1.62 (m, 12 H), 1.21 (quint.,
J =7.9 Hz, 18H); 13C NMR (100 MHz, CD2Cl2): d=198.3 (J(C,P)=


31.3 Hz, C), 51.6 (CH2), 37.4 (CH3), 15.0 (J(C,P)=13.9 Hz, CH3), 8.4
(CH2); 31P NMR (121 MHz, CD2Cl2): d=17.4, �143.9 (hept., J(P,F)=


710.6 Hz); IR (KBr): n= 2971, 2942, 2882, 2801, 1537, 1517, 1483, 1458,
1435, 1407, 1380, 1325, 1292, 1260, 1210, 1101, 1038, 1014, 929, 876, 839,
756, 739, 725, 701, 631, 557 cm�1; MS (ESI-pos.): m/z : 427.2 [M+-PF6],
309.1 [M+-PF6-PEt3]; elemental analysis calcd (%) for: C 35.60, H 7.03,
N 4.88; found: C 35.84, H 6.89, N 4.81.


Compound 40 : yellow solid (193 mg, 41%); 1H NMR (400 MHz,
CD2Cl2): d= 7.68–7.32 (m, 30 H), 4.82 (m, 3 H), 3.57 (m, 2H), 2.10 (m,
3H), 1.53–1.16 (m, 12 H); 13C NMR (75 MHz, CD2Cl2): d=196.2 (C),
134.4 (CH), 131.7 (CH), 129.1 (t, J(C,P) =4.8 Hz, CH), 128.6 (C), 57.0
(CH2), 25.2 (CH2), 23.3 (CH2); 31P NMR (121 MHz, CD2Cl2): d=21.8,
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�143.8 (hept., J(P,F)=711 Hz); IR (KBr): ñ=3057, 2944, 2860, 1639,
1585, 1535, 1481, 1436, 1409, 1346, 1322, 1283, 1260, 1244, 1187, 1162,
1129, 1093, 1068, 1023, 999, 877, 839, 793, 748, 701, 610, 557, 520,
496 cm�1; MS (ESI-pos.): m/z : 535.2 [M +�PF6�PPh3]; elemental analysis
calcd (%) for: C 59.80, H 5.34, N 2.97; found: C 59.88, H 5.26, N 3.06.


Compound 41: yellow solid (135 mg, 50 %); 1H NMR (400 MHz,
CD2Cl2): d=7.69–7.50 (m, 30 H), 4.47 (m, 4 H), 2.76 (m, 4 H), 1.43–1.35
(m, 8H); 13C NMR (100 MHz, CD2Cl2): d=191.5 (C), 134.4 (CH), 131.8
(CH), 129.5 (C), 129.1 (t, J(C,P)= 4.9 Hz, CH), 56.8 (CH2), 51.4 (CH2),
25.7 (CH2), 24.0 (CH2); 31P NMR (121 MHz, CD2Cl2): d =18.6, �143.9
(hept., J(P,F)=711 Hz); IR (KBr): ñ =3058, 2975, 2949, 2876, 1684, 1586,
1573, 1521, 1482, 1436, 1374, 1321, 1295, 1267, 1232, 1187, 1161, 1092,
1073, 1028, 999, 920, 839, 747, 698, 617, 558, 518, 494 cm�1; MS (ESI-
pos.): m/z : 769.1 [M +�PF6], 507.2 [M +�PF6�PPh3]; elemental analysis
calcd (%) for: C 59.01, H 5.06, N 3.06; found: C 58.96, H 5.07, N 3.11.


Compound 42 : yellow solid (203 mg, 64%); 1H NMR (400 MHz,
CD2Cl2): d=7.73–7.51 (m, 30H), 4.02 (s, 6H), 1.96 (m, 6 H); 13C NMR
(100 MHz, CD2Cl2): d =199.9 (C), 134.3 (CH), 131.8 (CH), 129.6 (C),
129.2 (t, J(C,P) =4.9 Hz, CH), 47.7 (CH3), 42.0 (CH3). 31P NMR
(121 MHz, CD2Cl2): d=19.9, �143.9 (hept., J(P,F)=710.6 Hz); IR (KBr):
ñ= 3058, 2965, 2869, 1556, 1481, 1470, 1436, 1406, 1388, 1380, 1315, 1270,
1188, 1154, 1093, 1064, 1028, 1000, 837, 747, 697, 619, 558, 522, 493 cm�1;
MS (ESI-pos.): m/z : 717.1 [M +�PF6], 455.1 [M +�PF6�PPh3]; elemental
analysis calcd (%) for: C 57.01, H 4.90, N 3.24; found: C 57.11, H 5.01, N
3.21.


Representative procedure for the Heck reaction : A mixture of the aryl
halide (1.5 mmol, 1 equiv), butyl acrylate (1.65 mmol, 1.1 equiv), the Pd
complex (1 mol %) and Cs2CO3 (3 mmol, 2 equiv) in NMP (1 mL) was
stirred for 16 h at 120 8C under argon. After cooling, the mixture was di-
luted with water, the aqueous phase was repeatedly extracted with
CH2Cl2, the combined organic layers were dried (Na2SO4), the solvent
was evaporated and the residue was purified by flash chromatography to
give butyl cinnamate, the analytical and spectroscopic data of which were
identical to those of an authentic sample.


Representative procedure for the Suzuki reaction : A mixture of phenyl-
boronic acid (1.1 mmol, 1 equiv), 4-haloacetophenone (0.9 mmol,
1 equiv), the Pd-complex (1 mol %) and K2CO3 (2.5 mmol, 2.8 equiv) in
THF (15 mL) was refluxed for 16 h under argon. After cooling, the mix-
ture was diluted with water, the aqueous phase was repeatedly extracted
with ethyl acetate, the combined organic layers were dried (Na2SO4), the
solvent was evaporated and the residue was purified by flash chromatog-
raphy (hexane/ethyl acetate 30:1) to give 4-phenyl-acetophenone, the an-
alytical and spectroscopic data of which were identical to those of an au-
thentic sample.[58]


Representative procedure for the Kumada reaction : A suspension of the
aryl halide (0.5 mmol, 1 equiv) and the nickel complex (3 mol %) in THF
(0.5 mL) was stirred for 5 min at ambient temperature. After dropwise
addition of Grignard reagent (0.75 mmol, 1.5 equiv) the reaction mixture
was stirred for 18 h at RT under argon. The reaction was quenched with
MeOH, the mixture was diluted with water, the aqueous phase was re-
peatedly extracted with ethyl acetate, the combined organic layers were
dried (Na2SO4), the solvent was evaporated and the residue was purified
by flash chromatography.


2-(4-Methoxyphenyl)-pyridine (48): 1H NMR (400 MHz, CDCl3): d=


8.66–8.64 (m, 1H), 7.96–7.93 (m, 2H), 7.72–7.64 (m, 2 H), 7.18–7.15 (m,
1H), 7.01–6.98 (m, 2 H), 3.85 (s, 3H); 13C NMR (100 MHz, CDCl3): d=


160.8 (C), 157.4 (C), 149.7 (CH), 137.1 (CH), 132.2 (C), 128.5 (CH),
121.7 (CH), 120.2 (CH), 116.5 (CH), 115.0 (CH), 114.5 (CH), 55.6 (CH3);
IR (KBr): ñ =3051, 2998, 2960, 2937, 2836, 1608, 1588, 1563, 1515, 1465,
1435, 1307, 1272, 1248, 1178, 1152, 1112, 1037, 1023, 988, 839, 806, 780,
737, 718, 638, 580, 556, 487 cm�1; MS (EI): m/z (%): 185 (100) [M +], 170
(29), 154 (4), 142 (36), 141 (18), 127 (2), 115 (7), 89 (5), 78 (3), 63 (5), 51
(4), 39 (3); HRMS: calcd for C12H11NO: 185.0841, found: 185.0840.


Representative procedure for the Hartwig–Buchwald reaction : A mixture
of the aryl halide (1 mmol, 1 equiv), morpholine (1.2 mmol, 1.2 equiv),
the Pd complex (1 mol %) and NaOtBu (2 mmol, 2 equiv) in DME
(1 mL) was stirred for 5 h at ambient temperature or 70 8C under argon.
The reaction was monitored by GC and after complete consumption of


aryl halide the mixture was adsorbed onto silica gel and purified by flash
chromatography.


Compound 52 : 1H NMR (400 MHz, CDCl3): d =8.21–8.19 (m, 1H), 7.51–
7.47 (m, 1H), 6.67–6.62 (m, 2H), 3.82 (t, J =4.8 Hz, 4 H), 3.49 (t, J =


4.8 Hz, 4H); 13C NMR (100 MHz, CDCl3): d =159.9 (C), 148.2 (CH),
137.9 (CH), 114.1 (CH), 107.3 (CH), 67.1 (CH2), 46.0 (CH2); IR (KAP):
ñ= 3051, 3004, 2962, 2892, 2852, 2689, 1725, 1593, 1565, 1481, 1436, 1376,
1333, 1312, 1242, 1216, 1160, 1121, 1070, 1056, 981, 943, 857, 775, 733,
645, 620, 532, 456 cm�1; MS (EI): m/z (%): 164 (69) [M +], 163 (42), 134
(13), 133 (67), 119 (25), 107 (47), 106 (16), 86 (10), 80 (10), 79 (100), 78
(30), 67 (10), 52 (11), 51 (15); HRMS: calcd for C9H12N2O: 164.0950,
found: 164.0950.


Crystallographic data


Complex trans-2a : Empirical formula C42H41Cl4F6N2P3Pd, colorless, Mr =


1028.88, crystal size=0.20 � 0.17 � 0.16 mm, monoclinic, space group
P21/c, a=11.98900(10), b=23.8189(2), c=15.80730(10) �, b=102.858,
V=4400.96(6) �3, Z= 4, 1calcd =1.553 Mg m�3, m=0.832 mm�1, q range for
data collection =2.12 to 32.568, 110 920 reflections, 15 970 independent re-
flections, 14349 observed reflections [I>2s(I)], 523 parameters, S=


1.291, R1 =0.0374 (observed data), wR2 =0.1586 (all data), largest diff.
peak/hole=1.061/�3.049 e ��3; CCDC-249 509.


Thiourea 5 : Empirical formula C12H14N2S, colorless, Mr =218.31, crystal
size= 0.18 � 0.13 � 0.10 mm, monoclinic, space group P21, a=5.30140(10),
b=12.9538(3), c =8.2297(2) �, b=107.7120(10)8, V=538.37(2) �3, Z=2,
1calcd =1.347 Mg m�3, m =0.267 mm�1, q range for data collection = 2.60 to
30.978, 14 969 reflections, 3421 independent, 3224 observed reflections
[I>2s(I)], 192 parameters, S =1.036, R1 =0.0286 (observed data), wR2 =


0.0717 (all data), largest diff. peak/hole= 0.261/�0.157 e�3; CCDC-
249 510.


Complex 9 a : Empirical formula C49H46Cl4N2P2Pd, colorless, Mr =973.02,
crystal size =0.15 � 0.10 � 0.06 mm, orthorhombic, space group P212121,
a= 14.99730(10), b =15.29630(10), c= 19.02290(10) �, V =4363.91(5) �3,
Z=4, 1calcd =1.481 Mg m�3, m =0.781 mm�1, q range for data collection =


2.92 to 31.508, 63808 reflections, 14 486 independent reflections, 12438
observed reflections [I>2s(I)], empirical absorption correction (multi-
scan method), 523 parameters, S=1.012, R1 =0.0366 (observed data),
wR2 =0.0769 (all data), absolute structure parameter =�0.016(16), largest
diff. peak/hole =1.375/�0.785 e ��3; CCDC-249 514.


Complex 9 b : Empirical formula C49H46Cl3F6N2P3Pd, colorless, Mr =


1082.54, crystal size=0.28 � 0.20 � 0.05 mm, orthorhombic, space group
P212121, a=14.80630(10), b=16.43080(10), c =19.2805(2) �, V=


4690.55(6) �3, Z=4, 1calcd =1.533 Mg m�3, m= 0.730 mm�1, q range for
data collection =4.11 to 31.078, 70574 reflections, 14999 independent re-
flections, 14084 observed reflections [I>2s(I)], Gaussian absorption cor-
rection (Tmin/max=0.82/0.96), 577 parameter, S=1.015, R1 =0.0295 (ob-
served data), wR2 =0.0683 (all data), absolute structure parameter=


�0.016(11), largest diff. peak/hole =0.468/�0.413 e ��3 ; CCDC-249 513.


Complex 11: Empirical formula C37H51Cl2N2PPd, colorless, Mr =732.07,
crystal size =0.15 � 0.12 � 0.05 mm, orthorhombic, space group P212121,
a= 10.92080(10), b =14.09380(10), c= 24.0674(3) �, V =3704.35(6) �3,
Z=4, 1calcd =1.313 Mg m�3, m =0.715 mm�1, q range for data collection =


2.92 to 30.998, 50077 reflections, 11 796 independent reflections, 10146
observed reflections [I>2s(I)], Gaussian absorption correction (Tmin/


max =0.91/0.96), 388 parameters, S=0.847, R1 =0.0406 (observed data),
wR2 =0.1200 (all data), largest diff. peak/hole= 0.554/�0.471 e��3 ;
CCDC-249 517.


Complex 12 : Empirical formula C53H48ClF6N2P3Pd � 2CH2Cl2, colorless,
Mr =1231.55, crystal size =0.20 � 0.13 � 0.06 mm, triclinic, space group P1̄,
a= 11.78560(10), b=12.0961(2), c =12.2016(2) �, a =92.1710(10), b=


116.9250(10), g=114.2700(10)8, V=1359.07(3) �3, Z =1, 1calcd =


1.505 Mg m�3, m =0.735 mm�1, q range for data collection =3.09 to 33.218,
34742 reflections, 18690 independent reflections, 16740 observed reflec-
tions [I>2s(I)], empirical absorption correction (multiscan method), 649
parameters, S=0.929, R1 =0.0492 (observed data), wR2 =0.1474 (all
data), absolute structure parameter=�0.014(18), largest diff. peak/hole=


1.257/�1.079 e ��3; CCDC-249 523.
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Complex 13 : Empirical formula C35H33Cl2N2PPd, pale yellow, Mr =


689.90, crystal size =0.08 � 0.08 � 0.06 mm, orthorhombic, space group
P212121, a=10.58720(10), b=16.3433(2), c =18.2229(2) �, V=


3153.10(6) �3, Z=4, 1calcd =1.453 Mg m�3, m= 0.836 mm�1, q range for
data collection =2.95 to 33.158, 58136 reflections, 11978 independent re-
flections, 9814 observed reflections [I>2s(I)], Gaussian absorption cor-
rection (Tmin/max =0.94/0.96), 372 parameters, S=1.001, R1 =0.0404 (ob-
served data), wR2 =0.0726 (all data), absolute structure parameter=


�0.021(17), largest diff. peak/hole =0.462/�0.592 e ��3 ; CCDC-249 512.


Complex 16a : Empirical formula C43H48Cl4N2O2P2Pd, colorless, Mr =


934.97, crystal size= 0.22 � 0.16 � 0.12 mm, hexagonal, space group P63/m,
a= 22.24080(10), b=22.24080(10), c=14.698 �, V=6296.45(4) �3, Z =6,
1calcd =1.479 Mg m�3, m =0.812 mm�1, q range for data collection = 4.21 to
32.038, 130 892 reflections, 7538 independent reflections, 6382 observed
reflections [I>2s(I)], empirical absorption correction (multiscan
method), 278 parameters, S=1.099, R1 =0.0318 (observed data) =wR2 =


0.0886 (all data), largest diff. peak/hole=1.623/�1.092 e ��3; CCDC-
249 520.


Complex 16 b : Empirical formula C43H44Cl3F6N2P3Pd, pale yellow, Mr =


1008.46, crystal size=0.46 � 0.14 � 0.14 mm, monoclinic, space group
P21/m, a=9.57680(10), b=22.7126(2), c=19.9983(2) �, b=93.628, V=


4341.22(7) �3, Z=4, 1calcd =1.543 Mg m�3, m= 0.783 mm�1, q range for
data collection =3.73 to 30.538, 61540 reflections, 13550 independent re-
flections, 12 027 observed reflections [I>2s(I)], empirical absorption cor-
rection (multiscan method), 649 parameters, S =1.144, R1 = 0.0471 (ob-
served data), wR2 =0.1144 (all data), largest diff. peak/hole =1.344/
�1.041 e ��3; CCDC-249 521.


Complex 19 : Empirical formula C48H52ClF6N2P3Pd3, colorless, Mr =


1218.48, crystal size=0.25 � 0.10 � 0.05 mm, monoclinic, space group
P21/n, a =16.00390(10), b =11.25450(10), c= 26.6487(2) �, b=92.968, V=


4793.43(6) �3, Z=4, 1calcd =1.688 Mg m�3, m= 1.329 mm�1, q range for
data collection =4.16 to 30.578, 98616 reflections, 14635 independent re-
flections, 12 245 observed reflections [I>2s(I)], empirical absorption cor-
rection (multiscan method), 565 parameters, S =1.085, R1 = 0.0633 (ob-
served data), wR2 =0.1612 (all data), largest diff. peak/hole =2.535/
�1.599 e ��3; CCDC-249 515.


Complex 22 : Empirical formula C24H29Cl4N2PPd, colorless, Mr =624.66,
crystal size =0.20 � 0.17 � 0.10 mm, triclinic, space group P1̄, a=


10.83190(10), b =10.86860(10), c =11.44660(10 �, a =100.76, b=91.15,
g=90.988, V =1323.30(2) �3, Z=2, 1calcd =1.568 Mg m�3, m =1.181 mm�1,
q range for data collection=4.12 to 33.178, 42141 reflections, 10 085 inde-
pendent reflections, 9236 observed reflections [I>2s(I)], empirical ab-
sorption correction (multiscan method), 293 parameters, S =0.994, R1 =


0.0258 (observed data), wR2 =0.0740 (all data), largest diff. peak/hole=


1.693/�1.450 e ��3; CCDC-249 519.


Complex 23 : Empirical formula C41H42ClN2P3F6Pd·2 CH2Cl2, colorless,
Mr =1081.38, crystal size =0.19 � 0.17 � 0.02 mm, monoclinic, space group
P21/c, a =11.5234(2), b=27.8267(6), c=15.3671(3) �, b =110.2350(10)8,
V=4623.46(16) �3, Z=4, 1calcd =1.554 Mgm�3, m=0.852 mm�1, q range
for data collection =4.12 to 30.458, 15 643 reflections, 11 335 independent
reflections, 7624 observed reflections [I>2s(I)], empirical absorption
correction (multiscan method), 541 parameters, S =1.084, R1 =0.0726
(observed data), wR2 = 0.1571 (all data), largest diff. peak/hole =1.404/
�1.002 e ��3; CCDC-249 518.


Complex 27 a : Empirical formula C27H26Cl2NOPPd, colorless, Mr =


588.76, crystal size=0.33 � 0.22 � 0.07 mm, monoclinic, space group P21/n,
a= 9.6858(1), b=16.8205(1), c= 15.2823(1) �, b =91.308, V=


2489.15(3) �3, Z=4, 1calcd =1.571 Mg m�3, m= 1.045 mm�1, q range for
data collection = 3.21 to 31.518, 65806 reflections, 8279 independent re-
flections, 7930 observed reflections [I>2s(I)], empirical absorption cor-
rection (multiscan method), 300 parameters, S =1.088, R1 = 0.0200 (ob-
served data), wR2 =0.0493 (all data), largest diff. peak/hole =0.629/
�0.684 e ��3; CCDC-249 532.


Complex 27b : Empirical formula C28H28Cl4NPPdS, colorless, Mr =689.74,
crystal size=0.06 � 0.03 � 0.02 mm, triclinic, space group P1̄, a=9.5008(3),
b=13.3533(5), c =14.6947(6) �, a= 65.3260(10), b =83.911(2), g=


69.611(2)8, V=1586.23(10) �3, Z =2, 1calcd =1.444 Mg m�3, m=


1.056 mm�1, q range for data collection =2.29 to 25.008, 22092 reflections,


5575 independent reflections, 4803 observed reflections [I>2s(I)], 348
parameters, S=1.066, R1 =0.0433 (observed data), wR2 =0.1285 (all
data), largest diff. peak/hole=1.607/�0.998 e��3; CCDC-249 530.


Complex 28 b : Empirical formula C46H43Cl3F6NP3PdS, colorless, Mr =


1061.53, crystal size=0.06 � 0.04 � 0.04 mm, monoclinic, space group
P21/c, a=19.2454(4), b=13.9966(3), c =17.0816(2) �, b =97.2090(10)8,
V=4564.90(15) �3, Z=4, 1calcd =1.545 Mgm�3, m=0.792 mm�1, q range
for data collection =2.91 to 30.988, 77 600 reflections, 14 509 independent
reflections, 10033 observed reflections [I>2s(I)], Gaussian absorption
correction (Tmin/max = 0.96/0.98), 552 parameters, S=1.000, R1 =0.0491
(observed data), wR2 = 0.1053 (all data), largest diff. peak/hole =1.338/
�1.368 e ��3; CCDC-249 531.


Complex 32 : Empirical formula C32H36Cl2NOPPd, pale yellow, Mr =


658.89, crystal size=0.24 � 0.24 � 0.08 mm, monoclinic, space group P21/n,
a= 10.49190(10), b=17.3034(2), c=16.0856(2) �, b=94.228, V=


2912.36(6) �3, Z=4, 1calcd =1.503 Mg m�3, m= 0.902 mm�1, q range for
data collection = 3.06 to 30.998, 49601 reflections, 9247 independent re-
flections, 8441 observed reflections [I>2s(I)], gaussian absorption cor-
rection (Tmin/max =0.88/0.95), 487 parameters, S=1.006, R1 =0.0234 (ob-
served data), wR2 =0.0585 (all data), largest diff. peak/hole =0.459/
�0.599 e ��3; CCDC-249 526.


Complex 33 : Empirical formula C51H53Cl3F6NOP3Pd, yellow, Mr =


1115.60, crystal size= 0.25 � 0.19 � 0.07 mm, triclinic, space group P1̄, a=


10.95160(10), b=14.63970(10), c=16.5360(2) �, a =84.09, b=


87.9010(10), g = 71.4710(10)8, V=2500.36(4) �3, Z=2, 1calcd =


1.482 Mg m�3, m =0.688 mm�1, q range for data collection =2.95 to 30.998,
60449 reflections, 15859 independent reflections, 14246 observed reflec-
tions [I>2s(I)], gaussian absorption correction (Tmin/max =0.84/0.96), 597
parameters, S=1.060, R1 =0.0558 (observed data), wR2 =0.1616 (all
data), largest diff. peak/hole=1.120/�2.750 e��3; CCDC-249 528.


Complex 34 : Empirical formula C31.50H32Cl3.25NOPPd, colorless, Mr =


693.16, crystal size =0.08 � 0.05 � 0.04 mm, orthorhombic, space group
Pbcn, a =21.6007(2), b= 16.6871(2), c= 16.9748(2) �, V=6118.62(12) �3,
Z=8, 1calcd =1.505 Mg m�3,m=0.969 mm�1, q range for data collection =


3.05 to 31.508, 90112 reflections, 10168 independent reflections, 8229 ob-
served reflections [I>2s(I)], 389 parameters, S=1.032, R1 =0.0384 (ob-
served data), wR2 =0.1406 (all data), largest diff. peak/hole =1.059/
�1.217 e ��3; CCDC-249 529.


Nickelate complex 36 : Empirical formula C10H20Cl6N4Ni, blue, Mr =


467.71, crystal size=0.16 � 0.15 � 0.14 mm, monoclinic, space group P21/c,
a= 14.9304(2), b=8.85360(10), c= 14.9304(2) �, b=103.678, V=


1917.69(4) �3, Z=4, 1calcd =1.620 Mg m�3, m= 1.845 mm�1, q range for
data collection = 6.60 to 32.948, 26795 reflections, 6688 independent re-
flections, 5216 observed reflections [I>2s(I)], Gaussian absorption cor-
rection (Tmin/max =0.84/0.94), 194 parameters, S=1.116, R1 =0.0355 (ob-
served data), wR2 =0.0660 (all data), largest diff. peak/hole =0.523/
�0.442 e ��3; CCDC-249 516.


Complex 37: Empirical formula C42H42Cl3F6N2NiP3, yellow, Mr =946.75,
crystal size =0.20 � 0.19 � 0.05 mm, triclinic, space group P1̄, a=


12.58330(10), b=18.08800(10), c=20.55670(10) �, a= 108.14, b=96.15,
g=100.608, V=4302.09(5) �3, Z=4, 1calcd =1.462 Mg m�3, m =0.808 mm�1,
q range for data collection=4.10 to 33.118, 135 076 reflections, 32612 in-
dependent reflections, 26339 observed reflections [I>2s(I)], Gaussian
absorption correction (Tmin/max = 0.86/0.96), 1031 parameters, S =1.063,
R1 =0.0488 (observed data), wR2 =0.1355 (all data), largest diff. peak/
hole=0.960/�0.898 e��3 ; CCDC-249 524.


Complex 38 : Empirical formula C43H44BCl5F4N2NiP2, yellow, Mr =973.51,
crystal size= 0.22 � 0.18 � 0.08 mm, monoclinic, space group P21, a=


9.18310(10), b=20.86120(10), c =11.61080(10) �, b=91.758, V=


2223.24(3) �3, Z=2, 1calcd =1.454 Mg m�3, m= 0.859 mm�1, q range for
data collection =2.95 to 31.038, 57225 reflections, 14113 independent re-
flections, 13 455 observed reflections [I>2s(I)], empirical absorption cor-
rection (multiscan method), 535 parameters, S =1.004, R1 = 0.0268 (ob-
served data), wR2 =0.0655 (all data), absolute structure parameter=


0.009(5), largest diff. peak/hole=0.539/�0.378 e ��3; CCDC-249 525.


Complex 42 : Empirical formula C42H44Cl3F6N2NiP3, yellow-orange, Mr =


948.76, crystal size=0.12 � 0.09 � 0.04 mm, triclinic, space group P1̄, a=
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12.18140(10), b =17.50240(10), c =21.3701(2) �, a =71.21, b=82.00, g=


89.918, V =4266.78(6) �3, Z=4, 1calcd =1.477 Mg m�3, m=0.815 mm�1, q


range for data collection =2.92 to 27.508, 95 991 reflections, 19569 inde-
pendent reflections, 15 204 observed reflections [I>2s(I)], Gaussian ab-
sorption correction (Tmin/max =0.91/0.98), 1037 parameters, S=1.013, R1 =


0.0521 (observed data), wR2 =0.1290 (all data), largest diff. peak and
hole=2.198 and �1.151 e ��3 ; CCDC 249 527.


The CCDC data contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif
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Synthesis of Ag and AgI Quantum Dots in AOT-Stabilized Water-in-CO2
Microemulsions


Juncheng Liu,[a, b] Poovathinthodiyil Raveendran,[a, b] Zameer Shervani,[a, b]


Yutaka Ikushima,*[a, b] and Yukiya Hakuta[a]


Introduction


Metal and semiconductor particles in the nanometer size
range exhibit quantum confinement effects that give rise to
unique electronic and optical properties useful for a variety
of new technologies, including electronic, optical, biomedi-
cal, coating, catalytic, memory, and sensor applications.[1]


However, the high surface energy of these particles makes
them extremely reactive, and most systems undergo aggre-
gation if their surfaces are without protection or passivation.
To effectively utilize their size-dependent properties, the
particle size and polydispersity must be controlled, and
often organic capping agents, with proper binding strengths
for the substrate, are used to passivate the particles� surfaces
and quench particle growth. Some of the commonly used
methods for surface passivation include protection by a self-


assembled monolayer of thiol-functionalized organic mole-
cules,[2] encapsulation in the polar core of reverse micro-
emulsions (RMs),[3] and dispersion in polymeric matrices.[4]


RM cores are preferred templates for the synthesis of
metal and semiconductor nanoparticles as they are thermo-
dynamically stable, optically transparent solutions consisting
of spatially defined aqueous nanodroplets, in which the
nanoparticles can be compartmentally grown from their
water-soluble precursors. Water-in-oil (w/o) RMs have been
extensively used to synthesize metal and semiconductor
nanoparticles.[3] However, a serious problem in using w/o
RMs for nanoparticle synthesis is the separation and remov-
al of solvent from the products. In the past decade, super-
critical fluids (SCFs) have attracted considerable interest as
a reaction medium to synthesize nanoparticles,[2d–f, 5] because
the variations in SCF solvent properties, such as density, dif-
fusivity, viscosity, and dielectric constant, can be easily real-
ized by changing the system temperature and pressure.[6]


These adjustable properties thereby allow for the manipula-
tion of the desired nanoparticle or nanowire morphology,[7]


in consideration of the solvent effect on nanoparticle
growth. Additionally, separation of the nanoparticles from
the solvent is easily facilitated by decreasing the system
pressure, thereby leading to direct deposition of nanoparti-
cles without any solvent residue. Supercritical carbon diox-
ide (scCO2) is the preferred reaction medium among SCFs
from both economic and green chemistry perspectives, be-
cause it is naturally abundant, nontoxic, nonflammable, in-


Abstract: Silver and silver iodide nano-
crystals have been synthesized in the
water-in-CO2 reverse microemulsions
formed by the commonly used surfac-
tant, sodium bis(2-ethylhexyl)sulfosuc-
cinate (AOT), in the presence of
2,2,3,3,4,4,5,5-octafluoro-1-pentanol as
cosurfactant. The nanometer-sized
aqueous domains in the microemulsion
cores not only act as nanoreactors, but


the surfactant interfacial monolayer
also helps the stabilization of the metal
and semiconductor nanoparticles. The
transmission electron microscopy re-
sults show that silver and silver iodide


nanocrystals with average diameters of
6.0 nm (standard deviation, SD=


1.3 nm) and 5.7 nm (SD=1.4 nm), re-
spectively, were formed. The results in-
dicate that the method can be utilized
as a general and economically viable
approach for the synthesis of metal and
semiconductor quantum dots in envi-
ronmentally benign supercritical
carbon dioxide.


Keywords: AOT · carbon dioxide ·
microemulsions · nanoparticles ·
supercritical fluids · surfactants


[a] Dr. J. Liu, Dr. P. Raveendran, Dr. Z. Shervani, Prof. Dr. Y. Ikushima,
Dr. Y. Hakuta
Supercritical Fluid Research Center
National Institute of Advanced Industrial Science and Technology
4–2–1 Nigatake, Miyagino-ku, Sendai 983–8551 (Japan)
Fax: (+81) 22-232-7002
E-mail : y-ikushima@aist.go.jp


[b] Dr. J. Liu, Dr. P. Raveendran, Dr. Z. Shervani, Prof. Dr. Y. Ikushima
CREST, Japan Science and Technology Agency
4–1–8 Honcho, Kawaguchi 332–0012 (Japan)


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/chem.200400508 Chem. Eur. J. 2005, 11, 1854 – 18601854







expensive, and has a moderate critical temperature and
pressure (31.1 8C and 7.38 MPa, respectively). Although CO2


has a zero dipole moment and a low dielectric constant, it is
a charge-separated molecular system,[8] which will result in
low polarizability and considerable electrostatic interactions,
and thus most of the hydrocarbon-based surfactants are not
suitable for the CO2/water interface.[9] Although examples
of RMs guided by the steric-controlled design of hydrocar-
bon surfactants in scCO2 have been reported,[10] in general,
fluorocarbon tails are used for the enhanced stabilization of
the surfactant tails in CO2.


[11] So far, several fluorinated sur-
factants, such as ammonium carboxylate perfluoropolyether
CF3O(CF2CF(CF3)O)3CF2COO�NH4


+ (PFPE NH4
+),[12] the


sodium salt of bis(2,2,3,3,4,4,5,5-octafluoro-1-pentyl)-2-sulfo-
succinate(di-HCF4),[13] and a mixture of sodium bis(2-ethyl-
hexyl)sulfosuccinate (AOT) and perfluoropolyether-phos-
phate ether (PFPE-PO4),[14] have been used to synthesize
nanoparticles in scCO2 through the formation of water-in-
CO2 (w/c) RMs. However, the high cost of these fluorocar-
bon surfactants make them less promising as industrially
viable surfactant systems. Furthermore, the synthesis of
monodisperse metal and semiconductor quantum dots has
been a large challenge for these systems. Therefore, it is in-
teresting to explore how to make commercially available
surfactants form w/c RMs that can compartmentally grow
monodisperse quantum dots in an scCO2 bulk phase.


In the present work, we demonstrate the synthesis of rela-
tively monodisperse metal and semiconductor nanocrystals
within the quantum size domain (less than 10 nm), by using
w/c RMs stabilized by AOT and a small amount of
2,2,3,3,4,4,5,5-octafluoro-1-pentanol (F-pentanol) as cosur-
factant. The work reveals that cosolvent/cosurfactant effects
can greatly aid in enabling the formation of RMs in scCO2


at moderate pressures and low cost, and that these aqueous
templates can be effectively used for the synthesis of metal
and semiconductor quantum dots.


Results and Discussion


Silver nanocrystals : The silver nanoparticles were synthe-
sized by the reduction of Ag+ ions in the water core of the
AOT/F-pentanol (AOTF) w/c RMs by using NaBH(OAc)3.
The acidic nature of the water core caused by the formation
of carbonic acid made conventional reagents, such as
NaBH4 and hydrazine, unsuitable as they would react with
CO2 under the experimental conditions. The AOTF w/c
RMs were prepared by mixing the AOT (0.016 m)/F-penta-
nol (0.24 m)/water/scCO2 system at 38.0 8C and 34.50 MPa.[15]


The water loading value, W (W= [H2O]/[surfactant]), used
in the experiments (corrected for the water dissolved in the
scCO2 continuous phase) for synthesizing silver and silver
iodide nanocrystals was 4.7 and 5.6, respectively. Although
the W value in the microemulsion system is not high under
the experimental conditions, these nanometer-sized aqueous
domains are particularly attractive for the synthesis of metal
and semiconductor quantum dots below 10 nm in size; in


this range the particles exhibit significant quantum-size ef-
fects on optical and electrical properties.


The AOTF w/c RM system (W=4.7) at 27.00 MPa and
38.0 8C was confirmed to be optically transparent and homo-
geneous. The appearance of a brown–yellow cloud was ob-
served immediately after injecting the ethanolic solution of
NaBH(OAc)3. We suggest that this may be due to the chem-
ical reaction leading to the formation of silver nanoparticles.
After several minutes the cloud disappeared and the whole
system became an optically transparent single phase again.
The digital images showing the silver nanoparticle formation
inside the view cell are presented in Figure 1.


The UV/Vis absorption spectra showing the surface plas-
mon absorption of silver nanoparticles encapsulated in
AOTF w/c reverse micelles are presented in Figure 2. It is
seen that the broad surface plasmon absorption band (lmax =


415 nm) undergoes a slight red shift with increasing reaction
time, which might be due to an increase in the size of the
silver nanoparticles.[16] Additionally, the intensity of the
silver nanoparticle absorption peak initially increased with
time and reached its maximum in less than 3 min. Subse-


Figure 1. Digital photographs showing the formation of Ag nanoparticles
in AOTF w/c RMs: a) RMs before the addition of the reducing agent,
b) soon after the addition of the reducing agent, and c) the optically
transparent Ag nanoparticle dispersions.
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quently, there was a gradual decrease in intensity, perhaps
indicating the slow flocculation of some silver nanoparticles
in the system.


There is a linear variation of the full width at half-maxi-
mum (FWHM) of the absorption peak with the inverse of
the silver nanoparticle diameter (D).[17] The size of silver
nanoparticles encapsulated in AOT reverse micelles, in iso-
octane and in compressed propane, have been estimated
previously from UV/Vis absorption spectra by using the cor-
relation given in Equation (1) (where FWHM is in nanome-
ters, and D is in angstroms).[3b, 5c]


FWHM ¼ 50þ ð2300=DÞ ð1Þ


If Equation (1) is employed here, and taking the in situ
UV/Vis spectrum recorded at 3 min after injection of the re-
ducing agent, the colloidal silver particle is estimated to be
approximately 2.6 nm in diameter.


The silver nanoparticles synthesized were redispersed in
ethanol (after decreasing the CO2 pressure), resulting in a
homogeneous, yellow–green solution. Alternatively, RESS
(rapid expansion of supercritical solutions) could be used to
overlay the nanoparticles onto substrates of interest.


The morphology and size distribution of the silver nano-
particles were investigated by using transmission electron
microscopy (TEM). Figures 3 a and b show TEM images of
the silver nanoparticles. As we anticipated, based on the ab-
sorption data, characteristic spherical silver nanoparticles
were observed with a relatively narrow particle size distribu-
tion (~3–11 nm range). The high-resolution TEM images of
the particles indicate some interlinking between individual
nanoparticles, possibly through the interdigitation of the sur-
factant tails (Figure 3 b) of adjacent micelles. A histogram
showing the particle size distribution corresponding to Fig-
ure 3 a is presented in Figure 4. The mean particle diameter
observed is 6.0 nm (standard deviation, SD=1.3 nm), and
more than 95 % of the nanoparticles are in the size range
from 4 to 8 nm. This shows that the aqueous cores of the w/
c RMs can act as effective templates for the synthesis of rel-
atively monodisperse metal quantum dots, and that the sur-


factant interfacial monolayer acts as a passivation contact
for the stabilization of the silver nanoparticles formed inside
these templates.


The multiple lattice fringes in the high-resolution TEM
image (Figure 5 a) suggest a high degree of crystallinity of
the particles. To investigate the crystal structure of the silver
nanoparticles prepared, the electron diffraction (ED) techni-
que was used. Figure 5 b shows the ED pattern of the silver
nanoparticles; this pattern corresponds well to the crystal-


Figure 2. The surface-plasmon absorption spectra of silver nanoparticles,
formed in AOT w/c RMs (W =4.7) at 38.0 8C and 34.50 MPa (the spectral
background for the microemulsions has been subtracted). The spectra
are taken 3 (black), 30 (blue), and 60 min (red) after addition of the re-
ducing agent.


Figure 3. Representative TEM images of the Ag nanoparticles synthe-
sized by AOT w/c RMs with W= 4.7 at 38.0 8C and 34.50 MPa. Scale
bars: a) 50 nm, b) 10 nm. The arrows point to the self-assembly of adja-
cent nanoparticles by means of the surfactant tails.


Figure 4. Histogram showing the size distribution of the silver nanoparti-
cles corresponding to Figure 3a.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1854 – 18601856


Y. Ikushima et al.



www.chemeurj.org





line planes of the face-centered-cubic (fcc) structure of the
silver nanocrystals.


Silver iodide nanocrystals : Silver iodide (AgI) nanoparticles
were synthesized by the reaction between silver nitrate and
potassium iodide in the RM cores. Figure 6 shows the ab-
sorption spectra of AgI nanoparticles in the AOTF w/c
RMs, along with the baseline corresponding to the RMs
before injecting the KI aqueous solution. The characteristic


absorption bands for AgI nanoparticles in the range of
about 400–450 nm are observed. The maximum wavelength
(lmax) for the AgI nanoparticles increased with time after
mixing, varying from 424 to 429 nm. About 3 min after
mixing, lmax reached almost a constant value of 429 nm.
These spectra are consistent with the UV/Vis spectra report-
ed previously.[14b,18] The absorption maxima in Figure 6 can
provide a reasonable estimate for the size of the AgI nano-
particles. Since AgI is a direct-gap semiconductor, the ab-
sorption data was fitted to Equation (2) to determine the
direct band gap energy.[19]


shn ¼ Aðhn-EgÞ0:5 ð2Þ


s is the molar absorption coefficient of AgI, hn is the
photon energy, A is a proportionality factor, and Eg is the
band-gap energy. For a lmax of 429 nm, the Eg value is esti-
mated to be 3.12 eV. The diameter of the AgI nanoparticles
can be estimated from the band-gap energy according to
Brus�s equation [Eq. (3)],[20] where Eg,bulk is the bulk band
gap, h is the Planck constant, dp is the particle diameter, me


is the effective mass of an electron, mh is the effective mass
of the hole, e is the charge of an electron, and er is the di-
electric constant of the semiconductor material. The particle
diameter was estimated to be 3.4 nm by taking the Eg value
calculated from Equation (2) and the following parameters
for AgI: Eg,bulk = 2.83 eV, er =e/e0 =4.91, m*/m0 = 0.2 (where e


is the permittivity of AgI, e0 is the permittivity of vacuum,
m0 is the rest mass of an electron, and m* = [1/me + 1/mh]


�1).


Eg ¼ Eg, bulk þ ðh2=2dp
2Þ½1=me þ 1=mh��½3:6e2=4perdp� ð3Þ


A TEM image of the AgI particles is presented in
Figure 7. In the case of AgI also, we observed the interlink-
ing of the individual nanoparticles, possibly through the in-


Figure 5. a) High-resolution TEM image (scale bar= 5 nm) and b) ED
pattern of the Ag nanocrystals.


Figure 6. The surface-plasmon absorption spectra of the AgI nanoparti-
cles prepared in AOTF w/c RMs with W =5.6 at 38.0 8C and 34.50 MPa.
The direction of the arrow on the AgI nanoparticle bands indicates ab-
sorption peaks at increasing time intervals (of 30 s) after injection of the
aqueous KI solution.


Figure 7. TEM image showing the AgI nanoparticles prepared in AOTF
w/c RMs with W= 5.6 at 38.0 8C and 34.50 MPa. The arrows indicate the
interaction between neighboring particles through the surfactant tails
(scale bar=50 nm). The inset presents the ED pattern for the corre-
sponding particles.
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terdigitation of the surfactant tails. The particle sizes were
in the range of 3–10 nm, which was consistent with the parti-
cle size determined from the UV/Vis spectra. The ED pat-
tern for the AgI nanoparticles prepared is also presented in
Figure 7 (inset), and the diffraction rings suggest the forma-
tion of crystalline AgI particles. The particle size distribu-
tion histogram for the particles is presented in Figure 8, with


the mean particle diameter =5.7 nm (SD =1.4 nm). More
than 94 % of the silver iodide particles are in the narrow
size range of 4 to 8 nm. Additionally, as can be seen from
Figure 9, the multiple misaligned lattice fringes of the AgI
nanoparticles, which seem to have surfactant molecules at-
tached to them, could be observed clearly, further confirm-
ing the formation of AgI nanocrystals.


Mechanism : The exact nature of the diffusion mechanism of
the reactants into the aqueous RM cores, and especially the


role of F-pentanol in the RM system, is interesting and is a
topic of our current investigation. The role of F-pentanol in
the stabilization of the AOTF RM is to provide enhanced
solvent interaction with the micellar tails. It is well known
that fluorocarbons are highly CO2-philic, because of the
very low (much less than zero) dipolarity/polarizability pa-
rameters,[21] and are generally used as a molecular fragment
to dissolve otherwise insoluble molecular functionalities in
scCO2. Simulations of molecular dynamics[22] clearly reveal
significant solvent penetration into the fluorocarbon tail
region of the micelles. We anticipated similar effects by uti-
lizing a CO2-philic fluorocarbon cosurfactant, which will in-
terdigitate between the hydrocarbon tails and enhance the
effective interaction cross section between the solvent and
the tails, providing greater stabilization of the RM in scCO2.
The F-pentanol hydroxy groups interact with loading water
molecules in the polar core regions by means of hydrogen
bonds, and CO2-philic fluorinated groups interact with CO2


molecules, which penetrate from the bulk CO2 phase into
the surfactant tail region. Both of these interactions are ben-
eficial for the F-pentanol molecule to insert itself between
surfactant tails and reduce the electrostatic repulsion be-
tween the AOT ionic head groups, thereby enhancing the
stability of the RM system.


The CO2 pressures employed in the current experiment to
stabilize the microemulsion systems are higher than those
used for PFPE systems (25.0 MPa);[12b] this higher pressure
may be attributed to a reduction in the effective solvation of
the AOT tails in CO2 in comparison with that of PFPE.
However, the current system presents an economically
viable and stable microemulsion system that can be utilized
for the synthesis of metal and semiconductor nanoparticles.
The particle size distributions obtained in the current ex-
periments are also comparable (especially the relatively
narrow size range) to that obtained by means of the PFPE
system.


The dynamic assembly of the surfactant tails allows the
diffusion of the reactants into the aqueous core and enables
the reduction of the silver ions to their ground state within
the polar nanometer-sized aqueous domains of the AOTF
w/c RMs. Although the injection of aqueous or ethanolic
solutions containing the reagents can, in principle, affect the
size and stability of the micellar structure, we did not ob-
serve any phase separations upon injection into these sys-
tems, indicating that the microemulsion systems are stable
under the experimental conditions. In addition, previous
studies[14a] of the PFPE-PO4-AOT mixed-surfactant systems
indicated that the addition of ethanol, in fact, increases the
stability of the microemulsion system and also the stability
of the nanoparticles prepared. After nucleation is initiated,
the particles grow, and the agglomeration of particles to a
nanometer-sized particle takes place. The AOTF RMs in
scCO2 serve the function of an effective capping agent to
passivate the particles� surfaces and quench particle growth,
thereby leading to the metal and semiconductor nanoparti-
cles, with an equivalent size to that of the micelle, being sur-
rounded by a surfactant molecule monolayer.[23]


Figure 8. Histogram showing the size distribution of the AgI nanoparti-
cles corresponding to Figure 7.


Figure 9. High-resolution TEM image of AgI nanocrystals (scale bar=


2 nm).
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Conclusion


In this study, we have demonstrated the synthesis and stabi-
lization of relatively monodisperse silver and silver iodide
nanocrystals by chemical reactions within water-in-CO2 re-
verse microemulsions; these nanocrystals were formed by
using the commercially available AOT surfactant in the
presence of a small quantity of inexpensive F-pentanol as
cosolvent/cosurfactant at moderate temperature and CO2


pressures. TEM results confirmed the formation of relatively
monodisperse Ag and AgI nanocrystals with an average di-
ameter of 6.0 nm (SD =1.3 nm) and 5.7 nm (SD=1.4 nm),
respectively. Although the current experiments were re-
stricted to the synthesis of metal and semiconductor nano-
particles, the approach can be expanded for a range of inor-
ganic and organic reactions, especially for some important
catalytic reactions (promoted by the in situ preparation of a
highly effective nanosized metal catalyst), by using scCO2 as
a bulk phase.


Experimental Section


Materials : SCF-grade CO2 (99.999% purity) was supplied by Nippon
Sanso Company (Japan). AOT (99 %, Sigma Ultra, MW =444.56), pur-
chased from Sigma Chemical Company (USA), was vacuum dried at
60 oC for 24 h prior to use. F-pentanol and dehydrated ethanol were ob-
tained from Tokyo Kasei Kogyo Company (Japan), and potassium iodide,
silver nitrate, and double-distilled and de-ionized water (prepared by
ultra-filtration, reverse osmosis, deionization, and distillation) were pur-
chased from Wako Pure Chemicals Industries (Japan). NaBH(OAc)3,
which was used as a reducing agent in the study, was obtained from Al-
drich Chemical Company.


Apparatus and procedures : Silver and silver iodide nanoparticles were
characterized in situ by using UV/Vis absorption spectroscopy in a high-
pressure cell, which was similar to the one reported previously.[24] The
high-pressure UV cell consisted of a stainless-steel cell with two sapphire
windows. It had a volume of 2.2 cm3 and could withstand a maximum
pressure of 45 MPa. The mixtures in the cell were stirred by a magnetic
stirrer. CO2 pressure was controlled by a back-pressure regulator (880–
81, JASCO Co.) to an accuracy of 0.01 MPa in the pressure range of 0–
50 MPa. All the measurements were carried out at 38.0(�0.1) oC.


Preparation of nanoparticles : Here, a typical experiment for the synthesis
of Ag nanoparticles is described, the procedure for the synthesis of AgI
nanoparticles being similar. The w/c RMs were prepared by adding AOT
(0.016 m) and F-pentanol (0.24 m) to the UV cell, followed by an aliquot
of silver nitrate aqueous solution (0.10 m) to achieve the desired amount
of water. The cell was purged with gaseous CO2 to remove the air and
oxygen. ScCO2 was pumped into the UV cell by a HPLC pump (PU-980,
JASCO Co.) and thermal equilibrium was attained. The CO2 pressure
was raised with continuous stirring until single-phase, optically transpar-
ent w/c RMs were formed. The RMs containing silver ions were stirred
continuously at 38.0 8C and 27.00 MPa for one hour (the cloud-point
pressure of the AOT (0.016 m)/F-pentanol (0.24 m)/water (W =4.7)/scCO2


mixture system is 26.77 MPa[15b]). The UV/Vis spectrum of the micro-
emulsions was recorded and stored as a baseline. Then a freshly prepared
solution of NaBH(OAc)3 in ethanol was slowly injected, through a 20 mL
sample loop, into the UV cell by using a high-pressure pump connected
to a six-port valve (7125, COTATI, California, USA) until a final pres-
sure of 34.50 MPa was achieved. Stirring was stopped after the addition
of the reducing agent to allow spontaneous nucleation and growth of
silver nanoparticles. The estimated concentrations of the silver nitrate
and NaBH(OAc)3 in the scCO2 microemulsions were 30 mm and 15 mm,


respectively, and the fluid phase contained 20 mL of ethanol. With respect


to the synthesis of the silver iodide nanoparticles, a AOTF w/c RM (W=


2.8) was prepared at a CO2 pressure of 31.00 MPa before injecting a KI
aqueous solution, because the cloud-point pressure of the mixture system
of AOT (0.016 m)/F-pentanol (0.24 m)/water (W =5.6)/scCO2 is
30.30 MPa.[15b] Thus, the introduction of the KI aqueous solution (W=


2.8) did not affect the stability of the AOTF w/c RMs, as the system pres-
sure was high enough before the injection of the KI aqueous solution.
The formation of the silver and silver iodide nanoparticles was monitored
in situ by a Jasco V-570 UV/Vis spectrophotometer. A schematic diagram
of the experimental setup for the synthesis and characterization of the
colloidal silver and silver iodide nanocrystals by using UV spectroscopy
is depicted in Figure 10. To observe the growth of the silver and silver
iodide nanoparticles, a 10 mL high-pressure view cell[25] was used instead
of the high-pressure UV cell.


TEM and ED studies : The AOTF w/c RMs bearing the silver and silver
iodide nanoparticles were depressurized slowly, and the nanoparticles in
the cell were collected and re-dispersed in ethanol. Finally, the sample
grids for TEM measurements were prepared by placing a drop of the
ethanolic dispersion of nanoparticles onto the copper grid. The morphol-
ogy and size distribution of the silver and silver iodide nanoparticles
were determined by a Hitachi H-800 TEM at an operating voltage of
200 kV. The crystallinity of the silver and silver iodide nanoparticles was
studied by electron diffraction techniques.
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Tuning Single Nucleotide Discrimination in Polymerase Chain Reactions
(PCRs): Synthesis of Primer Probes Bearing Polar 4’-C-Modifications and
Their Application in Allele-Specific PCR


Jens Gaster and Andreas Marx*[a]


Introduction


The deciphering of the human genome sequence has facili-
tated studies of genome variation between individuals and
the influence of these differences, such as single nucleotide
polymorphisms (SNPs), on the predisposition to disease, and
on the effects of drugs on different patients. So far, nearly
1.8 million SNPs have been discovered and characterized.[1]


A specific knowledge of clinically relevant nucleotide varia-
tions may enable a particular therapy to be adapted to the
respective genetic make-up of the patient, and should help
to predict individual drug efficacies and/or toxicities.[2–15]


Methods that permit the efficient and cost-effective diagno-
sis of relevant single nucleotide variations will further ad-


vance this field. Many methods for the detection of nucleo-
tide variations have been described; however, because these
exhibit a range of advantages and disadvantages, no general
methodology has prevailed.[10–15] Most of these methods are
applied after amplification of the target genome sequence
by the polymerase chain reaction (PCR).[10–15]


Allele-specific PCR (asPCR), which reports nucleotide
variations based on either the presence or absence of a
DNA amplification product, has the potential to combine
target amplification and analysis in one single step.[16–23] The
principle of asPCR is based on the formation of matched or
mismatched primer–target complexes through the use of
allele-specific primer probes. PCR amplification catalyzed
by a DNA polymerase proceeds from matched 3’-primer ter-
mini, whereas a primer–template mismatch should obviate
amplification. However, there have been numerous reports
indicating low selectivity of this approach, which necessi-
tates the laborious and costly optimization of buffer condi-
tions, as well as sequence and assay design.[20–23]


Abstract: There are many methods
available for the detection of nucleo-
tide variations in genetic material.
Most of these methods are applied
after amplification of the target
genome sequence by the polymerase
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Recently, we and others have reported that the selectivity
of asPCR can be significantly increased by employing chem-
ically modified primer probes.[24–28] By using primer probes
that bear small, nonpolar 4’-C-modifications at their 3’ ter-
mini, together with a commercially available 3’-5’-exonu-
clease-deficient variant of a DNA polymerase from Thermo-
coccus litoralis (Vent (exo�) DNA polymerase),[24–26] we ob-
served a significantly higher amplification selectivity than
was obtained with unmodified primer probes. We were able
to show that detection of single nucleotide variations could
be diagnosed by using real-time PCR,[29] in which fluores-
cent SybrGreen I detection provided a rapid and convenient
tool to detect and analyze the degree of allele discrimina-
tion.


Here we describe the synthesis of various primer probes
that bear polar 4’-C-modified nucleotide residues at their 3’
termini, and the evaluation of these probes by using real-
time asPCR. We discovered that primer probes bearing a 4’-
C-methoxymethylene modification have superior properties
in the discrimination of single nucleotide variations by PCR.


Results and Discussion


Synthesis of 4’-C-modified primer probes : To explore the ef-
fects of polar 4’-C-substituents on the selectivity of single
nucleotide discrimination in PCR we synthesized a variety
of 4’-C-modified oligonucleotides. Our synthetic approach
uses the known 4’-C-modified thymidine (1) as a versatile
starting point for further diversification (Scheme 1). Com-
pound 1 was chosen as it is readily available in gram quanti-
ties from a procedure published by Giese and co-workers.[30]


Compound 1 was converted into its methyl and benzyl
ether (2 a–b) by using the respective methyl or benzyl halo-
genides. The phenyl ether 2 c was synthesized by conversion
of the alcohol 1 into the triflate[31, 32] and subsequent treat-
ment with sodium phenolate. Desilylation and 5’-O-trityl-
ation of 2 a–c yielded 3 a–c, which were subsequently cou-
pled to a succinylated long-chain alkyl amine-modified con-
trolled pore glass (LCAA-CPG) support.[33] The solid sup-
ports 4 a–c were used in standard automated DNA synthesis
to yield oligonucleotides 5–7 that carry the respective, modi-
fied thymidine moiety at their 3’ termini.[33] We also synthe-
sized oligonucleotides bearing 4’-C-hydroxymethylene moi-
eties at their 3’ termini by following a protocol published by
Wengel and co-workers.[34] Attempts to synthesize the 4’-C-
ethoxymethylene analogue from 1 failed; therefore, we de-
veloped the synthesis by the de novo construction of the nu-
cleoside. This synthesis starts with the known ribose deriva-
tive 8 that was readily alkylated to form ethyl ether 9
(Scheme 2).[35, 36]


Protection group manipulations involved cleavage of the
acetyl group and conversion to the respective acetates.[35]


The nucleobase was introduced by using a standard protocol
for Vorbr�ggen glycosylation to yield 10.[37,38] Next, saponifi-
cation and deoxygenation of the 2’-hydroxyl function was
conducted to yield 11. Deprotection gave 12, which was


transformed into 13 by 5’-O-tritylation. Following coupling
to a solid support, oligonucleotide synthesis was readily ach-
ieved by using 14 to yield 15.


Next, we investigated the synthesis of various caboxylate-
modified oligonucleotides from 1 (Scheme 3). Oxidation and
ester formation yielded the methyl ester 16.[39] Protection
group manipulations produced the 5’-O-tritylated building
block 17 that was subsequently coupled to a solid support to
yield 18. This was followed by automated DNA synthesis.
To vary the carboxylate functionality, the resin-bound oligo-
nucleotides were cleaved from the support and then depro-
tected under different conditions. For example, to obtain the
carboxylate functionality in 20 the resin was treated with
0.5 m NaOH; for the synthesis of the amide 21, standard de-
protection with concentrated ammonia was employed; and
to maintain the methyl ester functionality in 22, 2 m NaOMe
was used to cleave the oligonucleotides from the solid sup-
port, and also the protection groups. The integrities of the
oligonucleotides were confirmed by high resolution mass
spectrometric analysis (HRMS).


Single nucleotide discrimination by real-time PCR using un-
modified versus 4’-C-modified primer probes : We conducted
two reactions simultaneously and in parallel: One PCR tem-


Scheme 1. a) NaH, MeI, THF (2 a : 75%); b) NaH, BnBr/NaI, THF (2b :
40%); c) i. Tf2O, pyridine, CH2Cl2, ii. PhOH, NaH, DMF (2c : 50%);
d) 1m TBAF, THF; e) DMTCl, DMAP, pyridine (3a : 54%, 3 b : 27 %, 3 c :
55%); f) EDC, DMAP, succinylated LCAA-CPG, pyridine; then 4-nitro-
phenol; then piperidine; then acetic anhydride/pyridine/THF (Cap A)
and 1-methylimidazole/THF (Cap B); g) i. oligonucleotide synthesis,
ii. 33 % NH4OH. TBS = tert-butyldimethylsilyl ; TBDPS= tert-butyldiphe-
nylsilyl ; DMT= 4,4’-dimethoxytrityl; DMAP =4-(N,N-dimethylamino)-
pyridine; LCAA-CPG = long-chain alkyl amine-modified controlled pore
glass; EDC =1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochlo-
ride; TBAF = tetra-n-butylammonium fluoride.
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plate contained a dA residue in the position opposite to the
3’-terminal thymidine in the primer probe.[40] The other ex-
periment employed the same primer probe and template
strand; however, the sequence of the template included a
dA-to-dG mutation opposite to the 3’-terminal thymidine
moiety. Both set-ups contained the same reverse primer.
The progress of the PCR was analyzed in real-time by using
appropriate thermocycler equipment to measure the fluores-
cence of SybrGreen I in response to double-stranded DNA
binding. We compared the efficacy of amplification of the
respective primer probe by using Vent (exo�) DNA poly-
merase. Two crucial parameters were identified: the thresh-
old crossing point (Ct) as a measure of amplification effi-
ciency, and the difference in threshold crossing points (DCt)
of canonical versus noncanonical primer–template amplifica-
tion as an indication of single nucleotide discrimination. The
results are shown in Table 1 and, in part, in Figure 1.


Clearly, amplification efficiency and the ability to discrim-
inate between single nucleotide mismatches varies according
to the modified residue employed. The use of thymidines


that bear bulky ethers, methyl ester, or carboxylate 4’-C-
modifications resulted in no significant amplification after
40 PCR cycles. The smaller 4’-C-hydroxymethylene func-
tional group failed to induce significant discrimination be-
tween match and mismatch; however, the 4’-C-methoxy-
methylene modification gave superior results in the discrimi-
nation of single nucleotide variations by PCR.


Next, we studied the properties of 4’-C-methoxymethy-
lene-modified primer probes in several clinically relevant se-


Scheme 2. a) NaH, EtI, DMF, 63 %; b) i. 80% AcOH, TFA, ii. Ac2O,
DMAP, pyridine; c) thymine, BSA, TMSOTf, ACN, 32% over all steps;
d) NaOMe, MeOH; e) PhOCSCl, DMAP, ACN; f) AIBN, nBu3SnH, tol-
uene, 65 % after both steps; g) i. 1m TBAF, THF, ii. Pd(OH)2/C, H2, etha-
nol, 69% over both steps; h) DMTCl, DMAP, pyridine, 25%; i) EDC,
DMAP, succinylated LCAA-CPG, pyridine; then 4-nitrophenol; then pi-
peridine; then acetic anhydride/pyridine/THF (Cap A) and 1-methylimi-
dazole/THF (Cap B); j) i. oligonucleotide synthesis, ii. 33 % NH4OH.
BSA =N,O-bis(trimethylsilyl)acetamide; AIBN =2,2’-azobisisobutyroni-
trile.


Scheme 3. a) i. PDC, powdered molecular sieve (4 �), DMF, ii. EDC,
DMAP, MeOH, CH2Cl2, 44 % over both steps; b) 1 m TABF, THF;
c) DMTCl, DMAP, pyridine, 56% over both steps; d) EDC, DMAP, suc-
cinylated LCAA-CPG, pyridine; then 4-nitrophenol; then piperidine;
then acetic anhydride/pyridine/THF (Cap A) and 1-methylimidazole/
THF (Cap B); e) i. oligonucleotide synthesis, ii. 0.5 m NaOH, then 2 m


TEAA (pH 7) to yield 20 ; f) i. oligonucleotide synthesis, ii. 33% NH4OH
to yield 21; g) i. oligonucleotide synthesis, ii. 2 m NaOMe, MeOH, then
2m TEAA (pH 7) to yield 22. PDC=pyridinium dichromate; TEAA =


triethylammonium acetate buffer.


Table 1. DCt values obtained by using unmodified or 4’-C-modified
primer probes and DNA template Far A versus Far G.


5’–AGGTR (Primer probe)
3’–TCCNACTAA– (Template)[a]


R Ct(N =A) DCt


Far 1 H 17 0
Far 2 CH2OH 17 2.5
Far 3 CH2OCH3 19 9
Far 4 CH2OCH2CH3 n.a.[b] –
Far 5 CH2OBn n.a.[b] –
Far 6 CH2OPh n.a.[b] –
Far 7 CO2H n.a.[b] –
Far 8 C(O)NH2 22 7
Far 9 C(O)OCH3 n.a.[b] –


[a] N= A or G for Far A or Far G, respectively. [b] n.a.: no amplification
after 40 cycles of PCR.
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quences,[41,42] and compared their properties with those of
the recently identified, respective 4’-C-vinylated probes.[25]


The results are depicted in Table 2.


Interestingly, for all of the sequences investigated, the 4’-
C-methoxymethylene-modified probes gave results superior
to those of the known 4’-C-vinyl-modified probes.


Synthesis of 4’-C-methoxymethylene-5-methyl cytidine and
its properties as primer probes : To perform genotyping ex-
periments we synthesized the respective cytidine derivatives.
Because 4’-C-methoxymethylene thymidine derivatives dis-
played the most discriminative properties (see above), we
focused on the synthesis of the respective 2’-deoxycytidine
derivatives. Our synthetic strategy was based on the conver-
sion of uridine or thymidine derivatives into the respective
cytidine analogues.[43–45] Thus, 2 a was converted into 23 by
treatment with the 2,4,6-triisopropylbenzenesulfonyl chlo-
ride (TPSCl)-Et3N-DMAP system, and subsequent aminoly-
sis and benzoylation of the exocyclic amino function. Stan-
dard protection group manipulations yielded 24, which was
coupled to a solid support (25), from which oligonucleotides
bearing 4’-C-methoxymethylene-5-methyl cytidine residues
at the 3’ terminus (26) were readily available (Scheme 4).


We synthesized primer probes for the same sequence as that
described above, and used real-time PCR to compare their
efficiency in the discrimination of single nucleotide varia-
tions with those of an unmodified probe. We found that, as
above, the use of modified probes led to a significant in-
crease in selectivity in the detection of single nucleotide var-
iants within PCR targets (Table 3).


These results demonstrate that chemically modified
primer probes are amplified in matched primer–template
complexes significantly more efficiently than do their un-
modified counterparts.


Conclusion


We have shown that primer probes bearing certain polar 4’-
C-modifications can significantly increase single nucleotide
discrimination by PCR. The 4’-C-methoxymethylene-modi-
fied nucleotides were shown to be ideally suited for this pur-


Figure 1. Results of real-time PCR experiments obtained by using primer
probes bearing unmodified or 4’-C-modified thymidine residues at the 3’
terminus of the primer (R: 4’-C-modification as indicated in Table 1).
PCR amplification in the presence of Far primer (as indicated), and
target template Far A (solid line) or Far G (dashed line). All experiments
were conducted under identical reaction conditions containing equal
amounts of dNTPs, DNA substrates, and Vent (exo�) DNA polymerase.


Table 2. DCt values obtained by using unmodified or 4’-C-modified
primer probes in various sequence contexts.


R Far A vs Far G Lei A vs Lei G DPyDA vs DPyD G


H[a] 0 1 1.5
CH=CH2


[a] 8 10 4.5
CH2OCH3 9 12 14


[a] Results from ref. [25].


Scheme 4. a) TPSCl, DMAP, Et3N, ACN; b) 33 % NH4OH/ACN;
c) Bz2O, DMAP, pyridine, 63% over all steps; d) 1m TBAF, THF;
e) DMTCl, DMAP, pyridine, 71% over both steps; f) EDC, DMAP, suc-
cinylated LCAA-CPG, pyridine; then 4-nitrophenol; then piperidine;
then acetic anhydride/pyridine/THF (Cap A) and 1-methylimidazole/
THF (Cap B); g) i. oligonucleotide synthesis, ii. 33 % NH4OH. TPSCl=


2,4,6-triisopropylbenzenesulfonyl chloride.


Table 3. DCt values obtained by using unmodified or 4’-C-modified
primer probes containing 26 in various sequence contexts.


Far G vs. Far A Lei G vs. Lei A DPyD G vs. DPyDA


dC 0 1 1
26 10 13 8
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pose. These compounds are readily available and can be in-
corporated into DNA strands using standard oligonucleotide
chemistry. The systems described supersede recently report-
ed approaches and should be useful for the direct diagnosis
by PCR of single nucleotide variations, such as single nu-
cleotide polymorphisms or point mutations, without the
need for further time-consuming and costly post-PCR analy-
ses.


Experimental Section


General : All temperatures quoted are uncorrected. All reagents were ob-
tained commercially and used without further purification. Solvents were
purchased over molecular sieves (Fluka) and were used directly without
further purification unless otherwise stated. All reactions were conducted
under the rigorous exclusion of air and moisture. NMR spectroscopy:
Bruker DPX300, DPX400, DRX500 with the solvent peak as internal
standard. Fast atom bombardment mass spectrometry (FAB MS): Con-
cept 1H (Kratos), matrix: 3-nitrobenzyl alcohol (3-NBA). Flash chroma-
tography: Merck silica gel G60 (230–400 mesh). Thin-layer chromatogra-
phy: Merck precoated plates (silica gel 60 F254). MALDI-ToF MS analysis
of oligonucleotides was conducted by Metabion, Germany. Electrospray
ionization Fourier transform ion cyclotron resonance mass spectrometry
(ESI-FTICR MS) (Bruker APEX) was performed at the Kekul�-Institut
f�r Organische Chemie und Biochemie, Bonn University.


3’-O-tert-Butyldimethylsilyl-5’-O-tert-butyldiphenylsilyl-4’-C-methoxy-
methylene thymidine (2 a): After coevaporation and drying under
vacuum overnight, nucleoside 1 (325 mg, 0.52 mmol) was dissolved in
THF (6 mL). Sodium hydride (44.8 mg, 1.12 mmol) was added at 0 8C
and the reaction mixture was stirred for 30 min. Iodomethane (162 mL,
2.6 mmol) was added and stirring was continued for 10 h at 0 8C. The re-
action was quenched by the addition of methanol (2 mL) and then al-
lowed to warm up to room temperature. Saturated aqueous sodium bicar-
bonate solution was added and the aqueous phase was extracted with di-
chloromethane. The combined organic phase was dried (MgSO4) and
concentrated in a vacuum. Purification of the residue by flash column
chromatography (SiO2, ethyl acetate/cyclohexane 1:4–1:1) furnished 2 a
as a white foam (250 mg, 0.39 mmol, 75%); Rf = 0.64 (ethyl acetate/cyclo-
hexane 1:1); 1H NMR (400 MHz, CDCl3): d=0.03 (s, 3H; SiCH3), 0.07
(s, 3H; SiCH3), 0.90 (s, 9H; SiC(CH3)3), 1.08 (s, 9 H; SiC(CH3)3), 1.60 (d,
4J=1.3 Hz, 3H; CH3-5), 2.13–2.20 (m, 1H; H-2’a), 2.26 (ddd, 2J=


13.0 Hz, 3J=5.7 Hz, 3J =2.0 Hz, 1H; H-2’b), 3.29 (s, 3 H; OCH3), 3.43 (d,
2J=10.1 Hz, 1 H; H-5’a), 3.51 (d, 2J =10.1 Hz, 1H; H-5’b), 3.80 (d, 2J =


10.9 Hz, 1 H; 4’-C-CH2a), 3.85 (d, 2J =10.9 Hz, 1 H; 4’-C-CH2b), 4.54 (dd,
3J=5.6 Hz, 3J= 2.0 Hz, 1 H; H-3’), 6.36 (dd, 3J= 8.5 Hz, 3J =5.7 Hz, 1 H;
H-1’), 7.35–7.67 (m, 11H; Ar, H-6), 8.06 ppm (br s, 1H; NH); 13C NMR
(100.6 MHz, CDCl3): d =�5.0 (SiCH3), �4.5 (SiCH3), 12.2 (CH3), 18.3
(SiC(CH3)3), 19.6 (SiC(CH3)3), 25.9 (SiC(CH3)3), 27.2 (SiC(CH3)3), 41.9
(C-2’), 59.7 (OCH3), 66.0 (C-5’), 73.0 (4’-C-CH2), 73.5 (C-3’), 84.7 (C-1’),
89.3 (C-4’), 111.1 (C-5), 128.17, 128.18, 130.27, 130.34, 132.7, 133.2,
135.64, 135.69, 135.8 (Ar, C-6), 150.3 (C-2), 163.6 ppm (C-4); FAB MS
(3-NBA matrix): m/z : 639.3 [M+H]+ .


5’-O-(4,4’-Dimethoxytrityl)-4’-C-methoxymethylene thymidine (3 a): A
1m solution of TBAF (0.43 mL, 0.43 mmol) was added at 0 8C to a so-
lution of 2 a (123 mg, 0.19 mmol) dissolved in THF (4 mL), and the
cooled solution was stirred for 30 min. The reaction mixture was allowed
to warm up to room temperature and stirring was continued for 3.5 h. A
small amount of silica was added and the mixture was evaporated to dry-
ness. The impregnated silica was coevaporated with toluene and subject-
ed to column chromatography (SiO2, cyclohexane/ethyl acetate 1:9–ethyl
acetate/methanol 9:1) to yield the desired alcohol as a white foam
(54.7 mg, 0.19 mmol, 99%); Rf =0.48 (ethyl acetate/methanol 9:1);
1H NMR (400 MHz, CD3OD): d =1.87 (d, 4J =1.1 Hz, 3H; CH3-5), 2.36
(m, 2H; H-2’a, H-2’b), 3.37 (s, 3H; OCH3), 3.55 (s, 2 H; H-5’a, H-5’b),
3.80 (s, 2H; 4’-C-CH2a, 4’-C-CH2b), 4.48 (t, 3J =5.3 Hz, 1H; H-3’), 6.30


(dd, 3J = 3J= 6.7 Hz, 1H; H-1’), 7.81 ppm (d, 4J= 1.1 Hz, 1 H; H-6);
13C NMR (100.6 MHz, CD3OD): d=12.6 (CH3), 41.6 (C-2’), 59.9
(OCH3), 64.6 (C-5’), 73.1 (4’-C-CH2), 73.8 (C-3’), 86.1 (C-1’), 90.1 (C-4’),
111.7 (C-5), 138.4 (C-6), 152.6 (C-2), 166.4 ppm (C-4); FAB MS (3-NBA
matrix): m/z : 287.1 [M+H]+ . The alcohol (53.7 mg, 0.19 mmol) was dis-
solved in pyridine (1 mL), 4,4’-dimethoxytrityl chloride (DMTCl) and a
catalytic amount of 4-(dimethylamino)pyridine (DMAP) were added at
0 8C, and the cooled solution was stirred for 30 min. The reaction mixture
was then allowed to warm up to room temperature and stirring was con-
tinued for 4 h. The reaction was quenched by the addition of methanol
(1.5 mL) and stirring was continued for 30 min. The solvent was removed
in a vacuum and the residue was purified by flash column chromatogra-
phy (SiO2, cyclohexane/ethyl acetate 3:7+1% Et3N). Compound 3 a was
isolated as a white foam (60 mg, 0.10 mmol, 54%); Rf =0.28 (cyclohex-
ane/ethyl acetate 3:7); 1H NMR (400 MHz, CDCl3): d=1.49 (s, 3H; CH3-
5), 2.37–2.51 (m, 2H; H-2’a, H-2’b), 3.34 (d, 2J=9.9 Hz, 1H; H-5’a), 3.39
(s, 3H; OCH3), 3.42 (d, 2J =9.9 Hz, 1 H; H-5’b), 3.60 (d, 2J =10.0 Hz, 1 H;
4’-C-CH2a), 3.65 (d, 2J=10.0 Hz, 1 H; 4’-C-CH2b), 3.84 (s, 6 H; OCH3),
4.66 (dd, 3J =6.6 Hz, 3J =4.2 Hz, 1H; H-3’), 6.39 (dd, 3J= 3J =6.6 Hz, 1H;
H-1’), 6.91–7.50 (m, 13 H; Ar), 7.63 ppm (s, 1H; H-6); 13C NMR
(100.6 MHz, CDCl3): d=12.4 (CH3), 41.9 (C-2’), 55.9 (OCH3), 59.9
(OCH3), 66.5 (C-5’), 73.6 (4’-C-CH2), 74.3 (C-3’), 86.1 (C-1’), 88.4 (C-4’),
89.7 (CAr3), 114.3 (C-5), 128.2, 129.0, 129.6, 131.59, 131.6 (Ar), 137.0 (C-
6), 137.1, 137.7 (Ar), 146.2 (C-2), 160.5 ppm (C-4); FAB MS (3-NBA
matrix): m/z : 588.1 [M+H]+ , 303.1 [DMT+].


4’-C-Benzyloxymethylen-3’-O-tert-butyldimethylsilyl-5’-O-tert-butyldiphe-
nylsilyl thymidine (2 b): Sodium hydride (60 %, 21 mg, 0.53 mmol) was
added at 0 8C to a solution of nucleoside 1 (109 mg, 0.17 mmol) dissolved
in THF (2 mL), and the suspension was stirred for 30 min. At �60 8C
benzyl bromide (104 mL, 0.88 mmol) and a catalytic amount of sodium
iodide were added and stirring was continued for 1 h. The reaction mix-
ture was then allowed to warm up to 0 8C under continual stirring for 2 h,
after which the reaction was quenched by the addition of methanol
(2 mL). After 30 min the solvent was evaporated, and the acquired resi-
due was dissolved in dichloromethane and then poured onto saturated
aqueous sodium bicarbonate solution. The aqueous layer was extracted
with dichloromethane and the combined organic phase was dried over
MgSO4. Purification of the residue by flash column chromatography
(SiO2, cyclohexane/ethyl acetate 3:7) yielded 2b (49.8 mg, 0.07 mmol,
40%) as a white foam; Rf =0.33 (cyclohexane/ethyl acetate 7:3);
1H NMR (300 MHz, CDCl3): d=�0.06 (s, 3 H; SiCH3), 0.02 (s, 3 H;
SiCH3), 0.84 (s, 9 H; SiC(CH3)3), 1.07 (s, 3H; SiC(CH3)3), 1.62 (d, 4J=


1.1 Hz, 3 H; CH3-5), 2.15 (m, 1H; H-2’a), 2.26 (ddd, 2J= 13.0 Hz, 3J =


5.7 Hz, 3J= 2.5 Hz, 1H; H-2’b), 3.49 (d, 2J =10.2 Hz, 1 H; H-5’a), 3.56 (d,
2J=10.2 Hz, 1 H; H-5’b), 3.81 (d, 2J= 11.1 Hz, 1H; 4’-C-CH2a), 3.87 (d,
2J=11.1 Hz, 1H; 4’-C-CH2b), 4.42 (d, 2J= 12.1 Hz, 1 H; CH2Ph), 4.43 (dd,
3J=8.1 Hz, 3J=5.7 Hz, 1H; H-3’), 4.53 (d, 2J =12.1 Hz, 1 H; CH2Ph), 6.36
(dd, 3J=8.3 Hz, 3J =5.7 Hz, 1 H; H-1’), 7.15–7.66 (m, 16H; Ar, C-6),
8.18 ppm (br s, 1 H; NH); 13C NMR (75.5 MHz, CDCl3): d=�5.6
(SiCH3), �4.6 (SiCH3), 12.3 (CH3), 18.2 (SiC(CH3)3), 19.6 (SiC(CH3)3),
25.9 (SiC(CH3)3), 27.2 (SiC(CH3)3), 41.8 (C-2’), 66.0 (C-5’), 70.4 (4’-C-
CH2), 73.4 (C-3’), 73.9 (CH2Ph), 84.7 (C-1’), 89.4 (C-4’), 111.1 (C-5),
127.75. 127.8, 127.9, 128.07, 128.1, 128.2, 128.5, 128.7, 130.28, 130.3, 132.6,
133.1, 135.56, 135.6, 135.75, 135.8, 138.1 (Ar, C-6), 150.3 (C-2), 163.7 ppm
(C-4); FAB MS (3-NBA matrix): m/z : 737.4 [M+Na]+ , 715.4 [M+H]+ ,
657.3 [M�tBu]+ , 607.2 [M�BnO]+ .


5’-O-(4,4’-Dimethoxytrityl)-4’-C-benzyloxymethylene thymidine (3 b): A
1m solution of TBAF (140 mL, 0.14 mmol) was added to a solution of nu-
cleoside 2 b (44.6 mg, 0.06 mmol) in THF (2 mL) and the mixture was
stirred at room temperature for 7 h. The solvent was removed and the
residue was purified by column chromatography (SiO2, ethyl acetate) to
yield the alcohol as a pale yellow solid (18.6 mg, 0.05 mmol, 83%); Rf =


0.24 (ethyl acetate); 1H NMR (400 MHz, CD3OD): d =1.95 (d, 4J=


1.1 Hz, 3H; CH3-5), 2.36–2.48 (m, 2H; H-2’a, H-2’b), 3.70 (d, 2J=


10.1 Hz, 1 H; H-5’a), 3.74 (d, 2J =10.1 Hz, 1H; H-5’b), 3.78 (d, 2J=


11.7 Hz, 1H; 4’-C-CH2a), 3.82 (d, 2J= 11.7 Hz, 1 H; 4’-C-CH2b), 4.57–4.67
(m, 3 H; H-3’, CH2Ph), 6.40 (dd, 3J = 3J=6.6 Hz, 1H; H-1’), 7.31–7.45 (m,
5H; Ar), 7.86 ppm (d, 4J =1.1 Hz, 1 H; H-6); 13C NMR (100.6 MHz,
CD3OD): d=12.8 (CH3), 41.7 (C-2’), 64.7 (C-5’), 71.5 (4’-C-CH2), 73.0
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(C-3’), 74.9 (CH2Ph), 86.2 (C-1’), 90.1 (C-4’), 111.8 (C-5), 128.8, 128.9,
129.5, 129.6, 138.3, 139.8 (Ar, C-6), 154.0 (C-2), 168.5 ppm (C-4); FAB
MS (3-NBA matrix): m/z : 363.1 [M+H]+ . The alcohol (18.5 mg,
0.05 mmol) was dissolved in 0.5 mL pyridine, DMTCl and a catalytic
amount of DMAP were added, and the solution was stirred at room tem-
perature for 19 h. The reaction was then quenched by the addition of
methanol (1 mL) and stirring was continued for 30 min. After evapora-
tion, the residue was subjected to flash column chromatography (SiO2,
cyclohexane/ethyl acetate 1:1+1 % triethylamine) to furnish 3b as a yel-
lowish foam (11.4 mg, 0.02 mmol, 33%); Rf =0.64 (ethyl acetate);
1H NMR (300 MHz, CD3OD): d =1.55 (d, 4J =0.9 Hz, 3H; CH3-5), 2.33
(m, 1H; H-2’a), 2.46 (ddd, 2J =13.5 Hz, 3J =6.5 Hz, 3J =3.8 Hz, 1H; H-
2’b), 3.72 (d, 2J=10.2 Hz, 1 H; 4’-C-CH2a), 3.81 (d, 2J=10.2 Hz, 1H; 4’-C-
CH2b), 4.55 (d, 2J =12.2 Hz, 1 H; CH2Ph), 4.62 (d, 2J =12.2 Hz, 1H;
CH2Ph), 4.64 (m, 1 H; H-3’), 6.47 (dd, 3J= 3J =6.5 Hz, 1H; H-1’), 6.88–
7.53 (m, 18 H; Ar), 7.55 ppm (d, 4J=0.9 Hz, 1 H; H-6); 13C NMR
(75.5 MHz, CD3OD): d=13.1 (CH3), 42.0 (C-2’), 55.9 (OCH3), 66.7 (C-
5’), 71.8 (4’-C-CH2), 73.8 (C-3’), 74.7 (CH2Ph), 86.2 (C-1’), 88.4 (CAr3),
89.6 (C-4’), 112.0 (C-5), 114.3, 128.2, 128.7, 128.9, 129.0, 129.5, 129.6,
130.6, 131.0, 131.6, 131.62, 137.0, 137.1, 137.2, 139.8 (Ar), 146.3 (C-2),
160.4, 160.5 ppm (Ar, C-4); FAB MS (3-NBA matrix): m/z : 664.3 [M+],
303.1 [DMT+].


3’-O-tert-Butyldimethylsilyl-5’-O-tert-butyldiphenylsilyl-4’-C-phenoxy-
methylene thymidine (2 c): Pyridine (70 mL, 0.89 mmol) was added at 0 8C
to a solution of nucleoside 1 (212 mg, 0.28 mmol) in dichloromethane
(2 mL). Trifluoromethanesulfonic anhydride (69.5 mL, 0.43 mmol) was
added drop-wise and stirring was continued at 0 8C for 1.5 h, after which
the reaction was quenched by the addition of saturated NaHCO3 solution
(1 mL). Additional dichloromethane was added and the organic phase
was washed with saturated NaHCO3 and NaCl solution. The organic
phase was dried (MgSO4) and concentrated to give a dark-red residue,
which was used directly in the next reaction step without further purifica-
tion. Sodium hydride (113 mg, 2.84 mmol) was added at �78 8C to a so-
lution of phenol (267 mg, 2.84 mmol) dissolved in DMF (3 mL), and the
reaction mixture was stirred for 30 min as it warmed up to 0 8C. The
crude residue was then added and stirred at 0 8C for 1 h. Next, the mix-
ture was allowed to warm up to room temperature and then heated to
50 8C for 1.5 h, after which the mixture was poured onto saturated aque-
ous sodium bicarbonate solution. The aqueous phase was extracted with
dichloromethane, and the combined organic phase was dried (MgSO4)
and concentrated. Purification by flash column chromatography (SiO2,
cyclohexane/ethyl acetate 4:1) yielded 2c as a foam (98.4 mg, 0.14 mmol,
50%); Rf =0.61 (ethyl acetate/cyclohexane 3:7); 1H NMR (500 MHz,
CDCl3): d=0.07 (s, 3H; SiCH3), 0.17 (s, 3 H; SiCH3), 0.94 (s, 9 H;
SiC(CH3)3), 1.16 (s, 9H; SiC(CH3)3), 1.76 (d, 4J =1.0 Hz, 3 H; CH3-5),
2.36 (m, 1 H; H-2’a), 2.42 (ddd, 2J= 13.1 Hz, 3J =5.6 Hz, 3J=1.7 Hz, 1H;
H-2’b), 4.02 (d, 2J=11.2 Hz, 1H; H-5’a), 4.07 (d, 2J =11.2 Hz, 1H; H-
5’b), 4.10 (d, 2J =9.4 Hz, 1H; 4’-C-CH2a), 4.16 (d, 2J =9.4 Hz, 1H; 4’-C-
CH2b), 4.68 (d, 3J =5.2 Hz, 3J =1.7 Hz, 1H; H-3’), 6.52 (dd, 3J =8.7 Hz,
3J=5.6 Hz, 1 H; H-1’), 6.86–7.79 (m, 15H; Ar), 7.57 (d, 4J =1.0 Hz, 1H;
H-6), 9.24 ppm (br s, 1 H; NH); 13C NMR (125.8 MHz, CDCl3): d=�5.0
(SiCH3), �4.6 (SiCH3), 12.4 (CH3), 18.1 (SiC(CH3)3), 19.6 (SiC(CH3)3),
25.9 (SiC(CH3)3), 27.2 (SiC(CH3)3), 41.9 (C-2’), 66.0 (C-5’), 67.3 (4’-C-
CH2), 73.6 (C-3’), 85.0 (C-1’), 89.1 (C-4’), 111.3 (C-5), 114.4, 121.1, 127.9,
128.0, 128.20, 128.22, 129.0, 130.02, 130.04, 130.4, 131.1, 132.4, 132.9,
135.6 (Ar), 135.8, 135.9 (Ar, C-6), 150.5 (C-2), 158.6 (Ar), 164.3 ppm (C-
4); FAB MS (3-NBA matrix): m/z : 723.2 [M+Na]+ , 701.4 [M+H]+ , 643.2
[M�tBu+H]+ , 623.1 [M�Ph+H]+ .


5’-O-(4,4’-Dimethoxytrityl)-4’-C-phenoxymethylene thymidine (3 c): A
1m solution of TBAF (250 mL, 0.25 mmol) was added to a solution of
compound 2c (79.6 mg, 0.11 mmol) in THF (2 mL) and the mixture was
stirred at room temperature for 1 h. The solvent was then evaporated
under reduced pressure and the residue was purified by column chroma-
tography (SiO2, dichloromethane/methanol 9:1). The resulting alcohol
was isolated as a yellowish solid (36.9 mg, 0.11 mmol, 93 %); Rf =0.24
(cyclohexane/ethyl acetate 1:9); 1H NMR (400 MHz, CD3OD): d=1.94
(d, 4J= 1.2 Hz, 3H; CH3-5), 2.43–2.55 (m, 2H; H-2a’, H-2b’), 3.88 (d, 2J=


11.6 Hz, 1 H; H-5’a), 3.91 (d, 2J =11.6 Hz, 1H; H-5’b), 4.17 (d, 2J=


10.0 Hz, 1H; 4’-CH2a), 4.21 (d, 2J=10.0 Hz, 1 H; 4’-C-CH2b), 4.66 (dd,


3J=6.5 Hz, 3J =4.6 Hz, 1 H; H-3’), 6.44 (dd, 3J = 3J=6.7 Hz, 1H; H-1’),
6.95–7.38 (m, 5H; Ar), 7.86 ppm (d, 4J=1.2 Hz, 1H; H-6); 13C NMR
(100.6 MHz, CD3OD): d=12.7 (CH3), 41.7 (C-2’), 64.5 (C-5’), 69.1 (4’-C-
CH2), 73.0 (C-3’), 86.4 (C-1’), 89.7 (C-4’), 111.8 (C-5), 115.8, 122.1, 130.6
(Ar), 138.4 (C-6), 153.4 (C-2), 160.6 (Ar), 167.6 ppm (C-4); FAB MS (3-
NBA matrix): m/z : 349.1 [M+H]+ . The alcohol (35 mg, 0.10 mmol) was
dissolved in pyridine (0.5 mL), and DMTCl (86.3 mg, 0.26 mmol) and a
catalytic amount of DMAP were added to the solution. After being stir-
red for 17 h at room temperature, methanol (0.5 mL) was added and stir-
ring was continued for 30 min. The solvent was evaporated in a vacuum
and the resulting residue was subjected to column chromatography (SiO2,
cyclohexane/ethyl acetate 1:1+1% triethylamine–ethyl acetate+1 % tri-
ethylamine) to furnish 3 c as a slightly yellow foam (38.4 mg, 0.06 mmol,
59%); Rf =0.44 (cyclohexane/ethyl acetate 3:7); 1H NMR (400 MHz,
CDCl3): d=1.59 (d, 4J =1.1 Hz, 3H; CH3-5), 2.35 (m, 1 H; H-2a’), 2.55
(ddd, 2J =13.6 Hz, 3J =6.6 Hz, 3J= 3.8 Hz, 1H; H-2’b), 3.39 (d, 2J=


9.9 Hz, 1H; H-5a’), 3.55 (d, 2J =9.9 Hz, 1H; H-5’b), 3.82 (s, 6 H; OCH3),
4.25 (d, 2J =10.0 Hz, 1H; 4’-C-CH2a), 4.30 (d, 2J=10.0 Hz, 1H; 4’-C-
CH2b), 4.70 (dd, 3J=6.6 Hz, 3J=3.8 Hz, 1H; H-3’), 6.46 (dd, 3J = 3J =


6.6 Hz, 1 H; H-1’), 6.86–7.50 (m, 18 H; Ar), 7.52 ppm (d, 4J =1.1 Hz, 1H;
H-6); 13C NMR (100.6 MHz, CDCl3): d= 12.6 (CH3), 41.6 (C-2’) 55.7
(OCH3), 66.0 (C-5’), 68.9 (4’-C-CH2), 73.5 (C-3’), 86.4 (C-1’), 88.2 (C-4’),
89.2 (CAr3), 111.8 (C-5), 114.2, 115.7, 121.9, 128.0, 128.9, 129.4, 130.5,
131.4, 131.5, 136.8, 137.0, 137.2, 146.1 (Ar), 154.2 (C-2), 160.28, 160.3,
160.31 ppm (Ar, C-4); FAB MS (3-NBA matrix): m/z : 673.3 [M+Na]+ ,
650.4 [M+], 303.1 [DMT+].


3-O-Benzyl-5-O-tert-butyldiphenylsilyl-4-C-ethoxymethylene-1,2-isopro-
pylidene-b-d-ribo-pentofuranose (9): Compound 8 (725 mg, 1.32 mmol)
was dissolved in DMF (5 mL) and the solution was cooled to 0 8C.
Sodium hydride (82.8 mg, 2.07 mmol) was added and the reaction mix-
ture was stirred for 30 min at low temperature. The mixture was then
cooled to �20 8C, iodoethane (1.07 mL, 13.24 mmol) was added, and stir-
ring was continued for 3 h. The reaction mixture was allowed to warm up
to 0 8C and stirring was continued for 1 h. The reaction was quenched by
the addition of methanol (5 mL) and then warmed up to room tempera-
ture within 45 min. Saturated NaHCO3 solution was added and the aque-
ous phase was extracted with dichloromethane. The combined organic
phase was dried over MgSO4 and evaporated under reduced pressure.
Column chromatography (SiO2, ethyl acetate/cyclohexane 1:9) furnished
a white solid (9, 479 mg, 63%); Rf =0.51 (ethyl acetate/cyclohexane 1:4);
1H NMR (400 MHz, CDCl3): d=0.98 (s, 9 H; SiC(CH3)3), 1.07 (t, 3J=


7.0 Hz, 3 H; CH3-ethyl), 1.20 (s, 6 H; CH3-acetonide), 3.30–3.48 (m, 2H;
CH2-ethyl), 3.47 (d, 2J =10.2 Hz, 1 H; H-5a), 3.59 (d, 2J =10.2 Hz, 1H; H-
5b), 3.96 (d, 2J=11.1 Hz, 1H; 4-C-CH2a), 4.02 (d, 2J= 11.1 Hz, 1H; 4-C-
CH2b), 4.08 (d, 3J= 5.4 Hz, 1 H; H-3), 4.46 (d, 2J =12.3 Hz, 1 H; CH2Ph),
4.51 (dd, 3J =5.4 Hz, 3J =4.0 Hz, 1H; H-2), 4.65 (d, 2J =12.3 Hz, 1H;
CH2Ph), 5.68 (d, 3J=4.0 Hz, 1 H; H-1), 7.16–7.67 ppm (m, 15 H; Ar);
13C NMR (100.6 MHz, CDCl3): d=15.4 (CH3), 19.6 (SiC(CH3)3), 26.6
(CH3), 26.8 (CH3), 27.1 (SiC(CH3)3), 64.9 (C-5), 67.2 (CH2), 72.5 (4-C-
CH2), 72.6 (CH2Ph), 78.4 (C-3), 79.9 (C-2), 87.9 (C-4), 104.5 (C-1), 113.5
(O2C(CH3)2), 127.7, 127.8, 127.9, 128.0, 128.2, 128.5, 128.7, 129.0, 129.7,
131.1, 133.7, 134.0, 135.0, 135.8, 135.9, 136.0, 136.1, 138.3 ppm (Ar); FAB
MS (3-NBA matrix): m/z : 577.3 [M+H]+ , 561.2 [M�Me]+ , 519.2
[M�tBu]+ .


1-(2’-O-Acetyl-3’-O-benzyl-5’-O-tert-butyldiphenylsilyl-4’-C-ethoxymethy-
lene-b-d-ribo-pentofuranosyl)thymine (10): Compound 9 (400 mg,
0.69 mmol) was dissolved in a mixture of 80% acetic acid (10 mL) and
trifluoroacetic acid (500 mL), and the resulting solution was stirred at
room temperature for 4 h. The solvent was then removed under reduced
pressure and the remaining residue was coevaporated with toluene. The
residue was stirred with acetic anhydride (0.7 mL, 7.41 mmol) and a cata-
lytic amount of DMAP in pyridine (5 mL) for 18 h at ambient tempera-
ture, and the reaction mixture was evaporated to dryness. The resulting
residue was diluted by the addition of dichloromethane and then poured
onto aqueous NaHCO3. The aqueous phase was extracted with dichloro-
methane, and the combined organic phase was dried (MgSO4) and con-
centrated. Purification by column chromatography (SiO2, ethyl acetate/
cyclohexane 1:4) yielded the desired bis-acetate as a white foam
(150.8 mg, 0.24 mmol, 35%); Rf =0.42 (ethyl acetate/cyclohexane 1:4);
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1H NMR (400 MHz, CDCl3): d=0.97 (s, 9 H; SiC(CH3)3), 1.13 (t, 3J=


7.0 Hz, 3 H; CH3-ethyl), 1.73 (s, 3 H; OCOCH3), 1.98 (s, 3H; OCOCH3),
3.34–3.69 (m, 5H; 4-C-CH2a, 4-C-CH2b, CH2-ethyl, H-5a), 3.73 (d, 2J=


9.9 Hz, 1 H; H-5b), 3.76 (d, 2J =11.0 Hz, 1 H; CH2Ph), 3.87 (d, 2J=


11.0 Hz, 1H; CH2Ph), 4.27 (d, 3J=5.1 Hz, 1H; H-3), 5.18 (dd, 3J =5.1 Hz,
3J=1.2 Hz, 1 H; H-2), 6.00 (d, 3J =1.2 Hz, 1H; H-1), 7.10–7.66 ppm (m,
15H; Ar); 13C NMR (100.6 MHz, CDCl3): d=15.4 (CH3), 19.5
(SiC(CH3)3), 20.8 (OCOCH3), 21.4 (OCOCH3), 27.0 (SiC(CH3)3), 64.3
(CH2), 67.3 (C-5), 71.7 (4-C-CH2), 73.6 (CH2Ph), 75.2 (C-3), 78.9 (C-2),
87.4 (C-4), 97.9 (C-1), 127.4, 127.7, 127.8, 128.0, 128.5, 129.6, 129.7, 131.0,
133.5, 134.1, 135.78, 135.79, 135.8, 136.2, 138.0 (Ar), 169.4, 169.9 ppm
(OCOCH3); FAB MS (3-NBA matrix): m/z : 619.2 [M+], 561.2
[M�OAc]+ . The bis-acetate (143 mg, 0.23 mmol), thymine (58.9 mg,
0.47 mmol), and N,O-bis(trimethylsilyl)acetamide (BSA, 300 mL,
1.23 mmol) were suspended in acetonitrile (2 mL). The suspension was
stirred at 60 8C for 30 min until it became completely soluble. The so-
lution was then cooled to 0 8C, after which trimethylsilyl trifluoromethane
sulfonate (80 mL, 0.44 mmol) was added. The reaction mixture was re-
fluxed for 1 h and saturated aqueous NaHCO3 (10 mL) was added at am-
bient temperature. The organic phase was extracted with dichloro-
methane, then dried (MgSO4) and concentrated. Purification by column
chromatography (SiO2, ethyl acetate/cyclohexane 2:3) afforded a white
solid (10, 144.2 mg, 0.21 mmol, 91%); Rf = 0.30 (ethyl acetate/cyclohex-
ane 2:3); 1H NMR (400 MHz, CDCl3): d=0.99 (s, 9 H; SiC(CH3)3), 1.17
(t, 3J =7.0 Hz, 3 H; CH3-ethyl), 1.84 (d, 4J=1.1 Hz, 3H; CH3-5), 1.86 (s,
3H; OCOCH3), 3.39–3.52 (m, 2 H; CH2-ethyl), 3.52 (d, 2J =10.3 Hz, 1H;
4’-C-CH2a), 3.63 (d, 2J =10.3 Hz, 1 H; 4’-C-CH2b), 3.65 (d, 2J =11.0 Hz,
1H; H-5’a), 3.86 (d, 2J =11.0 Hz, 1H; H-5’b), 4.29 (d, 3J =5.7 Hz, 1H; H-
3’), 4.47 (d, 2J= 11.5 Hz, 1H; CH2Ph), 4.50 (d, 2J =11.5 Hz, 1H; CH2Ph),
5.26 (dd, 3J =6.2 Hz, 3J =5.7 Hz, 1H; H-2’), 6.08 (d, 3J =6.2 Hz, 1 H; H-
1’), 7.12–7.64 (m, 16H; Ar, H-6), 8.63 ppm (br s, 1H; NH); 13C NMR
(100.6 MHz, CDCl3): d =12.8 (CH3), 15.4 (CH3), 19.5 (SiC(CH3)3), 20.8
(COCH3), 27.1 (SiC(CH3)3), 64.2 (C-5’), 67.3 (CH2), 72.6 (4’-C-CH2), 74.8
(CH2Ph), 75.3 (C-3’), 77.9 (C-2’), 85.9 (C-1’), 88.2 (C-4’), 111.3 (C-5),
127.9, 127.92, 127.97, 128.0, 128.2, 128.22, 128.56, 128.6, 130.0, 130.1,
133.0, 133.3, 135.6, 135.8, 135.9, 135.97, 136.0, 137.8 (Ar, C-6), 150.6 (C-
2), 163.8 (C-4), 170.3 ppm (COCH3); FAB MS (3-NBA matrix): m/z :
687.4 [M+H]+ , 629.2 [M�tBu]+ , 609.3 [M�Ph]+ , 561.2 [M�thymine]+ .


1-(3’-O-Benzyl-5’-O-tert-butyldiphenylsilyl-4’-C-ethoxymethylene-b-d-
ribo-pentofuranosyl)thymine (11): A solution of nucleoside 10 (132.8 mg,
0.19 mmol) and sodium methoxide (22 mg, 0.41 mmol) in methanol
(2 mL) was stirred at room temperature for 1 h, after which the solvent
was removed in a vacuum. The residue was dissolved in dichloromethane,
poured onto saturated aqueous NH4Cl, and extracted with CH2Cl2. The
organic phase was dried over MgSO4 and concentrated. Chromatography
over silica gel (SiO2, ethyl acetate/cyclohexane 2:3–1:1) yielded the de-
sired alcohol as a white foam (117.1 mg, 0.18 mmol, 94%); Rf =0.39
(ethyl acetate/cyclohexane 1:1); 1H NMR (400 MHz, CDCl3): d=1.00 (s,
9H; SiC(CH3)3), 1.12 (d, 3J =7.0 Hz, 3H; CH3-ethyl), 1.83 (d, 4J =1.1 Hz,
3H; CH3-5), 3.37–3.43 (m, 2H; CH2-ethyl), 3.41 (d, 2J =10.2 Hz, 1 H; 4’-
C-CH2a), 3.46 (d, 2J=10.2 Hz, 1 H; 4’-C-CH2b), 3.68 (d, 2J= 10.9 Hz, 1 H;
H-5’a), 3.75 (d, 2J =10.9 Hz, 1H; H-5’b), 4.19 (d, 3J =6.1 Hz, 1H; H-3’),
4.33 (m, 1H; H-2’), 4.60 (d, 2J= 11.1 Hz, 1H; CH2Ph), 4.67 (d, 2J=


11.1 Hz, 1H; CH2Ph), 5.88 (d, 3J=4.9 Hz, 1H; H-1’), 7.19–7.64 (m, 15 H;
Ar), 7.42 ppm (d, 4J =1.1 Hz, 1 H; H-6); 13C NMR (100.6 MHz, CDCl3):
d=12.8 (CH3), 15.3(CH3), 19.3 (SiC(CH3)3), 27.1 (SiC(CH3)3), 64.4 (C-5),
67.3 (CH2), 72.6 (4’-C-CH2), 74.4 (C-2’), 74.9 (CH2Ph), 78.8 (C-3’), 88.3
(C-4’), 91.1 (C-1’), 110.9 (C-5), 127.9, 128.0, 128.06, 128.1, 128.18, 128.2,
128.3, 128.66, 128.7, 130.1, 132.5, 132.6, 135.6, 135.8, 135.86, 135.9, 136.8,
137.6, 137.8 (Ar, C-6), 150.7 (C-2), 163.9 ppm (C-4); FAB MS (3-NBA
matrix): m/z : 645.4 [M+H]+ , 587.1 [M�tBu]+ , 567.3 [M�Ph]+ . O-Phenyl
chlorothionoformate (30 mL, 0.22 mmol) was added drop-wise to a so-
lution of the alcohol (117 mg, 0.18 mmol) and DMAP (84.2 mg,
0.69 mmol) in acetonitrile (2 mL), and the resulting solution was stirred
at ambient temperature for 1 h. The mixture was then diluted with di-
chloromethane and poured onto saturated aqueous KHSO4. The organic
phase was separated by using dichloromethane, the extracts were dried
over MgSO4 and then concentrated. Purification by column chromatogra-
phy (SiO2, ethyl acetate/cyclohexane 2:8) yielded the thiocarbonate as a


white foam (119.2 mg, 0.15 mmol, 85%); Rf =0.69 (ethyl acetate/cyclo-
hexane 1:1). A solution of thiocarbonate (113.5 mg, 0.15 mmol) in tolu-
ene (1 mL) was added drop-wise to a solution of 2,2’-azobisisobutyroni-
trile (AIBN, 7 mg, 0.04 mmol) and tri-n-butyltin hydride (120 mL,
0.45 mmol) in anhydrous toluene (0.5 mL) at 85 8C, and the reaction mix-
ture was heated to reflux for 3 h. The solvent was removed under re-
duced pressure and the residue was purified by chromatography over
silica gel (SiO2, ethyl acetate/cyclohexane 3:7). Compound 11 was ob-
tained as a white foam (63.4 mg, 0.10 mmol, 69 %); Rf =0.48 (ethyl ace-
tate/cyclohexane 1:1); 1H NMR (400 MHz, CDCl3): d =1.05 (s, 9H;
SiC(CH3)3), 1.21 (t, 3J =7.0 Hz, 3 H;, CH3-ethyl), 1.91 (d, 4J =1.0 Hz, 3 H;
CH3-5), 2.20 (m, 1H; H-2’a), 2.60 (ddd, 2J =13.4 Hz, 3J =6.5 Hz, 3J=


4.9 Hz, 1H; H-2’b), 3.40–3.84 (m, 6H; 4’-C-CH2a, 4’-C-CH2b, H-5’a, H-
5’b, CH2-ethyl), 4.33 (dd, 3J =6.6 Hz, 3J =4.9 Hz, 1H; H-3’), 4.47 (d, 2J=


11.8 Hz, 1H; CH2Ph), 4.60 (d, 2J =11.8 Hz, 1 H; CH2Ph), 6.32 (dd, 3J=
3J=6.5 Hz, 1 H; H-1’), 7.22–7.67 (m, 15H; Ar), 7.71 (d, 4J =1.0 Hz, 1H;
H-6), 8.30 ppm (br s, 1 H; NH); 13C NMR (100.6 MHz, CDCl3): d=12.8
(CH3), 15.4 (CH3), 19.4 (SiC(CH3)3), 27.1 (SiC(CH3)3), 38.8 (C-2’), 64.3
(C-5’), 67.3 (CH2-ethyl), 72.2 (4’-C-CH2), 72.6 (Bn), 78.8 (C-3’), 84.9 (C-
1’), 88.8 (C-4’), 110.6 (C-5), 127.7, 127.8, 127.9, 127.94, 128.1, 128.6, 128.7,
129.9, 129.95, 133.1, 133.2, 135.6, 135.7, 135.8, 135.9, 136.6 (Ar, C-6),
138.0, 150.4 (C-2), 163.9 ppm (C-4); FAB MS (3-NBA matrix): m/z : 629.3
[M+H]+ , 571.2 [M�tBu]+ .


1-(4’-C-Ethoxymethyl-b-d-ribo-pentofuranosyl)thymine (12): A 1 m so-
lution of TBAF (220 mL, 0.22 mmol) was added to a solution of 11
(57.6 mg, 0.09 mmol) in 2 mL anhydrous THF and stirring was continued
at ambient temperature for 1 day, after which the solvent was evaporat-
ed. Chromatography over silica (SiO2, ethyl acetate/cyclohexane 8:2) fur-
nished a colorless intermediate, which was used in the next reaction step.
Palladium hydroxide on activated charcoal (20 %, 19.5 mg) was added to
the resulting residue, which was then suspended in ethanol (1 mL). The
mixture was degassed, flushed with argon, and placed under a hydrogen
atmosphere. After stirring for 6 h at 60 8C the catalyst was filtered off by
using celite, then washed with ethanol, and the filtrate was concentrated.
Purification of the residue by flash column chromatography (SiO2, ethyl
acetate–methanol/ethyl acetate 1:9) yielded 12 as a colorless solid
(19 mg, 0.06 mmol, 69%); Rf =0.15 (ethyl acetate); 1H NMR (400 MHz,
CD3OD): d= 1.32 (t, 3J=7.0 Hz, 3H; CH3-ethyl), 1.95 (d, 4J =1.2 Hz,
3H; CH3-5), 2.39–2.42 (m, 2 H; H-2’a, H-2’b), 3.53–3.83 (m, 6 H; 4’-C-
CH2a, 4’-C-CH2b, H-5’a, H-5’b, CH2-ethyl), 4.59 (dd, 3J =5.9 Hz, 3J=


4.5 Hz, 1H; H-3’), 6.41 (dd, 3J = 3J= 6.6 Hz, 1 H; H-1’), 7.86 ppm (d, 4J=


1.2 Hz, 1 H; H-6); 13C NMR (100.6 MHz, CD3OD): d =12.9 (CH3), 15.7
(CH3), 42.3 (C-2’), 63.8 (C-5’), 68.2 (CH2-ethyl), 73.4 (4’-C-CH2), 73.7 (C-
3’), 86.2 (C-1’), 89.9 (C-4’), 111.5 (C-5), 138.0 (C-6), 153.7 (C-2),
168.0 ppm (C-4); FAB MS (3-NBA matrix): m/z : 340.4 [M+K]+ , 286.3
[M�CH3]


+ .


1-(5’-O-(4,4’-Dimethoxytrityl)-4’-C-ethoxymethyl-b-d-ribo-pentofurano-
syl)thymine (13): DMTCl (94.7 mg, 0.28 mmol) and a catalytic amount of
DMAP were added to a solution of 12 (16.8 mg, 0.06 mmol) in anhydrous
pyridine (1 mL). After being stirred at 50 8C for 4 h the reaction was
quenched by the addition of methanol (2 mL), and stirring was continued
for 30 min. The mixture was concentrated and purified by column chro-
matography (SiO2, ethyl acetate/cyclohexane 8:2+1 % triethylamine–
ethyl acetate+1 % triethylamine) to furnish 13 as a foam (8.6 mg,
0.014 mmol, 25%); Rf =0.55 (ethyl acetate); 1H NMR (400 MHz,
CD3OD): d= 1.32 (t, 3J=7.6 Hz, 3H; CH3-ethyl), 1.97 (d, 4J =1.1 Hz,
3H; CH3-5), 2.25–2.40 (m, 2H; H-2’a, H-2’b), 3.24 (d, 2J =10.0 Hz, 1 H;
H-5’a), 3.48 (d, 2J=10.0 Hz, 1 H; H-5’b), 3.56–3.69 (m, 4H; 4’-C-CH2a, 4’-
C-CH2b, CH2-ethyl), 3.85 (s, 6H; OCH3), 4.54 (dd, 3J =5.4 Hz, 3J=


4.9 Hz, 1 H; H-3’), 6.46 (dd, 3J = 3J=7.0 Hz, 1H; H-1’), 6.91–8.00 ppm (m,
14H; Ar, H-6); 13C NMR (100.6 MHz, CD3OD): d= 13.5 (CH3), 15.8
(CH3), 42.1 (C-2’), 55.8 (OCH3), 64.9 (C-5’), 68.2 (CH2), 73.5, 73.7 (C-3’,
4’-C-CH2), 85.9 (C-1’), 87.8 (C-4’), 89.7 (CAr3), 111.8 (C-5), 114.2, 114.3,
127.8, 127.83, 128.8, 128.9, 129.2, 129.6, 130.8, 131.5, 131.6, 137.4, 137.5,
137.6, 137.7 (Ar, C-6), 146.7 (C-2), 160.3 ppm (C-4); FAB MS (3-NBA
matrix): m/z : 603.3 [M+H]+ , 303.2 [DMT+].


3’-O-tert-Butyldimethylsilyl-5’-O-tert-butyldiphenylsilyl-4’-C-carboxy-
methyl thymidine (16): Nucleoside 1 (501 mg, 0.80 mmol), powdered mo-
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lecular sieve (4 �, 626 mg), and pyridinium dichromate (3 g, 7.97 mmol)
were suspended in anhydrous DMF (6 mL), and the mixture was stirred
at room temperature for 3 h. Water (6 mL) and acetic acid (4 mL) were
added and stirring was continued for 30 min. The reaction mixture was
then diluted with ethyl acetate, the precipitate was filtered off and the
aqueous phase was extracted with ethyl acetate. The organic phase was
washed with an aqueous solution of oxalic acid (1.78 g per 50 mL) and
ammonium oxalate (2 g per 50 mL), and the aqueous phase was extracted
with ethyl acetate. The combined organic phase was dried (MgSO4) and
concentrated in a vacuum. Column chromatography (SiO2, cyclohexane/
ethyl acetate 2:3+1% acetic acid) yielded the desired carboxylic acid
(338 mg, 0.52 mmol, 65 %) as a yellow foam; Rf = 0.81 (cyclohexane/ethyl
acetate 3:7); 1H NMR (400 MHz, CDCl3): d= 0.01 (s, 3H; SiCH3), 0.05
(s, 3H; SiCH3), 0.84 (s, 9H; SiC(CH3)3), 1.08 (s, 9 H; SiC(CH3)3), 1.52 (d,
4J=1.1 Hz, 3H; CH3-5), 2.23–2.29 (m, 1H; H-2’a), 2.36 (ddd, 2J=


12.9 Hz, 3J=5.7 Hz, 3J=2.1 Hz, 1 H; H-2’b), 4.07 (d, 2J =11.4 Hz, 1H; H-
5’a), 4.18 (d, 2J =11.4 Hz, 1 H; H-5’b), 4.61 (dd, 3J =5.5 Hz, 3J =2.1 Hz,
1H; H-3’), 6.61 (dd, 3J =8.5 Hz, 3J=5.7 Hz, 1H; H-1’), 7.31–7.67 (m,
11H; Ar, H-6), 8.86 ppm (br s, 1 H; NH); 13C NMR (100.6 MHz, CDCl3):
d=�5.1 (SiCH3), �4.7 (SiCH3), 12.1 (CH3), 18.0 (SiC(CH3)3), 19.7
(SiC(CH3)3), 25.7 (SiC(CH3)3), 27.3 (SiC(CH3)3), 41.4 (C-2’), 65.8 (C-5’),
74.3 (C-3’), 86.2 (C-1’), 92.9 (C-4’), 111.6 (C-5), 127.8, 127.9, 128.2, 128.4,
129.9, 130.4, 130.6, 132.3, 132.8, 135.5, 135.7, 135.9, 136.0 (Ar, C-6), 150.3
(C-2), 164.1 (C-4), 172.3 ppm (CO2H); FAB MS (3-NBA matrix): m/z :
661.2 [M+Na]+ , 639.3 [M+H]+ , 581.2 [M�tBu]+ , 561.2 [M�Ph]+ . Anhy-
drous methanol (60 mL, 1.48 mmol) was added at 0 8C to a solution of the
carboxylic acid (87.8 mg, 0.14 mmol), EDC (166 mg, 0.86 mmol), and
DMAP (50.2 mg, 0.41 mmol) in anhydrous dichloromethane (2 mL). The
reaction mixture was allowed to warm up to room temperature and stir-
ring was continued for 1 day. After being quenched with water (10 mL)
the mixture was extracted with CH2Cl2, the organic phase was dried over
magnesium sulfate, and then evaporated under reduced pressure. Purifi-
cation by flash column chromatography (SiO2, cyclohexane/ethyl acetate
4:1–3:2) furnished 16 as a white solid (60.8 mg, 0.09 mmol, 68%); Rf =


0.45 (ethyl acetate/cyclohexane 2:3); 1H NMR (400 MHz, CDCl3): d=


0.01 (s, 3H; SiCH3), 0.05 (s, 3H; SiCH3), 0.85 (s, 9 H; SiC(CH3)), 1.08 (s,
9H; SiC(CH3)3), 1.49 (d, 4J =1.1 Hz, 3H; CH3-5), 2.20 (m, 1H; H-2’a),
2.37 (ddd, 2J =13.1 Hz, 3J =6.0 Hz, 3J=2.8 Hz, 1H; H-2’b), 3.68 (s, 3 H;
CO2CH3), 4.06 (d, 2J =11.2 Hz, 1 H; H-5’a), 4.18 (d, 2J =11.2 Hz, 1 H; H-
5’b), 4.69 (dd, 3J =6.5 Hz, 3J =2.8 Hz, 1H; H-3’), 6.60 (dd, 3J =7.8 Hz,
3J=6.0 Hz, 1H; H-1’), 7.34–7.70 (m, 11H; Ar, H-6), 8.33 ppm (br s, 1 H;
NH); 13C NMR (100.6 MHz, CDCl3): d=�5.0 (SiCH3), �4.8 (SiCH3),
12.0 (CH3), 18.1 (SiC(CH3)3), 19.7 (SiC(CH3)3), 25.8 (SiC(CH3)3), 27.3
(SiC(CH3)3), 41.5 (C-2’), 52.3 (CO2CH3), 65.5 (C-5’), 73.9 (C-3’), 86.0 (C-
1’), 92.4 (C-4’), 111.4 (C-5), 128.2, 128.3, 129.0, 130.3, 130.5, 131.1, 132.4,
133.0, 135.5, 135.67, 135.7, 150.2 (C-2), 163.7 (C-4), 170.0 ppm (CO2CH3);
FAB MS (3-NBA matrix): m/z : 653.2 [M+H]+ , 595.1 [M�tBu]+ .


5’-O-(4,4’-Dimethoxytrityl)-4’-C-(carboxylic acid methyl ester) thymidine
(17): Compound 16 (55.2 mg, 0.09 mmol) and a 1 m solution of TBAF
(200 mL, 0.20 mmol) in anhydrous THF (4 mL) were stirred at room tem-
perature for 1.5 h. The solvent was then evaporated in a vacuum and the
residue was subjected to column chromatography (SiO2, dichlorometh-
ane/methanol 9:1) to yield the desired alcohol as a colorless solid
(23.8 mg, 0.08 mmol, 93%); Rf =0.24 (dichloromethane/methanol 9:1);
1H NMR (400 MHz, CD3OD): d=1.87 (d, 4J =1.2 Hz, 3H; CH3-5), 2.28–
2.35 (m, 2H; H-2’a, H-2’b), 3.74 (s, 3H; CO2CH3), 3.91 (d, 2J =12.0 Hz,
1H; H-5’a), 3.96 (d, 2J =12.0 Hz, 1H; H-5’b), 4.57 (dd, 3J= 6.3 Hz, 3J =


5.2 Hz, 1H; H-3’), 6.48 (dd, 3J = 3J= 6.6 Hz, 1 H; H-1’), 7.73 ppm (d, 4J=


1.2 Hz, 1 H; H-6); 13C NMR (100.6 MHz, CD3OD): d =12.6 (CH3), 40.7
(C-2’), 52.7 (CO2CH3), 64.4 (C-5’), 73.5 (C-3’), 87.3 (C-1’), 93.5 (C-4’),
111.9 (C-5), 138.5 (C-6), 152.7 (C-2), 166.9 (C-4), 172.6 ppm (CO2CH3);
FAB MS (3-NBA matrix): m/z : 301.1 [M+H]+ , 242.3 [M�CO2Me+H]+ .
DMTCl (51.6 mg, 0.15 mmol) and a catalytic amount of DMAP were
added at room temperature to a stirred solution of the alcohol (22.6 mg,
0.08 mmol) in pyridine (2 mL). After 5 h the reaction was quenched by
the addition of methanol (1 mL) and stirring was continued for 30 min.
The solvent was then removed under reduced pressure and the resulting
residue was separated by flash column chromatography (SiO2, cyclohex-
ane/ethyl acetate 1:9+1% triethylamine–ethyl acetate+1 % triethyl-


amine). Nucleoside 17 was isolated as a yellowish foam (26.9 mg,
0.05 mmol, 60 %); Rf =0.45 (cyclohexane/ethyl acetate 1:9); 1H NMR
(400 MHz, CD3OD): d =1.52 (d, 4J =1.2 Hz, 3 H; CH3-5), 2.44–2.52 (m,
2H; H-2’a, H-2’b), 3.60 (d, 2J=10.0 Hz, 1 H; H-5’a), 3.70 (d, 2J =10.0 Hz,
1H; H-5’b), 3.77 (s, 3 H; CO2CH3), 3.84 (s, 6H; OCH3), 4.73 (dd, 3J=


6.4 Hz, 3J= 4.8 Hz, 1H; H-3’), 6.62 (dd, 3J= 3J =6.8 Hz, 1H; H-1’), 6.90–
7.50 (m, 13 H; Ar), 7.61 ppm (d, 4J=1.2 Hz, 1 H; H-6); 13C NMR
(100.6 MHz, CDCl3): d=12.4 (CH3), 40.9 (C-2’), 52.7 (CO2CH3), 55.9
(OCH3), 66.6 (C-5’), 74.1 (C-3’), 87.2 (C-1’), 88.3 (CAr3), 93.0 (C-4’),
112.1 (C-5), 114.36, 114.37, 125.3, 128.3, 129.1, 129.6, 131.57, 131.6, 136.8,
136.9, 137.2, 137.9, 146.1, 149.4, 149.6 (Ar, C-6), 152.8 (C-2), 153.0,
160.52, 160.53 (Ar), 167.1 (C-4), 172.3 ppm (CO2CH3); FAB MS (3-NBA
matrix): m/z : 602.3 [M+], 303.1 [DMT+].


4-N-Benzoyl-3’-O-tert-butyldimethylsilyl-5’-O-tert-butyldiphenylsilyl-4’-C-
methoxymethyl-5-methyl cytidine (23): 2,4,6-Triisopropylbenzenesulfonyl
chloride (TPSCl, 95 mg, 0.31 mmol) was added to a solution of 17
(100 mg, 0.16 mmol), DMAP (38.5 mg, 0.32 mmol), and triethylamine
(44 mL, 0.32 mmol) in acetonitrile (1 mL). The mixture was stirred for
1.5 h at 0 8C, then a solution of 33% NH4OH/CH3CN (1 mL, 1:1) was
added and stirring was continued at 0 8C for 1.5 h. The reaction mixture
was allowed to warm up to room temperature and stirring was continued
for another 1.5 h. The mixture was then diluted with dichloromethane
and poured onto aqueous KHSO4 solution (50 mL, pH 5). The aqueous
layer was extracted with CH2Cl2, the combined organic phase was dried
over MgSO4, and concentrated. The desired cytidine derivative was ob-
tained following purification by flash column chromatography (SiO2,
ethyl acetate–ethyl acetate/methanol 9:1) as a colorless foam (71 mg,
0.11 mmol, 71 %); Rf =0.30 (ethyl acetate/cyclohexane 1:9); 1H NMR
(400 MHz, CD3OD): d= 0.16 (s, 3 H; SiCH3), 0.19 (s, 3H; SiCH3), 1.00 (s,
9H; SiC(CH3)3), 1.16 (s, 9H; SiC(CH3)3), 1.69 (d, 4J= 1.1 Hz, 3 H; CH3-
5), 2.25 (ddd, 2J =13.3 Hz, 3J =7.7 Hz, 3J =6.0 Hz, 1 H; H-2’a), 2.50 (ddd,
2J=13.3 Hz, 3J=5.9 Hz, 3J =2.9 Hz, 1H; H-2’b), 3.38 (s, 3 H; OCH3), 3.61
(d, 2J= 9.9 Hz, 1H; H-5’a), 3.65 (d, 2J=9.9 Hz, 1H; H-5’b), 3.92 (d, 2J=


11.0 Hz, 1 H; 4’-C-CH2a), 3.95 (d, 2J =11.0 Hz, 1 H; 4’-C-CH2b), 4.65 (dd,
3J=6.0 Hz, 3J= 2.9 Hz, 1 H; H-3’), 6.37 (dd, 3J= 7.7 Hz, 3J =5.9 Hz, 1 H;
H-1’), 7.45–7.77 (m, 10 H; Ar), 7.63 ppm (d, 4J =1.0 Hz, 1 H; H-6);
13C NMR (100.6 MHz, CD3OD): d=�4.8 (SiCH3), �4.4 (SiCH3), 13.4
(CH3), 19.1 (SiC(CH3)3), 20.4 (SiC(CH3)3), 26.4 (SiC(CH3)3), 27.7
(SiC(CH3)3), 43.2 (C-2’), 59.8 (OCH3), 66.7 (C-5’), 73.6 (4’-C-CH2), 74.7
(C-3’), 87.2 (C-1’), 90.6 (C-4’), 104.4 (C-5), 129.16, 129.17, 131.35, 131.4,
134.1, 134.5, 136.8, 139.3 (C-6), 158.3 (C-2), 167.4 ppm (C-4); FAB MS
(3-NBA matrix): m/z : 1275.8 [M+H]+ , 638.4 [M+H]+ ; HRMS (ESI):
calcd for C34H50N3O5Si2: 636.3289; found: m/z : 636.3325 [M�H]� . The
cytidine analogue (61.6 mg, 0.1 mmol), benzoic anhydride (44.9 mg,
0.2 mmol), and a catalytic amount of DMAP were dissolved in anhydrous
pyridine (1 mL). The solution was stirred under argon for 8 h at room
temperature. The solvent was then evaporated and the residue was puri-
fied by column chromatography (SiO2, cyclohexane/ethyl acetate 9:1) to
yield 63.3 mg (0.09 mmol, 88 %) of a colorless foam (23); Rf =0.30 (ethyl
acetate/cyclohexane 1:9); 1H NMR (400 MHz, CDCl3): d=0.03 (s, 3 H;
SiCH3), 0.07 (s, 3H; SiCH3), 0.90 (s, 9 H; SiC(CH3)3), 1.09 (s, 9 H;
SiC(CH3)3), 1.79 (d, 4J =1.0 Hz, 3H; CH3-5), 2.19 (ddd, 2J =13.1 Hz, 3J=


8.3 Hz, 3J =5.8 Hz, 1H; H-2’a), 2.36 (ddd, 2J =13.1 Hz, 3J =5.6 Hz, 3J=


2.0 Hz, 1H; H-2’b), 3.30 (s, 3 H; OCH3), 3.44 (d, 2J =10.2 Hz, 1H; H-5’a),
3.54 (d, 2J=10.2 Hz, 1 H; H-5’b), 3.82 (d, 2J=11.0 Hz, 1 H; 4’-C-CH2a),
3.90 (d, 2J=11.0 Hz, 1H; 4’-C-CH2b), 4.55 (dd, 3J =5.8 Hz, 3J =2.0 Hz,
1H; H-3’), 6.38 (dd, 3J =8.3 Hz, 3J=5.6 Hz, 1H; H-1’), 7.36–7.68 (m,
16H; Ar, H-6), 8.27 (d, 4J= 1.4 Hz, 1 H; Ar), 8.29 ppm (d, 4J =1.4 Hz,
1H; Ar); 13C NMR (100.6 MHz, CDCl3): d=�5.0 (SiCH3), �4.5 (SiCH3),
13.4 (CH3), 18.3 (SiC(CH3)3), 19.6 (SiC(CH3)3), 25.9 (SiC(CH3)3), 27.2
(SiC(CH3)3), 42.3 (C-2’), 59.7 (OCH3), 65.9 (C-5’), 72.9 (4’-C-CH2), 73.5
(C-3’), 85.3 (C-1’), 89.7 (C-4’), 111.9 (C-5), 128.18, 128.2, 128.3, 130.0,
130.3, 130.4, 132.6, 132.7, 133.2, 135.6, 135.8, 136.9, 137.5 (Ar, C-6), 148.1
(C-2), 160.0 (C-4), 179.8 ppm (COCH2Ph); FAB MS (3-NBA matrix): m/
z : 742.3 [M+H]+ ; HRMS (ESI): calcd for C41H55N3O6Si2: 740.3551;
found: m/z : 740.3566 [M�H]� .


4-N-Benzoyl-5’-O-(4,4’-dimethoxytrityl)-4’-C-methoxymethyl-5-methyl
cytidine (24): A 1 m solution of TBAF (0.17 mL, 0.17 mmol) was added to
a solution of 23 (58.8 mg, 0.08 mmol) in 1 mL anhydrous THF and the
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preparation was stirred at room temperature for 4 h. The solvent was
then removed in a vacuum and the residue was subjected to column chro-
matography (SiO2, ethyl acetate/methanol 9:1) to isolate the desired in-
termediate, which was used in the next reaction step. The residue was co-
evaporated and redissolved in anhydrous pyridine (1 mL). DMTCl
(76.4 mg, 0.23 mmol) and a catalytic amount of DMAP were added to
the resulting solution at 0 8C. After being stirred for 30 min, the mixture
was allowed to warm up to room temperature and stirring was continued
for 5 h. The reaction was then quenched by the addition of methanol
(4 mL) and after 30 min evaporated to dryness. Purification of the resul-
tant residue by flash column chromatography (SiO2, cyclohexane/ethyl
acetate 2:3+1% triethylamine) furnished 38.5 mg (0.06 mmol, 71%) of a
faint yellowish foam (24); Rf =0.45 (ethyl acetate/cyclohexane 7:3);
1H NMR (400 MHz, CD3OD): d =1.72 (d, 4J =1.0 Hz, 3H; CH3-5), 2.34
(m, 1 H; H-2’a), 2.60 (m, 1H; H-2’b), 3.36 (d, 2J =10.0 Hz, 1 H; H-5’a),
3.41 (s, 3 H; OCH3), 3.47 (d, 2J= 10.0 Hz, 1H; H-5’b), 3.65 (d, 2J =9.9 Hz,
1H; 4’-C-CH2a,), 3.69 (d, 2J= 9.9 Hz, 1 H; 4’-C-CH2b), 3.83 (s, 3H;
OCH3), 3.84 (s, 3 H; OCH3), 4.67 (dd, 3J=6.8 Hz, 3J=4.4 Hz, 1H; H-3’),
6.20 (dd, 3J = 3J=6.5 Hz, 1 H; H-1’), 6.90–7.92 (m, 17 H; Ar, H-6), 8.08
(dd, 3J =8.5 Hz, 4J=1.3 Hz, 1 H; Ar), 8.20 ppm (d, 3J =7.1 Hz, 1H; Ar);
13C NMR (100.6 MHz, CD3OD): d=13.2 (CH3), 42.8 (C-2’), 55.9
(OCH3), 59.9 (OCH3), 66.2 (C-5’), 73.4 (4’-C-CH2), 74.2 (C-3’), 87.1 (C-
1’), 88.3 (C-4’), 89.9 (CAr3), 104.3 (C-5), 114.4, 128.2, 129.0, 129.1, 129.6,
129.63, 129.7, 130.6, 131.5, 131.58, 131.6, 134.3, 136.9, 137.0, 137.1, 137.13,
139.7, 146.2 (Ar, C-6), 158.3 (C-2), 160.5 (C-4), 167.4 ppm (COCH2Ph);
FAB MS (3-NBA matrix): m/z : 588.3 [M�Bz+2H]+ , 303.1 [DMT+];
HRMS (ESI): calcd for C40H40N3O8: 690.2815; found: m/z : 690.2835
[M�H]� .


General procedure for coupling of 5’-O-protected nucleosides to succiny-
lated LCAA-CPG : Compounds 3 a–c, 13, 17, and 24 were coupled to suc-
cinylated LCAA-CPG by using standard protocols.[46] Briefly, succinylat-
ed LCAA-CPG, the respective nucleosides 3a–c, 13, 17, or 24, DMAP
(each 0.1 mmol/1.0 g CPG), and EDC (1.0 mmol/1.0 g CPG), were com-
bined, pyridine (10 mL/1.0 g CPG) and NEt3 (80 mL/1.0 g CPG) were
added, and the reaction mixture was shaken under argon overnight.
Next, 4-nitrophenol (0.5 mmol/1.0 g CPG) was added and shaking was
continued for an additional 24 h. Piperidine (5 mL/1.0 g CPG) was
added, and shaking was continued for 5 min. The beads were then fil-
tered off and washed successively with pyridine, methanol, and finally
with CH2Cl2. After drying, the beads were suspended in equal amounts
of acetic anhydride/pyridine/THF (Cap A) and 1-methylimidazole/THF
(Cap B) capping reagents. After shaking for 2 h, the beads were filtered
off and intensively washed as described above. After drying, loading was
determined by trityl analysis of a small portion of the collected beads
(loading range 8.5–31.9 mmol g�1).[46]


Synthesis of 4’-C-modified oligonucleotides : The synthesis of oligonucleo-
tides was performed on a 0.2 mmol scale by using an Applied Biosys-
tems 392 DNA synthesizer and commercially available 2-(cyanoethyl)-
phosphoramidites. A standard method for the synthesis of 2-(cyanoethyl)
phosphoramidites was used, with the exception that the coupling times
for the modified nucleotides were extended to 10 min. Yields for modi-
fied oligonucleotides were similar to those obtained for unmodified oli-
gonucleotides. After synthesis (trityl off) the oligonucleotides were
cleaved from the support by treatment with 33 % NH4OH at 55 8C for
12 h. After removal of NH4OH the residue was purified by preparative
electrophoresis through a 12% polyacrylamide gel containing 8m urea.
For the synthesis of primer probes Far 7 and Far 9, 18 was used for oligo-
nucleotide synthesis and subsequently treated with 0.5 m NaOH or 2 m


NaOMe (MeOH/H2O 4:1), respectively, for 22 h at room temperature,
then neutralized with 2 m triethylammonium acetate (TEAA), and desalt-
ed (NAP-25 column, Amersham Biosciences). After evaporation the resi-
dues were purified by preparative PAGE, as described above. The DNA
oligonucleotides were recovered by standard precipitation with ethanol
in the presence of 0.3m sodium acetate. The oligonucleotides were quan-
tified by measuring absorption at 260 nm. Total yields of purified oligo-
nucleotides were in the range of 25–33 %. The integrity of all modified
oligonucleotides was confirmed by performing MALDI-ToF or ESI-
FTICR MS.


Real-time PCR experiments : Real-time PCR was performed by using an
iCycler System (Bio-Rad). In brief, the reactions were performed in a
total volume of 50 mL, which contained 4 pmol of the respective tem-
plates in the respective buffers provided by the supplier for Vent (exo�)
DNA polymerase (20 mm Tris-HCl (pH 8.8), 10 mm KCl, 10 mm


(NH4)SO4, 2 mm MgSO4, 0.1 % Triton X-100). The final mixtures con-
tained dNTPs (200 mm each of dATP, dGTP, dCTP, and TTP), primers
(0.5 mm each of respective primer probe and reverse primer), 1.2 units of
Vent (exo�) DNA polymerase (units defined by the supplier, New Eng-
land Biolabs), and a 1:25000 aqueous dilution of a 10 000x solution of
SybrGreen I in DMSO (Molecular Probes). All PCR amplifications were
performed by employing the following program: initial denaturation at
95 8C for 3 min followed by 40 cycles of denaturation at 95 8C for 30 s,
primer annealing at 55 8C for 35 s, and extension at 72 8C for 40 s. The
data presented were obtained from independent measurements of tripli-
cates originating from one master-mix. All experiments were repeated at
least two times. To enable comparison with previous studies, the DNA se-
quences of template target, primer probe, and reverse primer were iden-
tical to those employed previously. Sequences in the Farber disease con-
text: Primer probe 5’-d(CGT TGG TCC TGA AGG AGG ANR), reverse
primer: 5’-d(CGC GCA GCA CGC GCC GCC GT), target template
Far X: 5’-d(CCG TCA GCT GTG CCG TCG CGC AGC ACG CGC
CGC CGT GGA CAG AGG ACT GCA GAA AAT CAA CCT XTC
CTC CTT CAG GAC CAA CGT ACA GAG); X : A, Far A; G, Far G.
Sequences in the Factor V Leiden disease context: Primer probe 5’-
d(CAA GGA CAA AAT ACC TGT ATT CCT NR), reverse primer: 5’-
d(GAC ATC ATG AGA GAC ATC GC), target template Lei X: 5’-
d(GAC ATC ATG AGA GAC ATC GCC TCT GGG CTA ATA GGA
CTA CTT CTA ATC TGT AAG AGC AGA TCC CTG GAC AGG
CXA GGA ATA CAG GTA TTT TGT CCT TG); X : A, Lei A; G,
Lei G. Sequences in the DPyD context: Primer probe DpyD TR: 5’-
d(GTT TTA GAT GTT AAA TCA CAC TTA NR), reverse primer: 5’-
d(AAA GCT CCT TTC TGA ATA TTG AG), target template DPyD X:
5’-d(AAA ATG TGA GAA GGG ACC TCA TAA AAT ATG TCA
TAT GGA AAT GAG CAG ATA ATA AAG ATT ATA GCT TTT
CTT TGT CAA AAG GAG ACT CAA TAT CTT TAC TCT TTC ATC
AGG ACA TTG TGA CAA ATG TTT CCC CCA GAA TCA TCC
GGG GAA CCA CCT CTG GCC CCA TGT ATG GCC CTG GAC
AAA GCT CCT TTC TGA ATA TTG AGC TCA TCA GTG AGA
AAA CGG CTG CAT ATT GGT GTC AAA GTG TCA CTG AAC
TAA AGG CTG ACT TTC CAG ACA ACX TAA GTG TGA TTT
AAC ATC TAA AAC); X : A, DPyDA; G, DPyD G.
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Reductive Electron Transfer in Phenothiazine-Modified DNA Is Dependent
on the Base Sequence


Clemens Wagner and Hans-Achim Wagenknecht*[a]


Introduction


In principal, DNA-mediated charge-transfer processes can
be regarded as either oxidative hole transfer or reductive
electron transfer reactions.[1] Both processes are in fact elec-
tron-transfer (ET) reactions; however, the differentiation is
necessary with respect to the molecular orbitals that are in-
volved. Since the interest in these processes has been driven
by its relevance to oxidative damage, which causes mutagen-
esis and carcinogenesis,[2] the photochemically induced oxi-
dation of DNA has attracted enormous research efforts over
the last two decades.[3] Several mechanisms have been eluci-
dated, such as the superexchange and the hopping mecha-
nism, and at least in part, have been experimentally veri-
fied.[3] On the other hand, reductive ET processes are cur-
rently used in DNA chip technology[4] and DNA nanotech-
nology.[5] Injection of an extra electron into DNA initiates a
type of charge transfer that is complementary to hole trans-
fer and entails migration of this electron. This topic has re-
mained considerably underdeveloped relative to the under-


standing of hole-transfer processes. As a result, the mecha-
nisms of hole transfer have been simply transferred to the
mechanistic description of reductive ET in DNA.[1] Accord-
ingly, a hopping mechanism was proposed over long distan-
ces involving the pyrimidine radical ions CC� and TC� as in-
termediate electron carriers.[6]


Until five years ago, most knowledge about the behaviour
of excess electrons in DNA came from g-pulse radiolysis
studies with randomly DNA-bound electron traps and sug-
gesting a thermally activated, electron-hopping process
above 150 K.[7] The major disadvantage of this experimental
setup is that the electron injection and trapping does not
occur site-selectively. Most of the more recent photochemi-
cal studies have been analysed by chemical means by using
two different kinetic electron traps, which are a specially de-
signed T–T dimer or 5-bromo-2’-deoxyuridine (Br-dU). By
using a DNA assay consisting of an artificial DNA base with
a flavine structure as the photoexcitable electron donor and
a special T–T dimer as the electron trap, Carell et al. could
show that the amount of T–T dimer cleavage depends
rather weakly on the distance to the flavine group, indicat-
ing an electron-hopping process.[8] Giese et al. investigated
ET in DNA using a special T derivative that undergoes Nor-
rish I cleavage after irradiation, yielding an electron injec-
tion process onto the thymine.[9] Remarkably, they could
show that a single injected electron can cleave more than


Abstract: A new DNA assay has been
designed, prepared and applied for the
chemical investigation of reductive
electron transfer through the DNA. It
consists of 5-(10-methyl-phenothiazin-
3-yl)-2’-deoxyuridine (Ptz-dU, 1) as the
photoexcitable electron injector and 5-
bromo-2’-deoxyuridine (Br-dU) as the
electron trap. The Ptz-dU-modified oli-
gonucleotides were synthesised by
means of a Suzuki–Miyaura cross-cou-
pling protocol and subsequent auto-
mated phosphoramidite chemistry. Br-


dU represents a kinetic electron trap,
since it undergoes a chemical modifica-
tion after its one-electron reduction
that can be analysed by piperidine-in-
duced strand cleavage. The quantifica-
tion of the strand cleavage yields from
irradiation experiments reveals impor-
tant information about the electron-


transfer efficiency. The performed
DNA studies focused on the base se-
quence dependence of the electron-
transfer efficiency with respect to the
proposal that CC� and TC� act as inter-
mediate electron carriers during elec-
tron hopping. From our observations it
became evident that excess-electron
transfer is highly sequence dependent
and occurs more efficiently over T–A
base pairs than over C–G base pairs.
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one T–T dimer. Rokita et al. analysed the ET efficiencies
using a diaminonaphthalene derivative as the photoexcitable
charge donor and Br-dU as the electron trap.[10] Br-dU indu-
ces a piperidine-dependent strand cleavage upon a one-elec-
tron reduction.[11] It is important to point out that a signifi-
cant dependence of the ET efficiency on the intervening
DNA base sequence was reported in the latter studies. This
observation stands clearly in contrast to the previously men-
tioned T–T dimer experiments and could reflect differences
of the kinetic behaviour of the two different electron traps.
Only Lewis et al.[12] and our group[13] have focused on the
study of the dynamics of ET processes using either DNA
hairpins that have been capped by a stilbene diether deriva-
tive or pyrene-modified DNA duplexes, respectively.


All of the recent studies support conclusively the proposal
of a thermally activated, electron-hopping mechanism over
long distances involving CC� and TC� as intermediate electron
carriers. However, recently, using pyrene-modified nucleo-
sides as model compounds, we showed that proton transfer
interferes with ET, indicating that CC� cannot play a major
role as an intermediate electron carrier in DNA.[14] Herein,
we want to follow these results and elucidate the sequence
dependence of DNA-mediated ET. We present the synthesis
of 5-(10-methyl-phenothiazin-3-yl)-2’-deoxyuridine (Ptz-dU,
1) as a photoexcitable electron injector and the correspond-
ing phenothiazine-modified oligonucleotides. Together with
5-bromo-2’-deoxyuridine (Br-dU) as the kinetic electron ac-
ceptor in irradiation experiments, we focused on the ET effi-
ciency with respect to CC� and TC� as intermediate electron
carriers during electron hopping (Scheme 1).


Results and Discussion


Synthesis and ET properties of 5-(10-methyl-phenothiazin-3-
yl)-2’-deoxyuridine : Until now our group has focused mainly
on pyrene (Py) as the photoexcitable electron donor for the
investigation of reductive electron transfer in DNA.[13–15] Ac-
cording to our studies, Py in the excited state (Py*) is a sig-
nificantly weaker electron donor than calculated and, there-
fore, than expected. Combining the potentials E(PyC+/Py*)=


�1.8 V (vs NHE)[16] and E(dU/dUC�)=�1.1 V,[17] the driving
force DG for the ET process in Py–dU could be �0.6 eV at


most. However, our studies revealed a driving force
DG~0 eV,[14,15] which requires the potential E(dU/dUC�) to be
~�1.8 V. In this context, the measured value E(dU/dUC�)=


�1.1 V provided by Steenken et al.[17] is difficult to under-
stand and could reflect the result of a proton-coupled ET.
Thus it is likely, that the �1.1 V potential corresponds to
E(dU/dU(H)C).


In comparison to Py as the electron donor, the reduction
potential of phenothiazine (Ptz) in the excited state E(PtzC+/
Ptz*)=�2.0 V[18] should be more efficient for the photore-
duction of T and C within DNA. Ptz has only been used as a
charge acceptor to investigate the DNA-mediated oxidative
hole transfer.[19,20] In order to use Ptz as a charge donor for
reductive electron transfer, we synthesised Ptz-dU (1) and
incorporated it into oligonucleotides. By this synthetic ap-
proach we are able to exclusively photoinitiate a reductive
electron transfer, since the intramolecular electron transfer
in the Ptz-dU moiety can be regarded as an electron injec-
tion into the DNA preceeding the electron hopping.


Palladium-assisted routes to modified nucleosides have
been explored extensively.[21] For the preparation of Ptz-dU
(1), we applied a Suzuki–Miyaura cross-coupling protocol
that we developed recently for the synthesis of pyrene-modi-
fied nucleosides (Scheme 2).[22] In general, this type of palla-
dium-catalysed coupling has the advantage that it works


Scheme 1. Electron transfer in Ptz-dU-modified DNA: The electron is
trapped kinetically on the Br-dU group yielding a DNA lesion which can
be analysed by HPLC after treatment with piperidine (X–Y=T–A or C–
G, n=1–3).


Scheme 2. Synthesis of Ptz-dU (1) and the corresponding DNA building
block 8 : a) Br2 (1 equiv), AcOH/NaOAc/CH2Cl2, 5 8C, 30 min; 67 %; b) 4
(2 equiv), Et3N (3 equiv), [PdCl2(dppf)] (0.03 equiv), dioxane, reflux,
16 h; 57%; c) 5 (1.2 equiv), PdCl2(dppf) (0.1 equiv), NaOH (20 equiv),
THF/H2O/MeOH, reflux, 44 h; 34%; d) DMT-Cl (2.0 equiv), pyridine,
RT, 16 h; 52 %; e) 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite
(2.6 equiv), Et3N (2.9 equiv), CH2Cl2, RT, 45 min; 95%.
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even in aqueous solutions and it tolerates the presence of
some unprotected functional groups.[23] The synthetic proce-
dure starts with the bromination of 10-methyl-phenothiazine
(2) by one equivalent of Br2 and subsequent Pd0-catalysed
coupling of the 3-bromo-10-methyl-phenothiazine (3) with
tetramethyl oxoborolane (4) according to the procedures by
Ebdrup and M�ller et al.[24] The palladium-catalysed
Suzuki–Miyaura coupling of the boronic acid ester 5 with
commercially available 5-iodo-2’-deoxyuridine (6) gives
Ptz-dU (1) in reasonable yield (34 %).


The structure of Ptz-dU (1) was confirmed by different
spectroscopic techniques, including high-resolution mass
spectrometry and 2D NMR spectroscopy. Furthermore, the
Ptz-modified nucleoside 1 was characterised by UV-visible
absorption and steady-state fluorescence spectroscopy in
order to study its potential as a charge donor for ET in
DNA. The UV-visible spectrum of Ptz-dU (Figure 1, top)


represents a combination of the absorption of the uridine
nucleoside (peak at ~260 nm) and the absorption of the Ptz
chromophore as a broad shoulder between 300 and 400 nm.
For the fluorescence spectroscopy measurements we chose
an excitation wavelength of 340 nm, a value which is clearly
in the absorption region of the Ptz moiety and avoids any
partial excitation of the uridine system. By using samples of
10-methyl-phenothiazine (2) and Ptz-dU (1) that were ad-
justed to the same optical density of 0.3 at 340 nm, a signifi-
cant difference in the emission quantum yield could be de-
tected (Figure 1, bottom). Remarkably, the Ptz-typical emis-
sion with its maximum at 445 nm is quenched completely in
case of Ptz-dU (1). This observation indicates an intramolec-
ular ET process, which together with back ET into the
ground state represents a nonradiative decay pathway for
the excited state. This result stands in contrast to our recent-


ly published experiments using Py-modified nucleosides in
which back ET occurs partially into the Py excited state.


Preparation of Ptz-dU-modified oligonucleotides : For the
synthetic incorporation into oligonucleotides, the Ptz-modi-
fied uridine 1 was converted into the DMT-protected com-
pound 7 and then to the completely protected nucleoside 8
bearing the phosphoramidite group in the 3’-position
(Scheme 2). Standard procedures were applied for these two
synthetic steps. From the DNA building block 8, the Ptz-
modified oligonucleotides ss9–ss15 (ss= single strand) were
prepared by automated solid-phase synthesis on an Expe-
dite 8909 DNA synthesiser. Nearly quantitative coupling of
the monomer 8 was achieved with the standard coupling
time of 1.6 min. Additional to the Ptz-dU-modification, Br-
dU was inserted into the oligonucleotides by using the cor-
responding commercially available phosphoramidite. The
HPLC-purified oligonucleotides were identified by MALDI-
TOF mass spectrometry and quantified by their UV-visible
absorption.


Using the Ptz-modified oligonucleotides ss9–ss15, we pre-
pared the corresponding DNA duplexes 9–15 by slow cool-


ing together with 1.2 equivalents of the unmodified comple-
mentary strands. The synthesised Ptz-modified DNA duplex-
es 9–15 were subsequently characterised by their melting
temperatures Tm (Table 1) and their UV-visible absorption
spectra, which show clearly the presence of the Ptz chromo-
phore as a broad shoulder between 300 nm and 400 nm
(Figure 2).


As already mentioned, the focus in this manuscript was to
study the distance and base-sequence dependence of the ET
efficiency in Ptz-dU-modified DNA. Thus the sequences of


Figure 1. Absorption and fluorescence spectra of Ptz-dU (1) and 10-
methyl phenothiazine (2) in MeOH/H2O =1:1. The emission was record-
ed at equal optical density (0.3) of 1 and 2 at the excitation wavelength
(340 nm).


Table 1. Melting temperature (Tm) of the Ptz-modified DNA duplexes 9–
15 (2.5 mm duplex, 10mm Na-Pi-buffer, 250 mm NaCl, pH 7.0).


DNA Tm [8C] DNA Tm [8C]


9 60 10 61
11 58 12 61
13 58 14 62
15 56
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duplexes 9–14 have been designed in such a way that the
Br-dU group as the electron acceptor is placed either two,
three or four base pairs away from the Br-dU group as the
photoexcitable electron donor. With respect to CC� and TC�


as the potential intermediate electron carriers during elec-
tron hopping, the intervening base pairs X–Y were chosen
to be either T–A or C–G. If proton transfer interferes with
electron transfer, we should observe significant differences
in the ET efficiencies between DNA set 9, 11 and 13 versus
DNA set 10, 12 and 14. The DNA 15 was prepared as a con-
trol duplex lacking the Br-dU group as a chemically reactive
electron trap.


Irradiation experiments with Ptz-dU-modified DNA duplex-
es : As mentioned previously, Br-dU undergoes a chemical
modification after its one-electron reduction that can be an-
alysed by piperidine-induced strand cleavage (Scheme 1).[11]


Hence, the quantification of the strand cleavage yields im-
portant information about the ET efficiency.[10] Theoretical
studies showed that the electron affinity of Br-dU is signifi-
cantly higher than that of T.[25] However, based on reduction
potentials, Br-dU seems to be not a significantly better elec-
tron acceptor.[26] In conclusion, Br-dU represents more char-
acteristics of a kinetic than a thermodynamic electron trap.


The irradiation experiments of DNA duplexes 9–15 have
been performed in such a way that after the start of the ex-
periment, aliquots were collected every 5 min that were sub-
sequently treated with piperidine at elevated temperature
and finally analysed by HPLC. Each experiment had to be
repeated at least three times. A 75 W Xe lamp with a cut-
off filter (>305 nm) was used for these experiments in order
to selectively photoexcite the Ptz chromophore and to avoid
any degradation of the oligonucleotides by irradiation at
smaller wavelengths. No strand cleavages were observed
during the irradiation of DNA duplex 15. This experiment
represents an important control that any observed strand
cleavage in the DNA duplexes 9–14 can be assigned to the
presence of Br-dU as the electron acceptor. Indeed, strand
degradation can be observed during the irradiation of all
DNA duplexes 9–14, but the efficiencies of the strand cleav-
age show significant differences (Figure 3). These duplexes


can be divided into three groups: the DNA duplexes 9 and
11 show comparable and high cleavage efficiency, the DNA
duplexes 13 and 10 are in the middle and the DNA duplexes
12 and 14 show the lowest cleavage efficiency. Interestingly,
the DNA duplexes with the intervening T–A base pairs (9,
11 and 13) show significantly higher cleavage efficiency rela-
tive to the DNA duplexes with the intervening C–G base
pairs (10, 12 and 14). It should be noted that the cleavage
efficiency of DNA 13 is comparable to that of DNA 10.
Thus considering the fact that strand degradation represents
the chemical result of the DNA-mediated ET process, it is
remarkable that just one intervening C–G base pair exhibits
a similar ET efficiency as three intervening T–A base pairs.
It is evident that in our assay T–A base pairs transport an
electron more efficiently than C–G base pairs.


Conclusion


The central motivation for this study was to elucidate the
role of pyrimidine bases during excess-electron transfer
through DNA. It was postulated that electron hopping in
DNA involves all base pairs (T–A and C–G) meaning that
both pyrimidine radical anions, CC� and TC� , play the role of
intermediate charge carriers,[6] although it was already
known that both radical anions exhibit a significantly differ-
ent basicity.[27] The DNA-mediated ET in the assay present-
ed herein was initiated by photoexcitation of Ptz-dU as the
electron donor and probed chemically with Br-dU as the
electron acceptor. Remarkably, from these strand cleavage
experiments it becomes clear that in our assay T–A base
pairs transport electrons more efficiently than C–G base
pairs (Scheme 3). This implies that CC� is not likely to play a
major role as an intermediate electron carrier.


This observation is supported by a number of recent pub-
lications:


1) As already mentioned in the introduction, Rokita ap-
plied aromatic amines as electron donors together with
Br-dU as an electron trap und showed that the ET effi-
ciency significantly depends on the intervening base se-


Figure 2. UV-visible absorbance spectra of the Ptz-modified DNA du-
plexes 9–15 (2.5 mm) in buffer (10 mm Na-Pi, 250 mm NaCl, pH 7).


Figure 3. Analysis of the strand cleavage experiments with DNA 9–14
(4 mm) in buffer (10 mm Na-Pi, 250 mm NaCl, pH 7). Each experiment has
been repeated at least three times.
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quence.[10] The presence of C–G base pairs lowered the
ET efficiency significantly.


2) Sevilla employed EPR spectroscopy and showed that
proton transfer can slow down excess-electron transfer,
but does not stop it.[28]


3) The result fits into the interpretation of our spectroscop-
ic studies with Py-modified pyrimidine nucleosides as
models for ET in DNA.[14] Therein, the nonprotonated
radical anion of C could not be observed in aqueous so-
lution suggesting that the protonation of CC� by the com-
plementary DNA base G or the surrounding water mole-
cules will occur rapidly. Furthermore, we could show
that such protonation of CC� and deprotonation of C(H)C
can occur within several picoseconds. During this time
the hydrogen-bond interface can readjust and stabilise
the excess electron on the base by separating its spin
from its charge. Although these processes must be mi-
croscopically reversible they may ultimately terminate
electron migration in DNA due to the separation of spin
and charge.


In summary, it is clear now that excess-electron transfer
through hopping is highly sequence dependent and occurs
faster and more efficiently over T–A base pairs than over
C–G base pairs.


Experimental Section


Materials and methods : 1H, 13C and the 2D NMR spectra were recorded
on a Bruker DMX500 spectrometer. NMR signals were assigned based
on 2D NMR measurements (DQF-COSY, HSQC). ESI mass spectra
were measured in the analytical facility of the institute on a Finnigan


LCQ-ESI spectrometer. MALDI-TOF MS was performed in the analyti-
cal facility of the institute on a Bruker Biflex III spectrometer by using
3-hydroxypicolinic acid in aqueous ammonium citrate as the matrix. Ana-
lytical chromatography was performed on Merck silica gel 60 F254
plates. Flash chromatography was performed on Merck silica gel (40–
63 mm). C18-RP analytical and semipreparative HPLC columns (300 �)
were purchased from Supelco. Solvents were dried according to standard
procedures. All reactions were carried out under argon and protected
from light. Chemicals were purchased from Fluka, Lancaster and Aldrich
and were used without further purification. Spectroscopic measurements
were performed in quartz glass cuvettes (1 cm) and with Na-Pi buffer
(10 mm). Absorption spectra and the melting temperatures (2.5 mm


duplex, 250 mm NaCl, 260 nm, 10–80 8C, interval 1 8C) were recorded on a
Varian Cary 100 spectrometer.


3-Bromo-10-methyl-phenothiazine (3) and 10-methyl-3-(4,4,5,5-tetra-
methyl [1,3,2]dioxaborolan-2-yl)-phenothiazine (5): These compounds
were synthesised according to procedures published by Ebdrup and
M�ller et al.[24] The analytical data were in agreement with the published
values.


5-(10-Methyl-phenothiazin-3-yl)-2’-deoxyuridine (1): 5-Iodo-2’-deoxyuri-
dine (6 ; 0.50 g, 1.41 mmol) was dissolved in THF/water (120 mL, 1:1).
Subsequently, 5 (0.58 g, 1.69 mmol), PdCl2(dppf) (1:1 complex with di-
chloromethane, 0.10 g, 0.14 mmol, 0.1 equiv), NaOH (1.13 g, 28.3 mmol,
20 equiv) and MeOH (50 mL) were added. The solution was saturated
with nitrogen at RT (30 min), refluxed for 44 h, neutralised with HCl
(1 m), filtered through silica and extracted with EtOAc (4 � 30 mL). The
combined organic phase was dried over MgSO4 and concentrated to dry-
ness. The residue was purified by column chromatography on silica gel
(CH2Cl2/acetone 4:1, then EtOAc/MeOH 10:1) to give a yellow solid
(34 % yield). Analytical HPLC ensured a purity of >99.5 %. Rf =0.69
(EtOAc/MeOH/water 12:2:1); 1H NMR (500 MHz, [D6]DMSO): d =2.18
(m, 2H; 2’-H), 3.31 (s, 3H; CH3), 3.59 (m, 2H; 5’-H), 3.79 (m, 1H; 4’-H),
4.27 (m, 1H; 3’-H), 5.10 (br, 1H; 5-OH), 5.24 (br, 1 H; 3-OH), 6.20 (t,
1H; 1’-H), 6.94 (m, 3 H; Ptz-H), 7.14 (m, 1H; Ptz-H), 7.20 (m, 1 H; Ptz-
H), 7.36 (m, 2 H; Ptz-H), 8.12 ppm (s, 1H; 5-H); 13C NMR (125.8 MHz,
[D6]DMSO): d=162.59 (4-C), 150.31 (2-C), 145.58, 144.82, 137.62 (6-C),
128.29, 127.93, 127.63, 127.29, 126.46, 123.00, 122.31, 122.15, 115.07,
114.69, 112.83 (5-C), 87.99 (4’-C), 84.95 (1’-C), 70.65 (3’-C), 61.45 (5’-C),
39.90 (2’-C), 34.90 ppm (CH3); MS (ESI): m/z : 439 [M+], 440 [M++H],
879 [2M++H]; HRMS (MALDI): m/z calcd for C22H21N3O5S: 439.11263
[M++H+]; found: 439.1196; UV/Vis (MeOH/H2O 1:1, pH~6.5): nmax


(e)=260 nm (53 200 m
�1 cm�1).


5’-O-(4,4’-Dimethoxytrityl)-5-(10-methylphenothiazin-3-yl)-2’-deoxyuri-
dine (7): 4,4’-Dimethoxy-triphenylmethyl chloride (185 mg, 0.55 mmol)
was added to a solution of 1 (120 mg, 0.27 mmol) in dry pyridine
(10 mL). The mixture was stirred overnight at RT. Subsequently, MeOH
(1 mL) was added. After 1 h at RT, the solution was concentrated to dry-
ness. The crude product was purified by flash chromatography (CH2Cl2/
acetone 4:1, then EtOAc/MeOH 10:1) yielding a pale yellow solid (52 %
yield). Rf =0.85 (ethyl acetate/methanol/water 12:2:1); 1H NMR
(500 MHz, [D6]DMSO): d= 2.22 (m, 1 H; 2’-H), 2.36 (m, 1 H; 2’-H), 3.12
(m, 1H; 5’-H), 3.18 (m, 1 H; 5’-H), 3.25 (s, 3H; N-Me), 3.63 (s, 3 H; O-
Me), 3.65 (s, 3H; OMe), 3.94 (m, 1H; 4’-H), 4.28 (m, 1H; 3’-H), 5.33 (br,
1H; 3’-OH), 6.22 (dd, J =6.7 Hz, 1 H; 1’-H), 6.60 (d, J= 8.5 Hz, 1 H; Ptz),
6.73 (m, 4H; DMT), 6.95 (m, 2 H; Ptz), 7.06–7.11 (m, 3 H; Ptz), 7.14–7.22
(m, 8 H; Ptz, DMT), 7.31 (m, 2H; DMT), 7.63 (s, 1H; 5-H), 11.56 ppm (s,
1H; N-H); 13C NMR (125.8 MHz, [D6]DMSO): d =162.10 (4-C), 157.98,
157.97, 149.82 (2-C), 145.08, 144.68, 144.39, 136.40 (6-C), 135.43, 135.21,
129.61, 127.74, 127.52, 127.43, 127.04, 126.74, 126.56, 126.28, 122.48,
121.91, 121.62, 114.51, 113.80, 113.07, 113.04, 85.78, 85.64 (4’-C), 84.79
(1’-C), 70.52 (3’-C), 63.84 (5’-C), 54.90 (O-CH3), 54.88 (O-CH3), 39.65 (2’-
C), 34.90 ppm (N-CH3); ESI-MS: m/z : 741 [M+], 764 [M++Na].


5’-O-(4,4’-Dimethoxy)trityl-5-(10-methylphenothiazin-3-yl)-2’-deoxyuri-
dine-3’-O-(2-cyanoethyl)-N,N-diisopropylphosphoramidite (8): Com-
pound 7 (150 mg, 0.2 mmol) was dissolved in dry CH2Cl2 (14 mL). Tri-
ethylamine (0.08 mL, 0.6 mmol) and 2-cyanoethyl-N,N-diisopropylchloro-
phosphoramidite (0.08 mL, 0.35 mmol) were added and the solution stir-
red for 1 h at RT. Ethanol (0.1 mL) was added and the mixture was


Scheme 3. Sequence dependence of the ET in Ptz-dU-modified DNA:
The ET occurs more efficiently over T–A base pairs than over C–G base
pairs, since proton-transfer (PT) interferes with ET.
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poured into aqueous saturated NaHCO3 (50 mL) and extracted with
CH2Cl2. The organic layer was dried (Na2SO4) and evaporated yielding
the phosphoramidite 8 as a yellow solid (95 %), which was used directly
for the oligonucleotide synthesis. ESI-MS: m/z : 941 [M+].


Preparation and characterisation of the oligonucleotides—general proce-
dure : The oligonucleotides were prepared on a Expedite 8909 DNA syn-
thesiser from Applied Biosystems (ABI) by standard phosphoramidite
protocols with chemicals and CPG (1 mol) from ABI and Glen Research.
After preparation, the trityl-off oligonucleotide was cleaved off the resin
and was deprotected by treatment with concentrated NH4OH at 60 8C for
10 h. The oligonucleotide was dried and purified by HPLC on a semipre-
parative RP-C18 column (300 �, Supelco) by using the following condi-
tions: A=NH4OAc buffer (50 mm), pH 6.5; B =MeCN; gradient=0–
15% B over 45 min. The oligonucleotides were lyophilised and quantified
by their absorbance at 260 nm[29] on a Varian Cary 100 spectrometer. Du-
plexes were formed by heating to 80 8C (10 min), followed by slow cool-
ing.


General procedure for the solid-phase synthesis of the phenothiazine-
modified oligonucleotides 9–15 : The syntheses were performed on a
1 mol scale (CPG 1000 �, Glen Research) by using standard phosphor-
amidite protocols. Quantitative coupling of the building block 8 was ach-
ieved by using the minimal coupling time of 1.6 min. After preparation,
the trityl-off oligonucleotide was cleaved off the resin and was deprotect-
ed by treatment with concentrated NH4OH at RT for 36 h. The oligonu-
cleotide was dried and purified by HPLC on a semipreparative RP-C18
column (300 �, Supelco) using the following conditions: A =NH4OAc
buffer (50 mm), pH 6.5; B =MeCN; gradient=0–30 B over 45 min. The
oligonucleotides were lyophilised, quantified by their absorbance at
260 nm[29] and using e=53 200 (260 nm) for 1. MS (MALDI): m/z calcd
for ss9 : 5700 [M+]; found: 5711; m/z calcd for ss10 : 5685 [M+]; found:
5704; m/z calcd for ss11 5700 [M+]; found: 5702; m/z calcd for ss12 : 5670
[M+]; found: 5675; m/z calcd for ss13 5700 [M+]; found: 5705; m/z calcd
for ss14 5655 [M+]; found: 5663; m/z calcd for ss15: 5346 [M+]; found: 5345.


Strand cleaving experiments : Duplexes (4 mm DNA, 10mm Na-Pi buffer,
250 mm NaCl) were prepared by heating equimolar solutions of the single
strands to 80 8C for 10 min in the dark and subsequent slow cooling. The
measurements were performed in quartz glass cuvettes (1 cm). The fresh-
ly prepared duplexes were irradiated by an Xe lamp (75 W Xe lamp,
Oriel Instruments) and a cut-off filter (Andover Corporation, >305 nm).
Every 5 min aliquots (30 mL) of the sample solution (1000 mL) were
taken. Piperidine (3 mL) was added and the samples were heated to 90 8C
(30 min), lyophilised, dissolved in water (15 mL) and analysed by HPLC
(RP-C18, Supelco) under the following conditions: A =NH4OAc buffer
(50 mm), pH 6.5; B=MeCN; gradient=0–30 % B over 45 min. The ob-
tained peaks were processed to give a ratio between unmodified and
modified ssDNA.
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Direct Assignment of Enantiofacial Discrimination on Single Heterocyclic
Substrates by Self-induced CD


Carsten Siering,[b] Stefan Grimme,[b] and Siegfried R. Waldvogel*[a, b]


Introduction


When Thomson, later Lord Kelvin, introduced the term
“chirality” in 1884, he made use of the most prominent pair
of enantiomers in our life: our hands.[1] It seems trivial to
mention which face of a hand we are looking at on the basis
of some structural features on the surface. But what if we
didn’t know about the nails and the knuckles on the upper
side? What if we had only the two-dimensional, prochiral
representation? One could use a chiral mold as shown in
Figure 1, in which only one face of the hand will fit. With
the knowledge of which hand is used, one can assign the
faces unequivocally. As depicted, it is possible to address each face of each hand with these molds, to describe “recep-


tors” that distinguish between the faces of a “guest”.
The guests presented in this report are substituted oxopur-


ines, which share some structural properties with a “two-di-
mensional” hand in the terms described above. They are
prochiral and thus have two faces (a/b),[2] and they have
some substituents representing the fingers. Is there also a
molecular mold for these compounds, a way to address one
of the two faces of the whole prochiral molecule? Are there
“left hand” and “right hand” guests that bind with the oppo-
site face to the same receptor?


For aromatic compounds it has so far only been possible
to solve the first challenge by use of covalently bound metal


Abstract: The first direct assignment of
highly dynamic enantiofacial discrimi-
nation acting on a single heterocyclic
substrate has been achieved by a com-
bination of experimental and theoreti-
cal CD spectroscopy. The interaction of
chirally modified hosts based on triphe-
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guest complex. This reversible stereo-
selective binding transmits the chiral
information from remote chiral groups
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triphenylene chromophore, which gives
rise to self-induced CD. This effect was
exploited for the determination of the
enantiofacial recognition in various
host–guest systems. Inversion of the
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Figure 1. Model for a chiral receptor and a prochiral guest. To match the
mold, one has to put the upper face of the right hand into the left mold
and the lower face into the right one.
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fragments such as Cr(CO)3 and resolution of the resulting
racemate.[3] Therefore, it is highly desirable to develop new
methods for reversible enantiofacial discrimination of pro-
chiral (hetero)aromatic compounds. Further development of
these concepts will allow the selective blocking of one enan-
tiotopic face and directly yield the desired product in an
enantioselective fashion. The appropriate tools to meet this
challenge are provided by supramolecular chemistry.


Exploiting the strongly directed nature of hydrogen bond-
ing leads to supramolecular aggregates in a highly controlled
fashion.[4] Supramolecular chemistry, however, has gone far
beyond molecular recognition: the transfer of chiral infor-
mation into these aggregates has meanwhile been establish-
ed[5–7] and enantioselective recognition is a field of major in-
terest. Over the past decades, many approaches have been
reported involving chiral macrocyclic receptors,[8] cyclodex-
trins,[9] and other systems,[10] as well as supramolecular sys-
tems such as capsules[11] and rosettes,[12] that are capable of
differentiating between enantiomeric guests. The binding is
often based on electrostatic interactions, while only a few
cases involve the binding of a neutral guest.[13] Before our
initial reports there was no supramolecular approach for
enantiofacial discrimination on a prochiral aromatic com-
pound as a whole.[14]


Modified triphenylene ketals (1; Figure 2) are capable of
binding compounds that feature hydrogen bonding acceptors


in a planar C3- or pseudo-C3 symmetric pattern. Caffeine (7)
binds to 1 with high affinity inside the receptor to form a de-
fined 1:1 complex (Figure 3).[15] The prochiral guest is posi-
tioned in a coplanar fashion relative to the triphenylene


platform, giving rise to planar chirality. Thus, a pair of enan-
tiomeric complexes is obtained. Application of a chiral host
results in two diastereomeric aggregates, allowing the detec-
tion of both species by physical means. A chiral environ-
ment close to the hydrogen bonding sites should maximize
the face-specific interactions that allow enantiofacial selec-
tivity.


One structural property closely related to the face of the
guest is the sense of decrease of steric demand (“steric de-
crease”) close to the hydrogen bond acceptors of the guests,
as indicated in Figure 4. For caffeine (7), the environment of


Figure 2. Derivatives of triphenylene-based receptor molecules.


Figure 3. Diastereomeric complexes formed by aggregation of caffeine
with a receptor based on triphenylene ketals. The stereodescriptor de-
notes the face of the caffeine pointing towards the triphenylene moiety.


Figure 4. Collection of alkylated oxopurines used for the investigations.
In order to illustrate the steric bulk close to the most asymmetric binding
sites schematically, the adjacent substituents were expanded. The dashed,
gray arrows follow the systematic numbering (and indicate that the b


face is shown), while the black arrows indicate the sense of rotation on
going from the more to the less hindered side of the hydrogen bonding
acceptor; the double arrows indicate the orientation of the electric transi-
tion dipole moment of the lowest p–p* transition at 270–280 nm (TD-
PPP, single structure; see Theoretical Section for details).
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the each of the oxo functions is fairly mirror symmetric, and
no such assignment of a “gradient” is applicable. However,
the imidazolo nitrogen atom (N9) is buried in a strongly dis-
symmetric pocket, since the N3 methyl substituent occupies
more space than the hydrogen at C8. It is necessary to
modify the receptor in such a way that the steric require-
ments are only complementary for one face. As indicated in
Figure 3, this is achieved by installing homochiral substitu-
ents with very different steric demands close to the binding
site.


The first examples (2–6) of such optically pure host mole-
cules have a chiral substituents at their urea moieties.[14] The
influence of their stereochemical information on the com-
plexes could be shown by X-ray crystal analysis and low-
temperature NMR experiments. However, the caffeine com-
plexes have proven to be highly dynamic, which impeded
the assignment of absolute stereochemistry in solution by
NOE experiments.


The most promising tool to elucidate the preferential ori-
entation in solution is CD spectroscopy.[16,17] Investigation of
structure and dynamics in supramolecular assemblies often
makes use of induced CD (ICD).[18] This effect occurs when
a chiral, UV-inactive molecule interacts with an achiral com-
pound bearing a chromophore. While neither will exhibit
any CD signal as a sole component, their complex may
reveal significant Cotton effects. This can be due either to
coupling of the transition moments (“exciton coupling”)[19]


or to chiral structural perturbations. The plethora of investi-
gations into cyclodextrin inclusion compounds is mainly
based on the latter effect.[20] Harata�s and Kodaka�s rules
are prominent examples for correlation of supramolecular
structures with CD spectra.[21] There are also several exam-
ples in which the association of a chiral, non-UV active com-
pound to a peripheral binding site induces structural
changes in a large supramolecular assembly,[6] even allowing
racemic mixtures to be transformed into their enantiomeri-
cally pure forms.[7] If several chromophores are arranged in
these cases in a nonracemic, chiral manner, the resulting ex-
citon coupling is the origin of the Cotton effect.


The systems described here combine those concepts. As
in the case of cyclodextrins, 1:1 complexes are obtained ex-
clusively. The remote (but covalently linked) chiral units
control the structure of the aggregate and through that the
CD. The major part of the CD intensity is supplied by the
exciton coupling between the two chromophores of host and
guest. In this specific case the host contributes the two pivo-
tal elements for induced CD—a strong chromophore and
the chiral information—while the guest just “connects”
these two. Consequently, we will refer to this effect as self-
induced CD (SICD).


The interpretation of CD spectra in terms of molecular
structures can be established by quantum chemical (QC)
methods.[22] It is common to use single structures for such
calculations. There are a few reports involving combinations
of classical molecular dynamics (MD) with QC techniques
to obtain averaged theoretical spectra that agree better with
experimental results for flexible systems. So far, all studies


have been limited to chromophores covalently linked to the
chiral moieties.[23, 24] Here we report the first application of
such a combined MD/QC approach to non-covalently bound
supramolecular systems.


This report is organized as follows: the first part deals
with CD experiments, whereas the second part first de-
scribes the development of the methodology for the calcula-
tions and afterwards gives the specific results for the investi-
gated systems.


Results and Discussion


CD spectroscopy


Investigated systems : All the investigated guest molecules
have the purine backbone in common and exhibit three hy-
drogen-bond acceptors complementary to the urea moieties
in the receptor. Because of the different substitution pat-
terns, however, there are some structural differences. One
criterion for classification of these guests is the sense of
“steric decrease”, as introduced before for caffeine (7). Two
classes of guests are identified: either the sense is the same
as is given by the systematic numbering of the ring system
(“likewise”) or it is the opposite (“unlikewise”).[25] Here, we
can revisit the analogy to the hands: looking at the same
face of both hands, we observe opposite rotation when
going from the thumb to the little finger. Thus, the relation
between “likewise” and “unlikewise” guests is equivalent to
that of the two-dimensional pair of hands.


The structural features of caffeine (7) were discussed in
Figure 3. The achiral system 1 had been designed and devel-
oped to bind this compound and its association with this
guest was already well known.[15] Therefore, we used this
particular compound as starting point for our investigations.
The existence of pronounced dissymmetry at more than one
binding site should enhance the selectivity. For that reason,
compounds 8 and 9 (Figure 4), containing either an iso-
propyl (8) or a tert-butyl (9) moiety at N7, were synthesized
starting from theophylline. 1,3,7-Trimethyluric acid (11) be-
longs to the “unlikewise” class of guest molecules
(Figure 4). NMR experiments indicated an extremely high
affinity—of >200 000 m


�1 (CDCl3)—for the receptor. This
compound is bigger than the other guests and features a
slightly altered geometry of the hydrogen bonding pattern,
since N9 no longer serves as hydrogen bond acceptor. In-
stead, the C8 carbonyl, which is positioned at a very ex-
posed position, will interact with the urea moieties. In addi-
tion, the theophylline derivative (10) was prepared and in-
vestigated.[26] As depicted in Figure 4, N9 is hidden between
two bulky alkyl substituents, whereas the carbonyl at C6 is
exposed to a highly asymmetric environment with a decreas-
ing steric demand in the “unlikewise” manner.[26,27]


The synthesis of the receptors was accomplished by addi-
tion of optically pure isocyanates to a triphenylene-based
trisamine.[14,28] This procedure yielded compounds 2–6
(Figure 2) with known absolute configurations. The menthyl
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derivatives 2 and 3 protrude more deeply into the cavity
than the tert-butyl-substituted 4, which should enhance the
selectivity. In addition to this, the sense of the steric demand
is inverse for 2, 3, and 4 as indicated in Figure 2. Host 5 is a
particular case, as the phenyl substituents can freely rotate
and consequently represent substituents of less predictable
size. A closely related compound is 6, though lacking the ro-
tational freedom in the phenyl moieties.


General considerations : Acetonitrile and dichloromethane
are the only solvents with sufficient transparency in the
wavelength range of 230–350 nm that are capable of dissolv-
ing both receptors and guests. In dichloromethane, signifi-
cant changes in the CD spectra were observed upon addi-
tion of the guests, whereas the same procedure in aceto-
nitrile did not yield any effect, indicating that acetonitrile
strongly interferes with the complex formation. In accord-
ance with the results from NMR and X-ray analysis, this un-
derlines the supramolecular, hydrogen-bonding nature of
the host–guest system. Dichloromethane was therefore used
as solvent despite its inferior optical properties at lower
wavelengths.


The triphenylene moiety in the host is the strongest chro-
mophore in all investigated systems. As shown in Figure 5,
the UV spectrum reveals an emax at 283 nm more than ten
times higher than the emax of caffeine at about 270 nm.


CD spectra : The CD intensities of the aliphatic hosts 2–4 in
the absence of guest molecules are close to zero (i.e. , De<


2 m
�1 cm�1). This was anticipated, since the chiral moieties


are located more than 5 � above the triphenylene chromo-
phore and negligible chiral distortion of the triphenylene
moiety should occur.


Titration of compound 4 with caffeine (7) yielded a signif-
icantly modified spectrum with a well defined change of
sign at 260 nm (see Figure 6). When the same experiments
were performed on the (1R,3R,4S)-menthyl-substituted sys-


tems 2 and 3, inverted behavior with significantly increased
intensity and slightly altered curve shape was detected.
However, the intercepts with the abscissa occurred at the
very same wavelengths.


The strong similarity (except for the inverted signs) be-
tween the CD spectra of the same guest with hosts of invert-
ed steric demand implies that the CD-relevant interaction of
the two can be regarded as enantiomorphous. This can only
be the case if the chiral substituents in the host do not inter-
fere with the generation of the Cotton effect, since this
would render a pair of diastereomorphous excitations. Thus,
the CD must mainly originate from the exciton coupling of
the triphenylene with the guest chromophore, which is in
full agreement with our initial assumptions. Since it is
known from the X-ray crystal analyses that 4 prefers the op-
posite orientation of caffeine to 2 and 3, these results indi-
cate that the inversion of the spectra may be due to the
changed enantiofacial preference.


Up to this point the relationship between the spectra of
the two diastereomeric complexes (a/b) of one specific


Figure 5. Experimentally measured UV spectra of triphenylene ketal
triester 12 (c)[15] and caffeine (7; a); calculated intensities (single
structure, TD-PPP, vide infra) of 12 (c),[15] 7 (a), and 1,3,7-
trimethyluric acid (11) (g).


Figure 6. CD spectra of caffeine (7) (a) and 1,3,7-trimethyluric acid 11
(b) with menthyl-derived hosts 2 and 3, tBu-ethyl substituted 4, and
phenylethyl derivative 5 ; c(host) = 1� 10�5


m, c(caffeine) = 1 � 10�4
m,


c(trimethyluric acid) = 2 � 10�5
m, CH2Cl2.
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host–guest pair is unclear, since they can not be experimen-
tally obtained. If the chiral substituents only determine the
ratio of both complexes, but allow the guest–triphenylene
arrangement to form in a nearly enantiomeric fashion,
almost inverse spectra should be obtained for the isolated
aggregates.


1,3,7-Trimethyluric acid (11), which is almost insoluble in
dichloromethane, dissolves instantaneously upon addition of
a triphenylene ketal-based receptor. The spectra of the com-
plexes obtained with this guest are generally smoother than
of those with caffeine-related molecules (Figure 6). As to be
expected from the higher affinity, saturation has already oc-
curred after addition of two equivalents of the guest. The
complexes of 11 with menthyl-substituted hosts 2 or 3 pro-
vide spectra with a positive band at 269 nm and a negative
signal at 287 nm, while 4·11 again displays a completely in-
verted spectrum. The inversion of the signal upon changes
of the steric demand at the receptor is apparently independ-
ent of the employed guest. However, caffeine and 1,3,7-tri-
methyluric acid yield opposite signs of the CD spectra near
290 nm when added to the same host. The cause of these
findings may be differences in the electronic properties of
the guests, in the face selectivity due to altered steric inter-
actions, or in the geometry of the binding sites.


To exclude the last of these, the oxopurines 8 and 10 were
used. These differ only in the position of one bulky substitu-
ent and therefore belong to the different classes of guests.
The corresponding spectra are shown in Figure 7. The inten-


sities of the CD bands are significantly lower than those of
the caffeine complexes, indicating a reduced affinity towards
the receptor due to the extended isopropyl substituent.
However, addition of 8 or 10 to the same receptor gives rise
to inverse signals in the range between 270–290 nm. These
results underline that the local steric demand in the environ-
ment of the hydrogen bonding acceptors of the guest plays a
pivotal role in the enantiofacial discrimination, while the
different binding geometry does not seem to be the reason
for this effect.


The aromatic substituents of receptors 5 and 6 complicate
the situation, since they are involved in some exciton cou-
pling with the triphenylene or the triphenylene–guest pair.
Thus, the phenyl-substituted receptor 5 shows a comparably
strong CD as a single compound, with two significant ele-
ments in the regions around 260 and 280 nm. Upon use of
caffeine (7) or its derivatives 8 and 9 the 280 nm band expe-
riences little change, whereas the low-wavelength signal
grows significantly. As described above, 1,3,7-trimethyl uric
acid (11) generally gives inverted spectra with respect to the
caffeine data, but addition of this guest to 5 also results in a
positive CD signal at 261 nm.[29] Consequently, the change of
this signal is assigned to the general binding event rather
than to a preferential orientation of the guest. The reorien-
tation of the urea moieties and their chiral substituents
upon binding is at this point the most viable explanation.
This interpretation is further supported by the fact that in
guest-free 6 with the fixed phenyl ring the signal at 260 nm
shows a significantly elevated intensity relative to the signal
at 290 nm than is the case in the system with the freely ro-
tatable phenyl group. For 6·7, smaller changes in this area
are observed upon complex formation. If all receptor mole-
cules are complexed by caffeine, the CD spectra of 5 and 6
are very similar, creating a consistent picture of the interac-
tions between triphenylene and aromatic substituents. The
CD spectra of these individual diastereomeric species will
most probably not behave as mirror images since the
phenyl–guest–triphenylene triad represents a diastereomeric
arrangement. (see Theoretical Section for more details)


Affinities : Comparison of the signal intensities at the
maxima between 280–285 nm revealed that the menthyl-de-
rived systems 2 and 3 generally yielded more intense signals
than the tBu-ethyl-substituted receptor 4 (see Figure 8).


The binding constants for caffeine were determined for
the different systems by CD titration experiments. The affin-
ities for systems 2 and 4–6 are fairly comparable (see
Table 1) and so are not the origin of the differences in the
CD intensity. Apparently, the shape of the chiral substituent


Figure 7. CD spectra of 10 (black) and 8 (gray) in 4 (c) and 2 (a).


Figure 8. Absolute maximum signal intensities at 280–290 nm for com-
plexes of menthyl-derived hosts 2 (*), 3 (~), and tBu-ethyl derivative 4
(&) with selected guests.
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does not significantly influence the affinity for caffeine. The
obtained binding constants are slightly higher than those de-
rived from previous NMR experiments with the achiral re-
ceptor, yielding a value of 35 600�2000 m


�1.[15] It is reasona-
ble that the bulky substituents lead to even more greatly in-
creased preorganization of the receptor and consequently to
improved binding properties. This effect is further empha-
sized by the enlarged affinity found for the 6·7 system.


The decline of CD intensity on going from the menthyl-
derived systems 2 and 3 to 4, with the smaller tert-butyl sub-
stituent, might be explained in terms of different extents of
enantiofacial discrimination. As discussed above, the diaster-
eomeric complexes of a receptor are expected to exhibit in-
verse spectra. When a mixture of both aggregates is present
in solution, partial cancellation will occur, leading to a spec-
trum of reduced intensity. Low-temperature NMR experi-
ments showed that receptor 4 forms two caffeine complexes
in solution, whereas the menthyl-derived 3 yields only a
single diastereomeric aggregate.[14] This may imply that the
CD intensity indeed correlates with the enantiofacial dis-
crimination.


A synopsis of all spectroscopic measurements demon-
strates that the shapes of the spectra below 280 nm are not
uniform and are strongly dependent on the guest molecule.
However, all spectra of the aliphatic receptors have in
common that significant changes occur in the 280–290 nm
range upon addition of guests. The changes in the intensity
of this diagnostic band are tabulated for these complexes in
Figure 9, which can be divided into four quadrants. The only
exception is 4·9. The specific reasons for this result are un-
known, but deviations in the triphenylene–guest arrange-
ment (i.e. , distance, coplanarity) caused by the tert-butyl
substituent may complicate this system.


Comparison of Figure 9 and Figure 1 reveals striking simi-
larities. When the receptor (the mold) displays an inverted


steric demand, the guest (the hand) fits in with the other
face than before. When likewise and unlikewise guests (“left
and right hand”) are used with the same receptor, they will
both match, but with opposite faces.


In summary, we were able to demonstrate a close rela-
tionship between the steric demand of the chiral group, the
orientation of the guest, and the ICD. Furthermore, we
found indications that diastereomers formed upon associa-
tion could display inverse CD spectra. To assign the absolute
stereochemistry of the system, however, it is necessary to
obtain corresponding reference data. Because of the rapid
interconversion of the two complex species it is not experi-
mentally possible to isolate either of the diastereomers. So
this problem is addressed theoretically by calculation of the
CD spectra of the different complexes and subsequent com-
parison with experimental data.


Outline of the simulations


Calculation of the spectra : As shown above, the contacts be-
tween the guest and the aliphatic substituents are of minor
importance for the CD, whereas a strong dependency on the
guest–triphenylene interaction is postulated. As all of the
important electronic excitations of both host and guest in-
volve p electrons, we decided to apply the Pariser–Parr–
Pople (PPP) method in its time-dependent form (TD-
PPP)[30] to calculate the spectral properties of the individual
structures taken from classical MD trajectories. Each single-
electronic transition was broadened with a Gaussian func-
tion with an initial half-band width of 0.04 eV. The resulting
spectra obtained for the individual structures were averaged.
The UV spectra were calculated in the same way in order to
check the internal consistency of the procedure. Note that
the parameters of the semiempirical PPP Hamiltonian have
not been adjusted to reproduce data of these systems.


The technical setup of the calculations was tested by simu-
lations of the CD spectra of conformationally rigid and non-
rigid p systems. (M)-Helicene was used as reference in
order to assert the quality of the calculated CD spectra.
Reasonable agreement with experimental values in terms of
wavelength accuracy and correctly located signs of the
Cotton effects was observed for the obtained spectra. Simu-
lation of benzene (2 ns, 200 structures, MD or MCSD (see
below)) yields no significant CD (Demax/e = 2 � 10�6). Simu-
lation of caffeine under similar conditions leads to a Demax/
e = 3 � 10�5. The simulated effects obtained for the com-
plexes under these conditions are significantly higher (Demax/
e>1 � 10�4).


Fortunately, both host and guest molecules are compara-
bly rigid, which facilitates the calculation to some extent.
However, because of the supramolecular nature of the com-
plex and the size of the whole system, the orientation of the
guest relative to the triphenylene is not very well defined.
As is shown later, the CD is highly sensitive to small
changes in the position of the guest, and for this reason clas-
sical energy minimization with a single-point spectral calcu-
lation was not suitable. Furthermore, this method is also not


Table 1. Binding constants for various host and caffeine (7) as deter-
mined by CD spectroscopy.


Receptor Binding constant [m�1]


2 47000�3000
4 45000�11000
5 46000�4000
6 56000�8000


Figure 9. Signs of DAcomplex�DAempty of various complexes at 283 nm.
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appropriate for simulation of the structural diversity that
should be present in solution at 300 K. We therefore decided
to use molecular dynamics to generate a high number of
representative structures, which were subsequently fed into
the TD-PPP calculation in order to obtain the spectral data.
A similar approach for covalently bound chromophores was
recently reported by Bringmann et al.[23]


Selection and adaptation of the force field : Various force
fields were tested for our system,[31] Schrodinger�s Macro-
Model 7.1 package yielding the best results.[32] The best
agreement with X-ray structure data was obtained with the
AMBER* force field.[33] All calculations involving Macro-
Model were performed with an all-atom representation
since the hydrogen atoms were required for automatic rec-
ognition of the p systems in the TD-PPP calculation.


For 4·7, the original AMBER* force field yields structures
that provide accurate predictions of the UV spectra in sub-
sequent TD-PPP calculations. However, the lengths of
equivalent bonds in the triphenylene unit differ significantly.
The reason for these distortions is a substructure for 9,10-
disubstituted anthracenes in the force field definition, which
is wrongly attributed to the triphenylene. As an asymmetric
triphenylene causes a strong CD by itself, the substructure
was removed, resulting in significantly red-shifted UV and
CD spectra.


Since the bond lengths in the triphenylene apparently
have a strong impact on the spectra, we decided to modify
the force field. As reference structures we used six sets of
X-ray data from different triphenylene derivatives.[14,34] The
bonds connecting the three “exterior” phenylene rings are
significantly longer than a classical aromatic C�C bond. The
all-benzoidal character of triphenylenes leads to reduced
electron density at those bonds.[35] As this effect is not cor-
rectly addressed by a force field such as AMBER*, a new
triphenylene substructure was introduced and the bond
lengths were adjusted accordingly.


Initial simple energy minimizations of triphenylene re-
vealed a significantly improved agreement with the X-ray
data. A subsequent simulation of the complex 3·7 showed
that the UV spectra were now also ameliorated. Test calcu-
lations using different force constants for stretch and bend
interactions did not yield any significant improvements in
the structural data.


To verify that the adaptations of the force field properly
describe the triphenylene moiety, the UV spectrum of tri-
phenylene was calculated and compared to experimentally
measured values (Table 2).[36]


The excellent agreement between experimentally mea-
sured and calculated spectra demonstrates the quality of
both the structural and the spectral calculations. The calcu-
lated line spectra of the triphenylene ketal and caffeine are
given in Figure 5.


Simulation algorithm : All dynamics simulations were per-
formed at a temperature of 300 K. The simulations were car-
ried out with extended non-bonded cutoff distances of 20 �


for electrostatic and van der Waals interactions. For an ap-
proximate treatment of the solvent, Still�s polarizable con-
tinuum model (GB/SA) was used with chloroform as sol-
vent.[37] Integration times for the Newton equations were set
to 1.0–1.5 fs. Simulation times were generally longer than
2 ns, with an equilibration time of at least 200 ps. If necessa-
ry, the hydrogen bonds were fixed at 2.3 � during a 200 ps
pre-equilibration phase in order to obtain stable complexes.
Every 10 ps a structure was extracted from the trajectory for
a subsequent TD-PPP calculation of a single spectrum. The
convergence of the simulation was checked by the average
energy and structural parameters such as the distance be-
tween guest and triphenylene as well as the intermolecular
dihedral angle q (see Figure 10).


Great effort was put into the selection of the simulation
method. We tested stochastic dynamics (SD), molecular dy-
namics, and a combined Monte Carlo/stochastic dynamics
(MC/SD) approach.[38] The SHAKE algorithm was used for
MD and SD to constrain the protons in order to accelerate
the simulation.[39] SD simulations performed at constant
temperature are supposed to deliver the physically most
meaningful result since they simulate the canonical ensem-
ble. A careful investigation of the resulting trajectories[40] re-
vealed a periodic behavior pattern in the simulation, which
appeared independently of the system size and shape, and
so this approach was discarded. MD did not show these arti-


Table 2. Comparison of calculated (TD-PPP) and experimentally ob-
tained spectra of triphenylene.


Calcd Exp[36]


l [nm] (e [m�1 cm�1]) l [nm] (e [m�1 cm�1])[a]


– 250 (90 000)
257 (500 000) 259 (180 000)
270 (18 000) 274 (20 000)
284 (15 000) 286 (20 000)


[a] Solvent: cyclohexane


Figure 10. Calculated Demax at 284–290 nm depending on the rotation
angle q of caffeine arranged in coplanar fashion above the triphenylene
for a (a) and b (g) complex.


Chem. Eur. J. 2005, 11, 1877 – 1888 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1883


FULL PAPERAssignment of Enantiofacial Discrimination



www.chemeurj.org





facts, but the convergence was poor. The last and most ex-
pensive method we tried was MCSD. For the MC variations
we defined two torsions per receptor side chain and the caf-
feine position as degrees of freedom. This method gives the
fastest convergence in terms of structure and energy: even
starting from very different structures leads to the same re-
sults after a simulation time of 1.5 ns. However, since the
Macromodel implementation of MCSD is not capable of
working in conjunction with SHAKE, the calculation times
are twice those of a normal MD.


The systems 4·7 and 3·7 were used for testing purposes
since X-ray data are available for comparison. The simulat-
ed average distance between the planes spanned by the tri-
phenylene and the guest is 3.30�0.07 � for the 4 complexes
and 3.5 � for the 3 complexes. The standard deviation of
the individual simulations for this value, in the range from
0.2–0.3 �, indicates that this geometrical parameter is highly
conserved. The reference value taken from the crystal struc-
tures is 3.32 �.


For the a and b complexes the signs of q (see Figure 10)
are inverted, while the absolute values of q for the diaster-
eomeric complexes are quite similar. For jq j both receptor
systems yield a mean value of 33�48.[41] The standard devia-
tion in the individual calculations is quite small (�68). In
the X-ray crystal structures the guest is slightly shifted and a
higher value of 428 for the dihedral angle is observed.


The average structural parameters relating to the triphe-
nylene and the guest exhibit good reproducibility by MCSD.
More deviations are observed at the urea substituents, but
since only the p systems of the complex are considered for
the calculations of the CD spectra, this would not be expect-
ed to cause any problems.


The simulation algorithm used had no direct effect on the
resulting CD spectra, it being found that comparable spectra
were obtained when MCSD and MD were used. Since
MCSD generally provides better and faster convergence in
terms of energy and structural parameters, we discuss only
spectra derived from these calculations.


Signal stability against parameter changes : The calculated
CD signals below 280 nm are generally very sensitive to
changes with regard to the receptor or the guest molecule
and cannot be easily predicted. However, the sign of the di-
agnostic band at 280–300 nm correlates directly with the
enantiofacial orientation of the guest molecule. A negative
value is obtained for any b complex, whereas the a com-
plexes always yield positive values. This is found even for
poorly converged MD and SD simulations. Additionally, tra-
jectories obtained from other force fields such as MM3 and
MMFFs, which gave shifted spectra, correctly predict the
sign of the main band. Apparently, the sign of the CD in
this area is a very robust indicator of the enantiofacial pref-
erence.


Effects of sampling/line widths : To investigate their conver-
gence, the mean CD spectra of several simulations were de-
termined with different sampling rates. Just 50 structures are


sufficient to predict the general pattern of the spectrum.
However, in order to obtain reasonably converged spectra,
it is necessary to use a minimum of 200 structures. We did
not observe any pronounced line broadening with increased
sampling rates, so we increased the “artificial” line broaden-
ing applied in calculation of the spectra from 0.04 eV to
0.2 eV in order to reproduce the observed band width of the
experimental spectra. The calculated emax of the complex is
at about 120 000 m


�1 cm�1, which when compared to the ex-
perimental data is only too high by a factor of 1.3.


Results of the simulations


Empty receptors : Both as expected and as observed experi-
mentally, the empty alkyl-substituted receptors do not show
any significant CD (Demax (4)�1 m


�1 cm�1). Simulation of
compound 6 yields a spectrum containing both significant el-
ements of the experimentally measured spectrum at about
250 and 278 nm (see Figure 11, insert). Apparently, the sim-


Figure 11. Comparison of experimental (c) and theoretical (a=b,
b=a) spectra; a) 4·7; b) 6·7, individual theoretical spectra for a and b


complex (gray) and combined spectrum for a :b (black, a); insert:
calcd (a) and experimental spectrum of the empty receptor.
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ulation correctly reproduces the exciton coupling between
these moieties.


Investigations of a static model system : To elucidate the in-
fluence of the position of the guest on the resulting CD, a
simplified system consisting of a triphenylene ketal (without
the urea parts) and caffeine was examined. It was assumed
that the guest was situated at a distance of 3.3 � in a copla-
nar fashion relative to the triphenylene and that the pyrimi-
dine ring of the caffeine was centered above the platform.
The CD was calculated for both the a and the b forms, as
well as for various values of the intermolecular dihedral
angle q as shown in Figure 10.


The a and b complexes showed almost inverse values of
Demax at 284–290 nm for any value of q. Rotation of the
guest above the triphenylene resulted in a tremendous varia-
tion of the signal intensity with a period of 1208. While the
highest absolute values are obtained at 08 (jDe j�600), in-
version of the sign occurs in the range between 408 and 808
(see Figure 10; 808 corresponds to �408 due to the symme-
try of the triphenylene) with a local extremum of jDe j�
300. The extreme overestimation of the CD intensities in re-
lation to the experimentally measured values is caused by
the use of a single minimized structure. Since the calcula-
tions described before gave absolute values for q of about
308, the relevant part of the plot is close to the intersection
of the two curves. Therefore, it is essential to obtain detailed
information on the position of the guest in order to avoid a
wrong assignment.


As discussed before, the positions of the guests in the dia-
stereomeric complexes are almost the same except for the
different bound face and the sign of q. Thus, in an equimolar
mixture of both diastereomers, full cancellation of the sig-
nals should occur.


Caffeine complexes : The calculated spectrum of the system
b-4·7 in comparison with the experimentally measured data
is shown in Figure 11. It shows negative signals in the area
between 300 and 260 nm and positive signals in the area
below 260 nm. Since the calculated spectrum of the corre-
sponding a species is completely inverse, the experimentally
observed spectrum can be unquestionably assigned to the b


form. This is also supported by the average enthalpy ob-
tained from the simulations, according to which the b struc-
ture should be slightly favored by 2.2 kJ mol�1. Additionally,
this result is consistent with crystallographic investigations
of this complex, which rendered the b form exclusively.[14]


In a similar fashion, the calculated CD spectrum of a-3·7
matches its experimentally measured counterpart, while the
corresponding b complex gives rise to the inverse spectrum
(see Supporting Information). In relation to the caffeine
spectra, an additional signal is predicted at 270 nm, corre-
sponding with the shoulder found experimentally.


1,3,7-Trimethyluric acid complexes : The calculated spectra
of the complexes containing 1,3,7-trimethyluric acid (11)
also give a bisignate sigmoidal curve shape. The shift of the


abscissa intersection from 260 nm for caffeine complexes to
higher wavelengths for 1,3,7-trimethyluric acid complexes
could be reproduced by the calculation (see Supporting In-
formation). However, the calculated position of the lower-
wavelength signal is blue-shifted with respect to the experi-
mental results. From these calculations it was possible to
assign the experimentally determined spectra to b-3·11 and
to a-4·11, respectively.


Receptors with aromatic substituents : As discussed before,
the aromatic substituents interfere with the rise of a CD
signal as well, resulting in a complex interaction of tripheny-
lene, guest, and chiral substituents. Hence, the formerly
enantiomorphous arrangement of chromophores in the a


and b complexes will now become diastereomorphous, so
the calculated spectra of a- or b-6·7 are no longer near
mirror images (see Figure 11). The positions of the extrema
in the two spectra are almost the same and the signs are in-
verted, but the positive branches are more intense than the
negative parts.


Since both signals lack symmetry, our initial assumptions
assigning the signal above 280 nm to the enantiofacial pref-
erence and the band at 260 nm to a general reordering phe-
nomenon were shown to be false. Instead, we presumably
see the overlapping of the spectra of a and b complex, since
NMR studies of the closely related phenyl-substituted
system 5 showed that both diastereomers of the caffeine (7)
complex were present at a 1:1 ratio in solution.[14] The com-
bination of both spectra with the assumption of an equimo-
lar mixture best describes the strong increase in signal inten-
sity at 260 nm as well as the negative shift at 280 nm.


Signal intensities and diastereomeric excess : In all simula-
tions the calculated CD intensities were significantly elevat-
ed with respect to the experimentally measured data (see
scaling in Figure 11), which may be due to several factors.
However, the systematic error caused by the spectral calcu-
lation can be estimated from the simulations of the empty
tetralin system 6, yielding a factor of about two. The general
binding constant (including both diastereomers) has to be
taken into account as well. After extrapolation of the ob-
served spectra to 100 % complex formation, the same scaling
factor of about two can be derived from the spectra of 6·7
(Figure 11). The third contribution is the amount of enantio-
facial discrimination, which reduces the signal intensity by
partial cancellation of the inverse spectra. If it is assumed
that the systematic error determined for 6·7 can be transfer-
red to other systems, the ratio of the corrected calculated
and experimentally measured values corresponds to the dia-
stereomeric excess (d.e.). For menthyl-derived 4·7 we were
able to calculate a d.e. of approximately 30 %, while from
NMR studies we were able to estimate a DGab value of
1.7 kJ mol�1, which would give a similar d.e. The significantly
higher CDs for the menthyl-derived systems 2 and 3 indicate
a high d.e. that may be far beyond 90 %. However, these re-
sults should not be overemphasized since several assump-
tions have to be made, but the consistent character of the
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results in comparison with the low-temperature NMR data
is striking.


The results presented imply the development of a simple
rule for interpretation of the CD spectra with respect to the
preferential orientation: for the receptor systems with ali-
phatic substituents, a positive sign of the CD at 280–290 nm
indicates the a form, whereas a negative sign implies the b


isomer. Since it would be helpful to derive a generalized
rule comparable to that of Harata and Kodaka, we investi-
gated the relevant electronic interactions.


The calculated line spectra for single structures (see
Figure 5) show that the strong transition of the triphenylene
ketal near 280 nm is energetically close to the first p–p*
transition of the guest molecules. This should give rise to
some exciton coupling. Analysis of the excitations reveals a
quite complex situation: the relevant transition dipole mo-
ments of 1,3,7-trimethyl uric acid (11) and caffeine (7) are
almost orthogonal to each other (see Figure 4). Given that
the triphenylene–guest arrangement is comparable both in
bound face and in relative position, coupling with a single
transition dipole moment of the triphenylene should lead to
significantly different CD signals.[42] However, the signal of
the triphenylene ketal at 280 nm originates from a degener-
ate E transition with two orthogonal transition moments.
Thus, similar exciton coupled states for the two different
guests can be formed with either of the E components, lead-
ing to similar spectra for the same absolute stereochemistry
(i.e., a/b). Since the threefold symmetry of the triphenylene
is broken by complex formation between the guest and the
triphenylene, the E transition moments will then be aligned
in a specific manner. This renders the situation too complex
for derivation of a simple rule of general applicability. How-
ever, for the oxopurines the strong correlation between the
sign at 280 nm and the orientation of the guest seems to be
comprehendible (Table 3).


Conclusion


Enantiofacial discrimination of a single heterocyclic mole-
cule by chirally modified triphenylene ketals has been dem-
onstrated for the first time in solution at ambient tempera-


ture. Both, the chromophore (triphenylene) and the chiral
information (urea substituents) are located in the same mol-
ecule, but CD activity is only observed when a prochiral
guest is bound in a stereoselective fashion. This event trans-
mits the chiral information to the chromophore. Such self-
induced CD (SICD) reveals enantiomorphous p–p interac-
tions for completely different receptors if the chiral moieties
display inverse steric demand. This underlines that the enan-
tiofacial discrimination is purely based on repulsive inter-
actions. Appropriate variations in the local steric demand
close to the hydrogen bonding acceptors of the guest invert
the face selectivity and create further evidence for the enan-
tiofacial differentiation.


By use of molecular dynamics simulations in conjunction
with quantum chemical methods it has been possible to
obtain very good agreement between the theoretical and ex-
perimentally measured CD and UV spectra. With these
methods we have been able to show for the alkyl-substituted
systems that there is a direct correlation between the sign of
the main CD signal at 280–290 nm and the preferential posi-
tion of the oxopurine guests. The shape of the remaining
spectrum is strongly dependent on the guest and its precise
position. Spectra could also be simulated for more complex
systems bearing additional chromophores in chiral building
blocks. As demonstrated in Table 3, the observed preferen-
ces were highly consistent with the available X-ray data.


While the development of new receptor systems for use
as chiral templates in enantioselective reactions is still pro-
ceeding, these tools should help to make and assert efficient
predictions on the behavior in solution. This should allow
the rational design of novel catalysts based on these sys-
tems.


Experimental Section


CD spectra : All measurements were performed in analytical grade
CH2Cl2. Stock solutions of all receptors and all guest molecules except
for 1,3,7-trimethyluric acid were also prepared with CH2Cl2. Because of
solubility problems the stock solution of 1,3,7-trimethyluric acid was pre-
pared in a CH2Cl2/MeOH 1:1 mixture. After mixing of this solution with
the different receptor molecules, the solvent was removed in high
vacuum and the residue was afterwards redissolved in CH2Cl2.


The ligand concentration was 1.2 � 10�5
m (4) or 1.0� 10�5


m (all others).
Two equivalents of 1,3,7-Trimethyluric acid were added, for all other
guests 10 equivalents were used to obtain sufficiently strong signals. Ti-
trations were performed as batch titrations with constant receptor con-
centrations of 1.0� 10�5


m.


The spectra were recorded on a Jobin–Yvon Dichrograph CD6 in a 1-cm
quartz cell. For the measurement, five spectra were acquired and after-
wards averaged.


Determination of binding constants : The binding constants were calculat-
ed by use of SPECFIT 3.0 (Spectrum Software Associates).[43] The ap-
plied model assumed the receptor and the complex as the only “colored”
species, since pure caffeine shows no CD. This postulation was supported
by the existence of several isosbestic points. Formation of a dimeric ag-
gregate of the receptor was neglected since the aggregation constants de-
termined for comparable derivatives were too small to have significant
influence at the given concentrations. The spectral data between 240 and
340 nm were used for the fitting procedure.


Table 3. Preferred enantiofacial orientation of the guest inside the recep-
tor.


Guest Receptor X-ray[14] CD


7 2 a a


7 3 a a


7 4 b b


7 5 1:1 1:1
7 6 – 1:1
8 3 – a


8 4 – b


10 2 – b


10 4 – a[a]


11 3 – b


11 4 – a


11 5 – b


[a] Weak signal prevents unequivocal assignment.
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Synthesis


1,3-Dimethyl-7-(1,1-dimethylethyl)-3,7-dihydro-1H-purine-2,6-dione (9):
Theophylline (3.0 g, 16.6 mmol) was ground with tetrabutylammonium
bromide (150 mg, 0.47 mmol) and potassium hydroxide (1.3 g,
23.2 mmol). The mixture was transferred into a flask and heated for 2 h
at 135 8C. At room temperature, the resulting solid was crushed, transfer-
red to a sealed tube, and combined with 2-bromo-2-methylpropane
(9.3 mL, 11.3 g, 82.1 mmol). After 12 h at 110 8C the suspension was
transferred with dichloromethane into a flask. After evaporation of the
volatile components, the crude mixture was adsorbed on silica gel with
the aid of hot ethanol (50 mL). Chromatography on silica, with mixtures
of dichloromethane/methanol (98:2!97:3) as eluents, yielded the color-
less product.


Yield: 0.75 g (3.26 mmol, 19 %). Rf = 0.50 (CH2Cl2/MeOH 95:5); m.p.
197–199 8C; 1H NMR (300 MHz, CDCl3): d = 1.40 (s, 9H; C(CH3)3),
2.09 (s, 3H; N3�CH3), 3.65 (s, 3 H; N1�CH3), 6.67 ppm (s, 1 H; 8-H); 13C
NMR (75 MHz, CDCl3): d = 29.32, 30.52 (N1-C, N3-C), 30.02 (C-11),
60.17 (C-10), 108.8 (C-5), 142.0 (C-8), 152.04 (C-4), 153.04 (C-2),
154.88 ppm (C-6); IR (KBr): ñ = 3327 (w), 3152 (m), 3016 (m; C8-H),
2987, 2949, 2885 (s; Caliph.�H), 1594 (s), 1518 (s), 1433 (s), 1287 (m), 1201
(s), 1013 (s), 973, 924, 869, 792 (w; C8�H), 769, 748, 699, 640 cm�1; MS
(70 eV, EI): m/z (%): 236.2 (15) [M]+ , 180.1 (100) [M�C4H8]


+ , 123.0 (15)
[M�C4H5N2O2]


+ , 57.1 (11) [C4H9]
+ ; elemental analysis calcd (%) for


C11H16N4O2 (238.29): C 55.92, H 6.83, N 23.71; found: C 55.88, H 6.49, N
23.52.
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Orthogonal PbS Nanowire Arrays and Networks and Their Raman Scattering
Behavior


Jian-Ping Ge,[a] Jin Wang,[a] Hao-Xu Zhang,[a, b] Xun Wang,[a] Qing Peng,[a] and
Ya-Dong Li*[a]


Introduction


Recently, one-dimensional (1D) nanostructures have
become the focus of intense research, because they provide
a good system to investigate the dependence of electrical,
optical, and thermal transport or mechanical properties on
dimensionality and size confinement. In 1998, Lieber and
co-workers reported a laser ablation method for synthesiz-
ing crystalline semiconductor nanowires[1] and made a series
of attempts to assemble these nanowires into functional
structures.[2] Based on that successful preparation, various
kinds of prototype nanodevices, such as biological nanosen-
sors,[3] logic gates,[4] and address decoders,[5] have been de-
veloped. Later, Yang and co-workers synthesized self-organ-
ized, h0001i-oriented zinc oxide nanowire arrays,[6] which
were confirmed to be the first nanolasers acting under opti-


cal excitation. This structure was also used as a template for
the “epitaxial casting” approach to single-crystal gallium ni-
tride (GaN)[7] and silicon (Si)[8] nanotube arrays. At the
same time, the nanoribbon structure, a distinctly different
but general 1D nanostructure, was discovered by Wang
et al. ,[9] further enriching the family of nanoscale building
blocks.


In the past few years, nanowires have been developed
from uniform structures to ones which have their composi-
tion and doping modulated along the axial[10] and radial[11]


directions, and are being developed towards branched struc-
tures.[12] Even more applications and new functions might
emerge if these 1D nanocrystals could be synthesized in
shapes of higher complexity than the single-shaped ones
(wires, rods, and tubes) produced by current methods.[13–18]


Herein we report the synthesis of a three-dimensional, or-
thogonal lead sulfide (PbS) nanowire array, a nanostructure
building block, as well as PbS nanowire networks with vari-
ous shapes, by means of a simple, atmospheric pressure
chemical vapor deposition (APCVD) method. The intended
product, PbS, because of its unique properties as a p–p


semiconductor with a small band gap (0.41 eV) and a large
exciton Bohr radius (18 nm),[19] has been extensively studied
in solar cells,[20] electroluminescence,[21] photolumines-
cence,[22] and mode-locking in lasers.[23]


Various methods have been used to fabricate PbS crystals.
In the early 1970s, PbS whiskers about 400 mm long and
140 mm wide were synthesized by heating PbS at 800 8C in a
vacuum chamber.[24] These crystals could also be obtained
by the reaction of sulfur and lead in liquid ammonia at


Abstract: Three-dimensional, orthogo-
nal lead sulfide (PbS) nanowire arrays
and networks have been prepared by
using a simple, atmospheric pressure
chemical vapor deposition (APCVD)
method. These uniform nanowires
(average diameter 30 nm) grow epitax-
ially from the surface of the initial PbS


crystal seeds and form orthogonal
arrays and networks in space. The
growth mechanism has been explored,


and the process was classified as homo-
geneous, epitaxial growth in the h200i
directions. Furthermore, Raman spec-
tra of PbS nanowires are reported
here, and their characteristic Raman
peak (190 cm�1, no shoulder) could be
used as a unique probe for the study of
PbS nanomaterials.
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room temperature.[25] Recently, with the development of
nanoscience and nanotechnology, more and more interest
has been focused on the production of PbS nanoparticles
and nanowhiskers. Uniform cube-shaped PbS nanocrystals
(<10 nm) were produced by mixing metal-oleylamine com-
plexes with sulfur at 220 8C.[26] Larger particles (~50 nm)
were prepared by sintering the precursor in aerosols.[27]


Even microorganisms were used to yield nanocrystals
(~5 nm).[28] With respect to nanowhiskers, most approaches
involve solutions, such as the synthesis of PbS dendrites,[12]


nanowires,[29] and PbS nanostructures inside mesoporous
silica.[14] However, few reports refer to the gas-phase route.


Our synthesis was based on the chemical vapor deposition
process between sulfur and metal chlorides under atmos-
pheric pressure.[30–32] A furnace with a horizontal quartz
tube was employed for the synthesis reactions. Lead chlo-
ride (PbCl2) powder was placed in a ceramic boat in the
middle of the furnace, where the temperature could be ex-
actly measured and adjusted, and sulfur (S) powder was
positioned upstream of this. Under flowing argon, after
heating at about 650–750 8C for 2 h, the products were de-
posited on the (100) silicon wafer placed at the downstream
end of the furnace. The specific parameters for the various
samples are listed in Table 1. The as-deposited products


were characterized and analyzed (see the Experimental Sec-
tion for details) by X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), transmission electron microscopy
(TEM), high-resolution TEM (HRTEM), energy-dispersive
X-ray spectroscopy (EDS), and Raman spectroscopy.


Results and Discussion


Epitaxial growth of PbS arrays : The SEM images in Figures
1a and b show a typical as-prepared unit of a PbS nanowire
array (sample 1), which was deposited on a (100) silicon
wafer that had been placed 11 cm away from the center of
the furnace. The SEM image reveals that the construction of
this unique unit consists of six bundles of well-aligned PbS
nanowires and an obvious cubic crystal seed. The cube is
about 1 to 3 mm in size, and the length of the nanowires
reaches 10 mm. Each nanowire bundle is perfectly perpen-


dicular to its neighboring ones within the same seed, and
they seem to grow out of the cube surface, which suggests
that the process might be classified as homogeneous, epitax-
ial growth.


A key parameter for adjusting the size of this unit is the
proper concentration of the source materials, which is
mainly determined by the carrier gas flow rate in our prepa-
rations. Figure 1c shows the morphology of the array units
(sample 2) prepared with the same parameters as Figures 1a
and b, but with a different flow rate. On increasing the flow
rate (from 100 to 150 sccm), the lengths of the nanowire
arms range from 10 to 40 mm, which illustrates that a greater
flow rate will favor whisker growth.


PbS nanowires : We also obtained large amounts of PbS
nanowires (sample 3, Figure 2) tens of micrometers in length
by using very similar experimental parameters. The as-pre-
pared nanowires could be classified as either of two species.
Nanowires deposited at a higher temperature (T=520 8C)
are usually hard and straight, whereas those deposited at a
lower temperature (T= 450 8C) are generally soft and
curved. This evident difference may be due to the different
growth rates in different temperature zones.


TEM images of individual nanowires provide further in-
sight into the structure of these materials. The nanowires
have a typical diameter of 30 nm (Figure 2d). To verify the
crystal characteristics and growth direction, a HRTEM
image of a PbS nanowire is given in Figure 2e, which shows
that the wire is structurally uniform and consists of a single
crystal. The crystal surface of the face-centered cubic (fcc)
PbS nanowire has been indexed by means of the electron
diffraction (ED) pattern (Figure 2e, inset), and it was found


Table 1. Specific experimental parameters for the synthesis of various
samples.[a]


Sample Furnace
temperature


Substrate
location


Substrate
temperature


Ar
flow
rate


Morphology


[8C] [cm] [8C] [sccm]


1 650 11 520 100 array/wire
2 650 11 520 150 array/wire
3 650 11–12 520–450 100 wires
4 750 11 620 100 networks
5 650 13–14 380–340 50 seeds
6 700 13–14 450–410 100 seeds


[a] The synthesis run time for each sample was 120 min.


Figure 1. a) and b) SEM images of the three-dimensional nanowire array
with an observable cubic seed; c) SEM image of units of the nanowire
arrays prepared under a larger gas flow rate.
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that the h200i direction is parallel to the wire axis.
The HRTEM image exhibits well-resolved (200)
lattice planes, and the experimentally measured
lattice spacing (0.29�0.01 nm) is consistent with
the 0.2966 nm separation in bulk crystals (JCPDS
No. 78–1058), which again confirms the growth di-
rection of the as-prepared nanowire.


XRD patterns of the substrate covered with PbS
nanowires without further treatment after prepara-
tion were measured (Supporting Information,
Figure 1). All peaks could be indexed by a fcc-
structured PbS crystal with a lattice constant of a=


5.93 �, consistent with the standard values for
bulk PbS (JCPDS No. 78–1058). No peaks due to
any other phases were detected, and only the pres-
ence of Pb and S atoms were detected by EDS
analysis, all of which indicated that the nanowires
were highly pure and well crystallized.


PbS nanowire networks with various shapes : When the tem-
perature of the furnace was raised to 750 8C, we obtained
several kinds of PbS nanowire networks (sample 4) with dif-
ferent shapes, such as sphere, octahedron (hexapod whisk-
ers; Figure 3), and pyramids (tri- and tetrapod whiskers;
Figure 4). The typical size of the network was in the range
of 20 to 30 mm, and the straight nanowires present were
highly oriented in three-dimensional space.


Although the shapes are very different, all of the net-
works have the same characteristic: the nanowires are paral-
lel or perpendicular to each other, forming an orthogonal
nanowire network in three-dimensional space. Taking spher-
ical networks as an example, the average diameter of the
sphere is about 20 mm (Figure 3a), and the whole network
consists of a large amount of uniform nanowires. A high-res-
olution SEM image (Figure 3b) shows that the nanowires


grow strictly along the x, y, and z axes. Each nano-
wire is parallel or perpendicular to the one nearby,
exhibiting high orientation. The same phenomenon
appears in the other networks.


It is interesting that the orthogonal morphology
is a common structural characteristic for the sam-
ples (samples 1, 2, and 4) prepared under similar
conditions. How does this orthogonal unit grow?


Growth process and mechanism : Before discussing
the formation of the orthogonal array of nanowires
and their networks, we should first study the “crys-
tal seeds” deposited far away from the center of
the furnace (Position B; see Figure 2 in the Sup-
porting Information) relative to the nanowires
formed at the center (Position A). When the tem-
perature of the furnace rises, the temperatures of
Positions A and B rise. At any point in time, Posi-
tion B has the same temperature as that which Po-
sition A had previously, due to the temperature


Figure 2. a)–c) SEM and d) TEM images of straight and curved PbS nanowires. e) A
HRTEM image showing that the wire grows in the h200i direction. The inset shows
the ED pattern taken parallel to the [022̄] axis.


Figure 3. a) and b) Spherical and c)–e) octahedral-shaped orthogonal PbS nanowire
networks.


Figure 4. Examples of pyramidal-shaped orthogonal PbS nanowire net-
works.
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profile of the furnace. If the direction of the gas flow and a
sufficient supply of the source material are considered, sam-
ples collected at Position B might have formed earlier at Po-
sition A; this relationship may be helpful to better under-
stand the growth process. Therefore, these crystal seeds
formed at Position B were also collected for observation.


Two kinds of crystal seeds were obtained in the low-tem-
perature zone (Position B). The first one was prepared at a
furnace temperature of 650 8C. It has an almost completely
cubic morphology, and has nanowire pillars growing out of
every crystal face of the cubic seed (sample 5, Figure 5). It is


conceivable that with a temperature rise and sufficient
supply of source material, the seed would gradually turn
into an array unit described above. However, the amount of
this kind of seed or the corresponding array unit was not
very large, because accurate control is needed for the forma-
tion of a perfect crystal seed and its balanced growth in
every direction. In most cases, irregular seeds and unbal-
anced growth led to all kinds of nanowire orthogonal net-
works. Figure 6 shows these irregularly shaped crystal seeds
(sample 6), which were generally found in every experiment
carried out under similar conditions . These seeds always
had an irregular shape, and nanopillars only grew along
three to four of the six orthogonal directions. It is suggested
that they might be the original form of the PbS nanowire
networks.


Combining the study of the growth direction and the anal-
ysis of the crystal seeds, the process should be classified as
homogeneous, epitaxial growth due to crystal growth in the


six equivalent directions of h200i. Consider the nanowire
array unit, for example (Figure 7). In the first step, evaporat-
ed S and PbCl2 form a small cubic seed several micrometers
in size, which has quite a lot of defects in its surface (Fig-


ure 7a). During the reaction process, the concentration of
the source material decreases to a low level, favoring crystal
growth as long whiskers. The surface defects might serve as
the active sites for the initial growth, and uniform PbS nano-
wires grow perpendicularly out of the seed surface. As the
cubic seed has six equivalent faces (200, 020, 002, …), and
the nanowire grows in the h200i direction, this process
should be classified as homogeneous, epitaxial growth. Only
a perfectly cubic crystal seed (Figure 5) and balanced
growth in the six equivalent directions brings the typical
nanowire morphology; while any disturbance, such as irreg-
ular seed shape and unbalanced growth (Figure 6), may lead
to the orthogonal networks with various shapes.


Figure 5. A cubic crystal seed displaying balanced growth of nanopillars
from all surfaces. The bars in each picture represent 1 mm.


Figure 6. Irregularly shaped seeds with unbalanced growth of nanopillars.


Figure 7. a)–c) The different stages of the growth process and d) a sche-
matic flow diagram of these stages.
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Raman scattering of PbS nanowires : It is well known that in
a crystalline semiconductor the observed Raman shifts usu-
ally correspond to the longitudinal optical phonons (LO),
whereas, other modes, such as the transverse optical pho-
nons (TO) and the surface phonons (SP), are, in general,
not observable because of symmetry restrictions and low in-
tensities, respectively. However, as the surface-to-volume
ratio is large for nanostructured materials, it is possible to
observe the SP mode by Raman scattering measure-
ments.[33–34] The surface roughness as well as the crystal size
also play important roles in modifying the Raman spectra.
Therefore, Raman scattering has become a unique probe for
the study of nanomaterials. As no reports on the Raman
properties of PbS nanowires have appeared to date, we car-
ried out some preliminary studies to enrich the available
knowledge of the properties of this nanomaterial.


Raman scattering measurements were performed at room
temperature (300 K) using the Ar+-ion laser with an excita-
tion wavelength of 514.5 nm. The Raman scanning spec-
trometer is equipped with a charge-coupled device (CCD)
detector. A typical Raman spectrum of the PbS nanowires
with 5 mW laser power is shown in the lower half of
Figure 8. According to earlier reports,[35–37] Raman peaks at


210, 271, and 451 cm�1 should be observed, corresponding to
a 1 LO phonon mode, a two-phonon process, and a 2 LO
phonon mode, respectively. In addition, the peak or should-
er at ~190 cm�1 has been identified to be due to the SP
mode, and its intensity greatly increases with decreasing
crystal size.


In our results, one strong peak at 190 cm�1 and one
shoulder at 451 cm�1 are clearly observed. The Raman peak
due to the SP mode is so intense that the peaks at 210 and
271 cm�1 become two small shoulders, which are difficult to
characterize. This phenomenon discloses a unique property
of PbS nanowire: the strongest Raman scattering peak ap-
pears at 190 cm�1. For PbS nanocrystals, only shoulders at
190 and 205 cm�1 were observed, corresponding to 1.5 nm
and 18 nm nanocrystals, respectively.


When the laser power was increased to 15 mW, one peak
at 966 cm�1 appeared due to the photodegradation of PbS. It
should be a characteristic peak for the oxidation products
PbSO4, PbO·PbSO4, 3 PbO·PbSO4, and 4 PbO·PbSO4. The
following reactions (Equations (1)–(5)) have been proposed
upon referring to an earlier report.[38] We also measured the
Raman spectra of bulk PbS powders under the same testing
conditions. The bulk PbS powders were prepared by a
simple precipitation reaction between Pb(CH3COO)2 and
Na2S, followed by an annealing process at 573 K. Only
Raman peaks at 142, 451, and 966 cm�1 were observed,
which is quite different from the results for PbS nanocrystals
and nanowires.


PbS hv, O2
���!a-PbOþ SO2 " ð1Þ


PbS a-PbO, O2
�����!PbSO4 ð2Þ


a-PbOþ PbSO4 ! PbO � PbSO4 ð3Þ


3 a-PbOþ PbSO4 ! 3 PbO � PbSO4 ð4Þ


4 a-PbOþ PbSO4 ! 4 PbO � PbSO4 ð5Þ


Conclusion


In the future, it would be worth adding further structural
complexity to the nanocrystal family of building blocks, as
well as investigating their relationship to a nanowire struc-
ture.[39] Herein we report the synthesis of a PbS nanocrystal
building block by means of a simple, APCVD method. De-
tailed research into the intrinsic growth characteristics of
the PbS crystal suggests that many useful semiconductor ma-
terials having a cubic structure, such as PbSe, ZnSe, CdSe,
and GaN, might also be fabricated to give the same shape as
the PbS nanowires synthesized here. With proper assembly,
these unique structures might serve as special connection
parts or optoelectric transformation parts in nanoscale devi-
ces of electronic and photonic transportation. Raman spec-
tra of PbS nanowires are, for the first time to our knowl-
edge, reported here, and the characteristic peak (not a
shoulder) at 190 cm�1 could be used as a unique tool for the
study of PbS nanomaterials.


Figure 8. An optical image of the PbS nanowires recorded by a CCD de-
tector (top), and Raman spectra obtained at different laser powers
(bottom).
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Experimental Section


Materials : Lead chloride (PbCl2) was prepared by the simple precipita-
tion reaction between sodium chloride (NaCl) and lead nitrate
(Pb(NO3)2). All reagents used in this work, including NaCl, Pb(NO3)2,
and sulfur powder, were A. R. reagents (>99.99 %) from the Beijing
Chemical Factory, China, and were used as-received without any treat-
ment. Single-crystal (100) silicon (Si) wafers were cleaned prior to use by
washing with ethanol and subsequently drying in air.


Synthesis : Our crystal growth apparatus consisted of a furnace with a
horizontal quartz tube. The temperature profile was measured previously
to determine the deposition temperature. PbCl2 powder (1 mm) held in a
ceramic boat was placed in the middle of the furnace, where the tempera-
ture could be exactly measured and adjusted. Sulfur powder (0.4 g) was
placed upstream, and the (100) Si wafer was located downstream of the
boat. The temperature was raised to a particular value by using a heating
rate of 10 K min�1 under flowing argon and remained at that point for
2 h. The furnace was cooled down to room temperature slowly (about
5 Kmin�1), and the products were deposited on the Si substrate.


Characterization : The samples were characterized by using a Bruker D8
Advance X-ray diffractmeter with CuKa radiation (l =1.5418 �). The size
and morphology of the as-prepared PbS nanowires were examined by
using a Hitachi Model H-800 transmission electron microscope, a
LEO 1530 scanning electron microscope, and a JEOL JEM-2010F high-
resolution transmission electron microscope. EDS was also carried out
with the transmission electron microscopes. Raman spectra were record-
ed with an RM 2000 microscopic confocal Raman spectrometer (Ren-
ishaw, England), which had a 514 nm laser beam and a charge coupled
device detector with a 4 cm�1 resolution. The spectra were obtained by a
1–2 mm laser spot being focused on the sample.
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Zirconocene-Mediated Intermolecular Coupling of Si-tethered Diynes with
Alkynes, Ketones, Aldehydes, and Isocyanates by means of Novel Skeletal
Rearrangement of Zirconacyclobutene–Silacyclobutene and
Zirconacyclohexadiene–Silacyclobutene Fused-Ring Intermediates


Tao Yu,[a] Xiaohua Sun,[b] Congyang Wang,[a] Liang Deng,[a] and Zhenfeng Xi*[a, c]


Introduction


The chemistry of metallacyclic compounds has attracted
much attention because many synthetically important transi-
tion-metal-assisted reactions proceed via metallacyclic inter-
mediates.[1] Compared with a large number of reports on
five-membered metallacycles,[2,3] there are not many reports


on preparation and reaction of four- and six-membered met-
allacyclic intermediates.[4–8] Thus, development of synthetic
methods for four- and six-membered metallacycles and in-
vestigation into their reaction chemistry and applications in
organic synthesis are demanding.


Several years ago,[9] Takahashi and co-workers reported
an interesting zirconocene-mediated reaction of bis(alky-
nyl)silanes. As illustrated in Scheme 1, treatment of bis(al-


Abstract: Bis(alkynyl)silanes react with
low valent zirconocene species to
afford zirconacyclobutene intermedi-
ates. These in situ generated reactive
organometallic intermediates can react
with alkynes, ketones, aldehydes, and
isocyanates by means of a novel skele-
tal rearrangement. When a zirconacy-
clobutene intermediate was treated
with an alkyne, an a-alkynylsilyl zirco-
nacyclopentadiene was formed. Addi-
tion of dimethyl acetylenedicarboxylate


(DMAD) and CuCl resulted in one-pot
formation of an alkynylsilyl–benzene
derivative from three different alkynes.
At a higher temperature, the a-alkynyl-
silylzirconacyclopentadiene was trans-
formed by means of an intramolecular
skeletal rearrangement to a zirconacy-
clohexadiene–silacyclobutene fused-


ring compound, which reacted with
DMAD in the presence of CuCl af-
fording the same alkynylsilyl–benzene
derivative. When treated with a
ketone, an aldehdye, or an isocyanate,
the zirconocyclobutene intermediate
also underwent the above-mentioned
skeletal rearrangement, generating zir-
conocene-mediated cross-coupling
products.Keywords: cross-coupling · rear-


rangement · silanes · zirconium
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Scheme 1. Zirconocene-mediated skeleton rearrangement of bis(alkynyl)-
silanes affording four- and six-membered zirconacycles.


Chem. Eur. J. 2005, 11, 1895 – 1902 DOI: 10.1002/chem.200400697 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1895


FULL PAPER







kynyl)silanes 1 with low valent zirconocene species afforded
four-membered zirconacyclobutene derivatives 2, while re-
action of 1 with zirconacyclopentenes 3 firstly resulted in
the formation of zirconacyclopentadienes 4, which subse-
quently transformed to six-membered zirconacyclohexa-
diene derivatives 5. Both reactions proceeded by means of a
novel intramolecular skeleton rearrangement. As we are in-
terested in synthesis and applications of metallacycles, we
have investigated the reaction chemistry of zirconacyclobu-
tene derivatives 2. Recently, we reported that reaction of 2
with three equivalents of organonitriles affords pyrro-
lo[3,2c]pyridine derivatives after hydrolysis.[10] Cleavage of
one of the three C�N triple bonds was observed. In this
paper, we report reactions and synthetic applications of zir-
conacyclobutene derivatives 2 with alkynes, ketones, alde-
hydes, and isocyanates.[11] Novel skeletal rearrangement of 2
took place in these reactions.


Results and Discussion


Alkyne-induced skeleton rearrangement of zirconacyclobu-
tene derivatives 2 leading to the formation of six-membered
zirconacyclohexadiene derivatives 5 via five-membered zir-
conacyclopentadienes 4 : The four-membered zirconacyclo-
butene derivatives 2 can be easily prepared by following Ta-
kahashi�s procedure.[9] Insertion reaction of an alkyne into
one of the Zr�C bonds of 2 was expected to generate the
six-membered zirconacycles 5 (Scheme 2). The reaction did
proceed, affording 5 highly selectively in excellent yields.


Formation of isomeric products 6 was not observed. Howev-
er, surprisingly, experimental results demonstrated that
products 5 were not formed through the expected insertion
reaction path, but through a novel cleavage of a C�C bond
in the zirconacyclobutene skeleton and a C�Si bond in the
silacyclobutene skeleton (Scheme 2).


As illustrated in Scheme 2, after addition of one equiva-
lent of 5-decyne to a solution of 2 in THF, the reaction mix-
ture was warmed to 50 8C and stirred at this temperature for
1 h. Hydrolysis of the reaction mixture with 3 % aqueous
HCl afforded 7 a in 71 % isolated yield (72 % GC yield),
along with <3 % yield of 8 a. With longer reaction times
and higher temperature, the concentration of 7 a decreased
while that of 8 a increased. Finally, on prolonged heating at
reflux, 7 a disappeared completely and 8 a was formed as the
sole product in 80 % isolated yield (90 % GC yield). In simi-
lar fashions, products 7 b and 8 b were obtained in high
yields. Deuteriolysis of the reaction mixtures instead of hy-
drolysis afforded the deuterated products [D2]-7 b and [D2]-
8 b in 77 % and 70 % isolated yields, respectively, with more
than 98 % of deuterium incorporation. When an unsymmet-
rical alkyne such as 1-phenyl-1-butyne was used, both 7 c
and 8 c were formed in excellent isolated yields with perfect
regioselectivity. The phenyl substituent was always located
at the terminal position. Interestingly, in case of 1-trimethyl-
silyl-1-propyne, only compound 7 d was formed with perfect
regioselectivity, and product 8 d was not be formed even
after a prolonged reaction time, probably due to the bulki-
ness of SiMe3 group.


The above results indicate that intermediate 4 is kinetical-
ly favored, whilst intermediate 5 is thermodynamically fa-
vored.


It is still not clear how the zirconacyclobutene derivative
2 undergoes skeleton rearrangement in the presence of al-
kynes to finally afford zirconacyclopentadienes 4. For the
formation of 5 from 4, Takahashi and co-workers have pro-
posed a reaction path.[9] For the formation of 4 from the re-
action of an alkyne with 2, we assume that two pathways
might be considered. One is the associative path (Scheme 3,
path a), the other is a disassociative path (Scheme 3,
path b). In path a, coordination of the alkyne onto the zirco-
nium atom is assumed to be critical for inducing cleavage of
the C�C bond and Si�C bond in 2.


One-pot formation of alkynylsilyl–benzene derivatives from
three molecules of alkynes including one Si-tethered diyne :
Transition-metal-mediated selective aromatization of al-
kynes has attracted much attention.[1,12] The strategy of cou-
pling a tethered diyne with a monoyne has been successfully
applied to achieve preparation of bicyclic aromatic com-
pounds from these three triple bonds [Eq. (1) in
Scheme 4].[13] In recent years, one-pot construction of ben-
zene derivatives from three different monoynes has also
been developed [Eq. (2) in Scheme 4].[14–17] In this work, we
found that three triple bonds out of four [shown in Eq. (3)
in Scheme 4] could be highly selectively integrated into a
benzene derivative; one of the triple bonds in bis(alkynyl)si-


Scheme 2. Reaction of alkynes with 2 by means of skeleton rearrange-
ment.
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lanes 1 remains unreacted as a functional group attached to
the products.


Takahashi and co-workers have reported the CuCl-medi-
ated formation of benzene derivatives from reaction of zir-
conacyclopentadienes with dimethyl acetylenedicarboxylate
(DMAD).[2,14, 16] In our work, treatment of zirconacyclopen-
tadiene derivatives 4, generated in situ from bis(alkynyl)si-
lane 1 and monoalkynes via zirconacyclobutene intermedi-
ates 2, with one equivalent of DMAD in the presence of
CuCl afforded benzene derivatives 14 in high isolated yields
(Scheme 5). The structure of 14 b has been determined by
single-crystal X-ray structural analysis (Figure 1).[18] These
benzene derivatives are formed chemo- and regioselectively
from three different alkynes.


Interestingly, the in situ generated zirconacyclohexa-
diene–silacyclobutene fused-ring compounds 5 reacted with
DMAD in the presence of CuCl to give the same alkynylsil-
yl–benzene derivatives 14.


The reaction mechanism for CuCl-mediated formation of
benzene derivatives from zirconacyclopentadienes and
DMAD has been previously discussed in the literature.[16]


However, formation of benzene derivatives 14 from the six-
membered zirconacycles 5 is not clear yet. A novel skeletal
rearrangement must be involved in this CuCl-mediated ben-
zene formation reaction.


Reactions of ketones, aldehydes, and isocyanates with zirco-
nacyclobutene derivatives 2 affording allylic alcohols and


Scheme 3. Proposed reaction mechanisms from 2 to 4.


Scheme 4. Types of one-pot aromatization of alkynes.


Figure 1. X-ray structure of 14b. Selected bond lengths [�]: C1�C2 1.425
(3), C2�C3 1.399 (3), C3�C4 1.381 (3), C4�C5 1.409 (3), C5�C6 1.409
(3), C1�C6 1.400 (3), C25�C26 1.197 (3).


Scheme 5. Reactions of 4 and 5 with DMAD in the presence of CuCl.
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unsaturated amides : In addition to alkynes, ketones, alde-
hydes, and isocyanates were also found to be able to induce
the novel cleavage of C�C and C�Si bond (Scheme 6). Five-


membered oxazirconacyclopentenes 15[19, 20] are proposed to
be formed as the organometallic intermediates, probably by
similar reaction paths shown in Scheme 3. Allylic alcohols
16 were isolated in good yields after hydrolysis of the reac-
tion mixtures (Scheme 6). The results are listed in Table 1.


When 2 was treated with isocyanates, alkynylsilyl amides
were obtained in good yields upon hydrolysis or halogena-
tion of the reaction mixtures with I2 or NBS (Scheme 7).
Table 2 shows the results obtained. The structure of 17 a has
been determined by single-crystal X-ray structural analysis
(Figure 2).[21] Proposed reaction intermediates are given in
Scheme 8.[22]


Scheme 6. Reactions of 2 with ketones and aldehydes affording alkynyl-
silyl-substituted allylic alcohols.


Table 1. Zirconocene-mediated intermolecular coupling of a Si-tethered
diyne with a ketone or an aldehyde by means of novel skeletal rearrange-
ment of zirconacyclobutene–silacyclobutene fused-ring intermediates af-
fording allylic alcohols after hydrolysis.[a]


Entry Ketone or aldehyde Product 16 Yield [%][b]


RR’CO


1 16 a (75)


2 16 b (65)


3 16 c (80)


4 16 d 86 (82)


5 16 e 83 (63)


6 16 f 72 (63)


7 16 g 71 (69)


8 16 h 81 (81)


9 16 i 93 (79)


10 16 j (79)


[a] Reaction conditions are given in Scheme 6. [b] GC yields. Isolated
yields are given in parentheses.


Scheme 7. Reaction of 2 with isocyanates.


Table 2. Isolation of alkynylsilyl amides from zirconocene-mediated in-
termolecular coupling reaction of a Si-tethered diyne with an isocya-
nate.[a]


RNCO Products Yield [%][b]


17 and 18


17 a 62


17 b 55


17 c 43


17 d 64


18 a : X= I
18 b : X= Br


53
67


18 c : X = I
18 d : X= Br


60
55


[a] Reaction conditions are given in Scheme 7. [b] Isolated yields.
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Conclusion


Investigation into the reaction chemistry of isolable reactive
organometallic intermediates and applications of these inter-
mediates in organic synthesis have been of great interest. In
this work, we have studied on the reaction chemistry of zir-
conacyclobutene–silacyclobutene and zirconacyclohexa-
diene–silacyclobutene fused-ring compounds. Novel skeletal
rearrangements, though their mechanisms are not clear yet,
take place in all the reactions involving the zirconacyclobu-
tene and zirconacyclohexadiene derivatives. Through novel
skeletal rearrangement mechanisms, several synthetically
useful methods have been developed, including selective
cross-coupling of bis(alkynyl)silanes with monoynes, alde-
hydes, ketones, and isocyanates, and a new one-pot proce-
dure for the formation of alkynylsilyl–benzene derivatives
from four C�C triple bonds.


Experimental Section


General : Unless otherwise noted, all starting materials were commercial-
ly available and were used without further purification. All reactions in-
volving organometallic compounds were run under a slightly positive
pressure of dry N2 with use of standard Schlenk techniques. Zirconocene


dichloride was obtained from Nichia
Co. THF was refluxed and distilled
from sodium benzophenone ketyl
under a nitrogen atmosphere.
1H and 13C NMR spectra were record-
ed on a JEOL-300 MHz spectrometer.
GLC analysis was performed on a gas
chromatograph (Shimadzu 14B) equip-
ped with a flame ionization detector
using a capillary column (CBP1M25–
25). GLC yields were determined by
using suitable hydrocarbons as internal
standards.


General procedure for the reaction of
compounds 2 with alkynes leading to
alkynylsilyl butadienes (7 a–d): nBuLi
(2.1 mmol, 1.6m, 1.32 mL) was added
dropwise with a syringe to a solution
of Cp2ZrCl2 (1.05 mmol, 307 mg) in
THF (10 mL) at �78 8C (dry ice/ace-
tone) in a 20 mL Schlenk tube. After
the addition was complete, the reac-


tion mixture was stirred at �78 8C for 1 h. Then 1 mmol of bis(phenyl-
ethynyl)dimethylsilane (1) was added, and the reaction mixture was
warmed up to 50 8C and stirred at this temperature for 3 h. After an
alkyne (1.0 mmol) was added, the reaction mixture was stirred at this
temperature for 1 h. The reaction mixture was quenched with aqueous
HCl (1n), extracted with diethyl ether, then washed with saturated aque-
ous NaHCO3, water, and brine. The extract was dried over anhydrous
MgSO4. The solvent was evaporated in vacuo to give the crude product,
which was further purified by column chromatography.


Alkynylsilyl butadiene 7 a : Colorless liquid, GC yield 72%, isolated yield
71% (284 mg); 1H NMR (CDCl3, TMS): d=�0.07 (s, 6 H), 0.87 (t, J=


6.9 Hz, 3H), 0.94 (t, J= 6.9 Hz, 3 H), 1.26–1.60 (m, 8 H), 2.07 (t, J=


7.2 Hz, 2H), 2.32 (t, J =7.2 Hz, 2 H), 5.21 (t, J=7.5 Hz, 1 H), 5.85 (s, 1H),
7.17–7.45 ppm (m, 10H); 13C NMR (CDCl3, TMS): d=�0.17, 13.95,
14.03, 22.47, 22.85, 27.39, 28.55, 31.23, 31.76, 94.47, 105.01, 122.17, 123.43,
126.98, 127.51, 128.11, 128.30, 129.77, 131.92, 134.12, 142.46, 142.85,
160.45 ppm; HRMS: m/z calcd for C28H36Si: 400.2586; found: 400.2600.


Alkynylsilyl butadiene 7 b : Colorless liquid, isolated yield 75 % (279 mg);
1H NMR (CDCl3, TMS): d=�0.14 (s, 6H), 0.77 (t, J =7.5 Hz, 3H), 0.88
(t, J=7.2 Hz, 3 H), 1.18–1.28 (m, 2H), 1.37–1.49 (m, 2 H), 1.99 (q, J=


7.2 Hz, 2H), 2.24 (t, J =7.2 Hz, 2 H), 5.16 (t, J=7.5 Hz, 1 H), 5.78 (s, 1H),
7.10–7.38 ppm (m, 10H); 13C NMR (CDCl3, TMS): d=�0.17, 12.89,
13.21, 21.16, 21.73, 28.68, 29.88, 93.45, 103.99, 121.19, 122.39, 125.97,
126.52, 127.10, 127.30, 128.75, 130.92, 133.19, 141.44, 141.78, 159.43 ppm;
HRMS: m/z calcd for C26H32Si: 372.2273; found: 372.2266.


Alkynylsilyl butadiene [D2]-7 b : Obtained when the reaction mixture was
quenched with DCl/D2O instead of 1 n aqueous HCl. Colorless liquid,
isolated yield 77% (288 mg); 1H NMR (CDCl3, TMS): d=�0.07 (s, 6H),
0.84 (t, J =7.2 Hz, 3 H), 0.95 (t, J= 7.5 Hz, 3H), 1.10–1.65 (m, 4 H), 2.05
(t, J =7.5 Hz, 2 H), 2.31 (t, J =7.5 Hz, 2 H), 6.96–7.65 ppm (m, 10 H);
13C NMR (CDCl3, TMS): d=�0.15, 13.89, 14.22, 22.17, 22.72, 29.67,
30.78, 94.46, 105.03, 121.84 (t, J= 21 Hz), 123.43, 126.99, 127.53, 128.11,
128.30, 129.26, 131.92, 133.79 (t, J =21 Hz), 142.46, 142.70, 160.40 ppm;
HRMS: m/z calcd for C26H30D2Si: 374.2402; found: 374.2399.


Alkynylsilyl butadiene 7c : Colorless liquid, GC yield 84 %, isolated yield
77% (302 mg); 1H NMR (CDCl3, TMS): d=�0.20 (s, 6 H), 1.00 (t, J=


7.5 Hz, 3 H), 2.35 (q, J=7.5 Hz, 2H), 5.91 (s, 1H), 6.10 (s, 1 H), 6.99–
7.27 ppm (m, 15H); 13C NMR (CDCl3, TMS): d =�0.19, 13.98, 21.29,
94.08, 105.27, 125.03, 126.60, 127.31, 127.75, 127.91, 128.08, 128.12, 128.38,
128.68, 129.78, 131.56, 131.92, 138.13, 141.93, 146.71, 159.91 ppm; HRMS:
m/z calcd for C28H28Si: 392.1960; found: 392.1957.


Alkynylsilyl butadiene 7d : Colorless liquid, GC yield 81 %, isolated yield
77% (288 mg); 1H NMR (CDCl3, TMS): d=�0.07 (s, 6H), 0.08 (s, 9 H),
2.08 (s, 3 H), 5.34 (s, 1H), 6.01 (s, 1H), 7.16–7.44 ppm (m, 10H);
13C NMR (CDCl3, TMS): d=�0.33, �0.05, 19.77, 94.04, 105.24, 124.41,
126.36, 127.09, 127.56, 128.13, 128.38, 129.86, 131.95, 132.94, 141.85,


Figure 2. X-ray structure of 17 a. Selected bond lengths [�]: C1�C2 1.186 (4), C9�C10 1.329 (3), C10�C17
1.502 (3), C17�O 1.228 (3), C17�N 1.353 (3).


Scheme 8. Proposed reaction intermediates in the reaction of 2 with iso-
cyanates.
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153.20, 161.88 ppm; HRMS: m/z calcd for C24H30Si2: 374.1886; found:
374.1877.


General procedure for the reaction compounds 2 with alkynes leading to
alkylidene silacyclobutenes (8 a–c): After an alkyne (1.0 mmol) was
added to 2, the reaction mixture was stirred at reflux for 6 h. The reac-
tion mixture was quenched with aqueous HCl (1 n), extracted with dieth-
yl ether, then washed with saturated aqueous NaHCO3, water, and brine.
The extract was dried over anhydrous MgSO4. The solvent was evaporat-
ed in vacuo to give the crude product, which was further purified by
column chromatography.


Alkylidene silacyclobutene 8 a : Colorless liquid, GC yield 90%, isolated
yield 80 % (320 mg); 1H NMR (CDCl3, TMS): d =0.49 (s, 6H), 0.83 (t,
J =6.6 Hz, 3H), 0.99 (t, J =6.9 Hz, 3H), 1.26–1.52 (m, 8 H), 2.12 (t, J=


7.5 Hz, 2H), 2.26 (t, J =6.9 Hz, 2H), 5.46 (t, J=7.5 Hz, 1 H), 7.19–7.36
(m, 10H), 7.88 ppm (s, 1H); 13C NMR (CDCl3, TMS): d=�0.58, 13.96,
14.03, 22.55, 22.61, 27.76, 29.57, 30.60, 32.26, 126.53, 126.67, 126.86,
127.34, 128.00, 128.54, 131.84, 137.66, 138.63, 142.14, 142.89, 143.36,
148.55, 156.99 ppm; HRMS: m/z calcd for C28H36Si: 400.2586; found:
400.2594.


Alkylidene silacyclobutene 8b : Colorless liquid, isolated yield 66%
(246 mg); 1H NMR (CDCl3, TMS): d=0.42 (s, 6H), 0.76 (t, J =7.2 Hz,
3H), 0.95 (t, J =7.5 Hz, 3 H), 1.19–1.27 (m, 2 H), 1.42–1.49 (m, 2H), 2.02
(t, J=6.9 Hz, 2H), 2.17 (q, J=7.5 Hz, 2H), 5.39 (t, J= 7.2 Hz, 1 H), 7.14–
7.28 (m, 10H), 7.80 ppm (s, 1H); 13C NMR (CDCl3, TMS): d=�1.55,
13.09, 13.14, 20.65, 22.25, 29.23, 30.98, 125.55, 125.69, 125.87, 126.37,
127.03, 127.56, 130.90, 136.65, 137.66, 141.14, 141.95, 142.33, 147.60,
156.00 ppm; HRMS: m/z calcd for C26H32Si: 372.2273; found: 372.2275.


Alkylidene silacyclobutene [D2]-8 b : Obtained when the reaction mixture
was quenched with DCl/D2O instead of 1 n aqueous HCl. Colorless
liquid, GC yield 70%, isolated yield 66% (247 mg); 1H NMR (CDCl3,
TMS): d =0.49 (s, 6 H), 0.83 (t, J=7.2 Hz, 3H), 1.03 (t, J =7.5 Hz, 3H),
1.27–1.32 (m, 2 H), 1.49–1.57 (m, 2 H), 2.10 (t, J=7.5 Hz, 2 H), 2.24 (t, J =


7.2 Hz, 2H), 7.17–7.37 ppm (m, 10 H); 13C NMR (CDCl3, TMS): d=


�0.55, 14.10, 14.14, 21.67, 23.25, 30.14, 31.96, 126.57, 126.71, 126.89,
127.36, 128.04, 128.57, 131.51 (t, J=21 Hz), 137.67, 138.64, 142.17, 142.90,
143.30, 148.34 (t, J =21 Hz), 156.92 ppm; HRMS: m/z calcd for
C26H30D2Si: 374.2399; found: 374.2397.


Alkylidene silacyclobutene 8 c : Colorless liquid, isolated yield 77 %
(302 mg); 1H NMR (CDCl3, TMS): d=0.54 (s, 6H), 1.01 (t, J =7.2 Hz,
3H), 2.41 (q, J=7.2 Hz, 2H), 6.53 (s, 1 H), 7.21–7.43 (m, 15H), 7.95 ppm
(s, 1H); 13C NMR (CDCl3, TMS): d =�0.51, 12.96, 23.74, 126.51, 126.81,
126.85, 126.95, 127.60, 128.21, 128.27, 128.59, 128.85, 130.18, 137.46,
137.97, 141.68, 142.27, 143.38, 144.34, 148.13, 158.30 ppm; HRMS: m/z
calcd for C28H28Si: 392.1960; found: 392.1967.


General procedure for the preparation of alkynylsilyl–benzene deriva-
tives (14 a-c) from reaction of five-membered zirconacyclopentadienes 4
or six-membered zirconacyclohexadienes 5 with DMAD in the presence
of CuCl : Five-membered zirconacyclopentadienes 4 were generated in
situ as described above. After the reaction mixture was cooled to 0 8C,
DMAD (2 mmol) and CuCl (2 mmol) were added. The reaction mixture
was then warmed up to room temperature and stirred at room tempera-
ture for 6 h. The reaction mixture was quenched with aqueous HCl (1 n),
extracted with diethyl ether, then washed with saturated aqueous
NaHCO3, water and brine. The extract was dried over anhydrous MgSO4.
The solvent was evaporated in vacuo to give the crude product, which
was further purified by column chromatography.


Six-membered zirconacyclohexadienes 5 were generated in situ as de-
scribed above. After the reaction mixture was cooled to 0 8C, DMAD
(2 mmol) and CuCl (2 mmol) were added. The reaction mixture was then
warmed up to room temperature and stirred at room temperature for
6 h. Normal workup afforded the same alkynylsilyl–benzene derivatives
14.


Alkynylsilyl–benzene 14a : Colorless solid, m.p. 114–116 8C, isolated yield
74% (378 mg) from 4, isolated yield 66% from 5 ; 1H NMR (CDCl3,
TMS): d =�0.02 (s, 6 H), 0.68 (t, J= 7.5 Hz, 3H), 0.99 (t, J=7.5 Hz, 3H),
1.14–1.40 (m, 2H), 1.60–1.77 (m, 2H), 2.32–2.50 (m, 2 H), 2.60–2.75 (m,
2H), 3.79 (s, 3H), 3.89 (s, 3H), 7.11–7.62 ppm (m, 10 H); 13C NMR


(CDCl3): d=1.83, 14.63, 14.92, 24.07, 24.87, 32.15, 33.43, 52.11, 52.37,
93.83, 105.24, 123.27, 127.86, 127.93, 128.12, 128.36, 130.71, 131.94, 133.27,
133.58, 136.36, 139.70, 141.66, 142.00, 150.51, 169.73, 170.11 ppm; HRMS:
m/z calcd for C32H36O4Si: 512.2383; found: 512.2367.


Alkynylsilyl–benzene 14b : Colorless solid, isolated yield 69% (367 mg)
from 4, isolated yield 75% from 5 ; 1H NMR (CDCl3, TMS): d= 0.02 (s,
6H), 0.53 (t, J=7.2 Hz, 3H), 2.29–2.36 (q, J =7.2 Hz, 2 H), 3.43 (s, 3H),
3.80 (s, 3 H), 7.26–7.47 ppm (m, 15H); 13C NMR (CDCl3): d =1.74, 14.46,
23.78, 51.98, 52.23, 93.52, 105.38, 123.10, 127.46, 127.77, 127.97, 128.02,
128.11, 128.39, 129.36, 130.74, 131.90, 134.12, 135.22, 135.69, 138.30,
140.81, 141.09, 143.10, 150.29, 169.27, 169.45 ppm; HRMS: m/z calcd for
C34H32O4Si: 532.2070; found: 532.2033.


Alkynylsilyl–benzene 14c : Colorless solid, isolated yield 53% (273 mg)
from 4 ; 1H NMR (CDCl3, TMS): d =�0.04 (s, 6H), 0.34 (s, 9 H), 2.14 (s,
3H), 3.79 (s, 3H), 3.87 (s, 3H), 7.14–7.45 ppm (m, 10 H); 13C NMR
(CDCl3): d =1.71, 1.75, 23.02, 52.19, 52.41, 93.32, 105.51, 123.15, 127.77,
128.12, 128.35, 128.39, 130.22, 131.88, 135.10, 135.55, 137.95, 138.45,
141.99, 144.45, 149.77, 169.83, 170.67 ppm; HRMS: m/z calcd for
C30H34O4Si2: 514.1996 found 514.1963.


General procedure for the reaction of compounds 2 with ketones and al-
dehydes leading to alkynylsilyl allylic alcohols (16 a–j): After a ketone or
an aldehyde (1.0 mmol) was added to 2, the reaction mixture was stirred
at 50 8C for 3 h. The reaction mixture was quenched with aqueous HCl
(1 n), extracted with diethyl ether, and then washed with saturated aque-
ous NaHCO3, water and brine. The extract was dried over anhydrous
MgSO4. The solvent was evaporated in vacuo to give the crude product,
which was further purified by column chromatography.


Alkynylsilyl allylic alcohol 16a : Colorless liquid, isolated yield 75 %
(270 mg); 1H NMR (CDCl3, TMS): d =�0.11 (s, 6 H), 1.44–1.63 (m, 4 H),
1.83–2.04 (m, 4 H), 2.32–2.38 (m, 2 H), 5.41–5.46 (br, 1 H), 6.12 (s, 1H),
7.16–7.44 ppm (m, 10H); 13C NMR (CDCl3, TMS): d=�0.37, 21.86,
25.27, 36.11, 74.82, 93.91, 105.09, 121.75, 123.23, 127.08, 127.41, 128.07,
128.32, 129.85, 131.85, 140.50, 166.97 ppm; HRMS: m/z calcd for
C24H28OSi: 360.1909; found: 360.1900.


Alkynylsilyl allylic alcohol 16b : Pale yellow liquid, isolated yield 65%
(244 mg); 1H NMR (CDCl3, TMS): d =�0.09 (s, 6 H), 0.73–1.13 (m, 6 H),
1.23–1.89 (m, 8H), 1.96–2.00 (br, 1 H), 6.02 (s, 1 H), 7.14–7.66 ppm (m,
10H); 13C NMR (CDCl3, TMS): d =�0.32, 14.33,16.76, 41.49, 78.90,
93.94, 105.09, 123.26, 123.75, 127.18, 127.57, 128.06, 128.29, 129.15, 131.81,
140.68, 163.83 ppm; HRMS: m/z calcd for C25H32OSi: 376.2222; found:
376.2217.


Alkynylsilyl allylic alcohol 16c : Yellow liquid, isolated yield 80 %
(306 mg); 1H NMR (CDCl3, TMS): d =�0.09 (s, 6 H), 1.69 (s, 3 H), 2.20–
2.26 (br, 1 H), 6.27 (s, 1 H), 6.29–6.49 ppm (m, 15H); 13C NMR (CDCl3,
TMS): d=�0.42, �0.38, 28.47, 77.95, 93.66, 105.31, 122.77, 123.10, 125.80,
126.85, 127.23, 127.25, 127.84, 128.03, 128.31, 129.77, 131.78, 139.55,
145.33, 164.32 ppm.


Alkynylsilyl allylic alcohol 16 d : Yellow liquid, GC yield 86%, isolated
yield 82% (325 mg); 1H NMR (CDCl3, TMS): d =�0.03 (s, 6H), 1.01 (t,
J =7.2 Hz, 3H), 1.90–1.96 (br, 1 H), 2.16 (q, J =7.2 Hz, 2 H), 6.31 (s, 1H),
6.72–7.44 ppm (m, 15 H); 13C NMR (CDCl3): d=�0.40, �0.32, 7.96,
32.22, 80.28, 93.76, 105.31, 123.20, 123.52, 126.32, 126.81, 127.37, 127.41,
127.86, 128.14, 128.43, 129.83, 131.91, 139.59, 144.40, 163.32 ppm; HRMS:
m/z calcd for C27H28OSi: 396.1909; found: 396.1909.


Alkynylsilyl allylic alcohol 16 e : Yellow liquid, GC yield 83 %, isolated
yield 63 % (250 mg); 1H NMR (CDCl3, TMS): d =�0.10 (s, 3H), �0.08
(s, 3 H), 1.70 (s, 3H), 1.96–2.00 (br, 1H), 2.35 (s, 3H), 6.24 (s, 1H), 6.80–
7.44 ppm (m, 14 H); 13C NMR (CDCl3): d=�0.38, �0.33, 21.04, 28.70,
78.03, 93.77, 105.30, 122.82, 125.78, 127.38, 128.14, 128.49, 128.72, 129.90,
131.93, 136.60, 139.68, 142.54, 164.43 ppm; HRMS: m/z calcd for
C27H28OSi: 396.1909; found: 396.1897.


Alkynylsilyl allylic alcohol 16 f : Colorless liquid, GC yield 72%, isolated
yield 63 % (262 mg); 1H NMR (CDCl3, TMS): d =�0.10 (s, 3H), �0.07
(s, 3 H), 1.70 (s, 3 H), 2.00–2.04 (br, 1 H), 6.23 (s, 1 H), 6.78–7.44 ppm (m,
14H); 13C NMR (CDCl3): d=�0.45, �0.37, 28.80, 77.84, 93.46, 105.48,
123.09, 123.62, 127.39, 127.54, 127.59, 128.08, 128.16, 128.49, 129.85,
131.90, 132.79, 139.17, 144.15, 163.74 ppm.
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Alkynylsilyl allylic alcohol 16 g : Yellow liquid, GC yield 71 %, isolated
yield 69 % (298 mg); 1H NMR (CDCl3, TMS): d =�0.08 (s, 3H), �0.05
(s, 3 H), 1.81 (s, 3 H), 1.96–2.04 (br, 1 H), 6.32 (s, 1 H), 6.80–7.83 ppm (m,
17H); 13C NMR (CDCl3): d=�0.39, �0.32, 28.76, 78.34, 93.66, 105.44,
123.16, 123.77, 124.22, 124.66, 125.84, 125.96, 127.45, 127.73, 128.13,
128.25, 128.44, 129.85, 131.91, 132.47, 132.98, 139.44, 142.88, 163.95 ppm;
HRMS: m/z calcd for C30H28OSi: 432.1909; found: 432.1900.


Alkynylsilyl allylic alcohol 16 h : Yellow liquid, GC yield 81%, isolated
yield 81 % (298 mg); 1H NMR (CDCl3, TMS): d=�0.01 (s, 6 H), 2.16 (br,
1H), 5.42 (s, 1H), 6.23 (s, 1H), 6.99–7.43 ppm (m, 15 H); 13C NMR
(CDCl3): d=�0.26, �0.15, 79.48, 93.63, 105.52, 123.16, 127.01, 127.54,
127.69, 127.71, 128.12, 128.28, 128.44, 129.11, 131.93, 140.02, 141.22,
161.17 ppm; HRMS: m/z calcd for C25H24OSi: 368.1596; found: 368.1600.


Alkynylsilyl allylic alcohol 16 i : Colorless liquid, GC yield 93%, isolated
yield 79 % (315 mg); 1H NMR (CDCl3, TMS): d=�0.01 (s, 6 H), 2.08 (br,
1H), 3.77 (s, 3 H), 5.37 (s, 1H), 6.21 (s, 1 H), 6.78–7.43 ppm (m, 14H);
13C NMR (CDCl3): d=�0.22, �0.13, 55.20, 78.98, 93.74, 105.51, 113.73,
122.69, 123.21, 127.49, 127.69, 128.14, 128.36, 128.44, 129.10, 131.95,
133.43, 140.27, 159.20, 161.43 ppm; HRMS: m/z calcd for C26H26O2Si:
398.1702; found: 398.1709.


Alkynylsilyl allylic alcohol 16 j : Yellow liquid, isolated yield 79%
(351 mg); 1H NMR (CDCl3, TMS): d =�0.02 (s, 3 H), �0.03 (s, 3H),
5.27(s, 1 H), 5.59 (br, 1 H), 6.09 (s, 1 H), 6.86–7.45 ppm (m, 19H);
13C NMR (CDCl3): d=�0.25, �0.14, 0.56, 0.64, 78.16, 79.10, 93.44, 93.64,
105.53, 107.21, 123.13, 126.88, 126.92, 126.98, 127.19, 127.40, 127.52,
127.67, 127.91, 127.95, 128.09, 128.15, 128.40, 128.62, 128.66, 128.83,
129.08, 131.81, 131.87, 139.19, 140.00, 140.22, 140.28, 140.33, 140.59,
140.72, 141.76, 142.78, 143.08, 166.11 ppm; HRMS: m/z calcd for
C31H28OSi: 444.1909; found: 444.1892.


General procedure for the reaction of compounds 2 with isocyanates
leading to alkynylsilyl amides (17 a–d, 18a–d): After an isocyanate
(1.0 mmol) was added to 2, the reaction mixture was stirred at 30 8C for
6 h. Quench of the reaction mixture with aqueous HCl (1 n) followed by
normal workup afforded products 17; treatment of the reaction mixture
with I2 (1 mmol) or NBS (1 mmol) followed by normal workup afforded
halogenated products 18.


Alkynylsilyl amide 17 a : Colorless solid, isolated yield 62% (245 mg);
1H NMR (CDCl3, TMS): d=0.06 (s, 6 H), 2.26 (s, 3 H), 7.04–7.41 ppm (m,
16H); 13C NMR (CDCl3): d=�0.88, 20.76, 91.87, 106.32, 119.80, 122.76,
128.08, 128.57, 128.72, 128.82, 129.30, 129.63, 131.85, 134.07, 135.07,
137.20, 137.93, 151.01, 163.72 ppm; HRMS: m/z calcd for C26H25NOSi:
395.1705; found: 395.1671.


Alkynylsilyl amide 17 b : Yellow liquid, isolated yield 55 % (228 mg);
1H NMR (CDCl3, TMS): d=0.06 (s, 6 H), 7.22–7.45 ppm (m, 16H);
13C NMR (CDCl3): d=�0.85, 91.73, 106.49, 121.07, 122.79, 128.17,
128.69, 128.92, 128.94, 129.07, 129.50, 129.71, 131.94, 136.26, 136.99,
138.96, 150.54, 163.86 ppm; HRMS: m/z calcd for C25H22ClNOSi:
415.1159; found: 415.1171.


Alkynylsilyl amide 17c : Yellow liquid, isolated yield 43% (197 mg);
1H NMR (CDCl3, TMS): d=0.06 (s, 6 H), 7.29–7.45 ppm (m, 16H);
13C NMR (CDCl3): d=�0.86, 91.71, 106.49, 117.12, 121.37, 122.77,
128.16, 128.69, 128.93, 129.07, 129.70, 131.86, 131.93, 136.74, 136.94,
139.00, 150.52, 163.85 ppm; HRMS: m/z calcd for C25H22BrNOSi:
459.0654; found: 459.0640.


Alkynylsilyl amide 17 d : Yellow liquid, isolated yield 64 % (253 mg);
1H NMR (CDCl3, TMS): d=0.03 (s, 6H), 4.49 (d, J=5.7 Hz, 2H), 7.21–
7.39 ppm (m, 17H); 13C NMR (CDCl3): d=�0.83, 44.05, 92.04, 106.24,
122.87, 127.36, 127.41, 128.15, 128.63, 129.61, 131.94, 137.49, 137.58,
138.10, 150.47, 166.04 ppm; HRMS: m/z calcd for C26H25NOSi: 395.1705;
found: 395.1690.


Alkynylsilyl amide 18 a : Colorless solid, isolated yield 53% (276 mg);
1H NMR (CDCl3, TMS): d=0.22 (s, 6 H), 2.30 (s, 3 H), 7.11–7.48 ppm (m,
15H); 13C NMR (CDCl3): d=1.05, 20.87, 91.34, 106.04, 107.54, 120.25,
122.57, 128.14, 128.51, 128.85, 129.24, 129.51, 131.97, 134.51, 134.54,
137.47, 158.76, 167.88 ppm; HRMS: m/z calcd for C26H24INOSi:
521.0672; found: 521.0666.


Alkynylsilyl amide 18b : Colorless solid, isolated yield 67% (317 mg);
1H NMR (CDCl3, TMS): d=0.23 (s, 6 H), 2.30 (s, 3 H), 7.13–7.50 ppm (m,
15H); 13C NMR (CDCl3): d=0.19, 20.87, 90.56, 107.45, 120.17, 122.47,
125.61, 128.16, 128.52, 128.82, 128.91, 129.28, 129.51, 132.04, 134.47,
134.63, 136.46, 152.96, 166.06 ppm; HRMS: m/z calcd for C26H24BrNOSi:
473.0811; found: 473.0788.


Alkynylsilyl amide 18c : Yellow liquid, isolated yield 60% (313 mg);
1H NMR (CDCl3, TMS): d=0.18 (s, 6H), 4.52 (d, J=5.7 Hz, 2H), 7.26–
7.41 ppm (m, 16H); 13C NMR (CDCl3): d=�0.83, 43.82, 91.36, 105.60,
107.43, 122.63, 127.64, 128.09, 128.28, 128.38, 128.45, 128.63, 129.10,
131.95, 137.34, 137.58, 137.71, 158.86, 170.03 ppm; HRMS: m/z calcd for
C26H24INOSi: 521.0672; found: 521.0666.


Alkynylsilyl amide 18 d : Yellow liquid, isolated yield 55 % (260 mg);
1H NMR (CDCl3, TMS): d=0.19 (s, 6H), 4.52 (d, J=5.7 Hz, 2H), 7.26–
7.44 ppm (m, 16 H); 13C NMR (CDCl3): d =0.17, 43.78, 90.59, 107.34,
122.52, 125.21, 127.64, 128.11, 128.16, 128.47, 128.67, 128.70, 128.85,
129.16, 132.03, 136.71, 137.49, 153.03, 168.23 ppm.
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Removal of Fluorine from and Introduction of Fluorine into
Polyhalopyridines: An Exercise in Nucleophilic Hetarenic Substitution


Carla Bobbio, Thierry Rausis, and Manfred Schlosser*[a]


Introduction


Fluorine is a marvelous tool for engineering biorelevant
properties such as acidity, lipophilicity, and metabolic stabili-
ty.[1] This creates a demand for novel fluorinated compounds
equipped with suitable functionality, which can be incorpo-
rated as attractive building blocks into potential lead struc-
tures. Unlike the abundantly documented fluorinated benzo-
ic acids, benzaldehydes, or areneboronic acids, heterocyclic
analogues thereof are yet rather rare.


By using our toolbox methods,[2] we have functionalized
2-fluoropyridine,[3] 3-fluoropyridine,[4] and 2,6-difluoropyri-
dine[5] in a regiochemically exhaustive fashion. This means
each vacant position is selectively made amenable to substi-
tution.


Since the key intermediates in the reaction sequences are
polar organometallic species, they can be trapped by all
kinds of electrophilic reagents. The choice is embarrassingly
wide indeed. Virtually any imaginable functional entity can
be attached to the core compound. Carboxylation, our stan-
dard derivatization method, represents just one out of
dozens, if not hundreds, of possibilities.


When we began to extend our studies to 2,3-, 2,4-, and
2,5-difluoropyridines,[3,6] we faced a practical problem. As
none of these new substrates is commercially supplied nor


described in easily reproducible literature procedures, we
set about convenient improved methods of preparation, and
providing a suitable route to the missing difluoropyridines
and, by extension, trifluoropyridines, and tetrafluoropyridines.


The most critical issue concerned the logistics. We decided
to rely on just a few technically or commercially available
substances as starting materials. Thus we selected 2- and 3-
fluoropyridine which, like the unstable 4-isomer, can be
readily prepared from the corresponding aminopyridines by
fluorodediazotation (Scheme 1).[7–11] In addition, we picked


5-chloro-2,3-difluoropyridine,[12–14] which is made from 2,3,5-
trichloropyridine (Scheme 1) and serves as an important in-
dustrial intermediate for the manufacture of a herbicide,


[a] C. Bobbio, T. Rausis, Prof. M. Schlosser
Institute of Chemical Sciences and Engineering
Ecole Polytechnique F�d�rale, BCh
1015 Lausanne (Switzerland)
E-mail : manfred.schlosser@epfl.ch


Abstract: Starting from six industrially
available fluorinated pyridines, an ex-
pedient access to all three tetrafluoro-
pyridines (2–4), all six trifluoropyri-
dines (5–10), and the five non-commer-
cial difluoropyridines (11–14 and 16)
was developed. The methods employed
for the selective removal of fluorine


from polyfluoropyridines were the re-
duction by metals or complex hydrides
and the site-selective replacement by


hydrazine followed by dehydrogena-
tion–dediazotation or dehydrochlorina-
tion–dediazotation. To introduce an
extra fluorine atom, a suitable precur-
sor was metalated and chlorinated
before being subjected to a chlorine/
fluorine displacement process.


Keywords: fluorine · hydrazino
compounds · hydrogenation · metal-
ation · nucleophilic substitution


Scheme 1.


Chem. Eur. J. 2005, 11, 1903 – 1910 DOI: 10.1002/chem.200400837 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1903


FULL PAPER







and finally we resorted to 3,5-dichlorotrifluoropyridine, 3-
chlorotetrafluoropyridine, and pentafluoropyridine, the


three latter being concomitantly produced by chlorine/fluo-
rine displacement (“halex”) from pentachloropyridine.[15, 16]


Scheme 2. Synopsis of the “downstream and upstream” modes of access to oligofluoropyridines. A : Defluorination using metals or complex metal hy-
drides; B : catalytic hydrogenation; C1: reaction with hydrazine followed by dehydrochlorinative dediazotation; C2 : reaction with hydrazine followed by
dehydrogenative dediazotation; C3 : like C2 but preceded by metalation and trialkylsilylation and terminated by protodesilylation; D : metalation and
chlorination (or bromination); E : chlorine(bromine)/fluorine displacement.
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2-Fluoropyridine is particularly inexpensive (50 E per mol)
and the retail price of the other compounds is still moderate
(150–250 E per mol).


Our results will be subdivided into work aimed at the in-
troduction of one additional fluorine atom into insufficiently
halogenated precursors and removal of one or several fluo-
rine atoms from excessively halogenated precursors. As one
can easily recognize, the “upstream” and “downstream”
modes are complementary. Only by applying them conjoint-
ly, the fixed objectives could be attained (see Scheme 2).


Results and Discussion


Removal of chlorine or fluorine from polyhalopyridines :
The selective reduction of pentafluoropyridine (1) to 2,3,5,6-
tetrafluoropyridine (2) by catalytic hydrogenation[17] or with
lithium aluminum hydride[18] has been reported (Scheme 3).


We achieved a much higher yield (90% rather than 60 %)
under more convenient conditions when we used zinc
powder in aqueous ammonia as the reagent at 0 8C rather
than at + 25 8C, as recommended.[19] The analogous removal
of the fluorine atom from the 4-position of 3-chlorotetra-
fluoropyridine (17) proceeded most readily with sodium bor-
ohydride in ethanol affording 3-chloro-2,5,6-trifluoropyri-
dine (19 ; 92 %) as the sole product (Scheme 3).


With one exception, the replacement of chlorine was
always accomplished by transfer hydrogenation using palla-
dium on charcoal as the catalyst and ammonium formate as
the hydrogen source. The reaction temperature and time
(generally 25 8C for 6 h) and the solvent (mostly 1-octanol)
were adapted to the situation when appropriate. In this way


(see Scheme 4) 3-chlorotetrafluoropyridine (17) was cleanly
converted into 2,3,4,6-tetrafluoropyridine (4 ; 89 %), 3-
chloro-2,5,6-trifluoropyridine (19) into 2,3,6-trifluoropyri-
dine (8 ; 74 %), 3,5-dichlorotrifluoropyridine (20) into 2,4,6-
trifluoropyridine (10 ; 85 %), 5-chloro-2,3-difluoropyridine
(24) into 2,3-difluoropyridine (13 ; 75 %), 3-chloro-2,5-di-
fluoropyridine (25) into 2,5-difluoropyridine (14 ; 70 %) and
3-chloro-2,4-difluoropyridine (26) into 2,4-difluoropyridine
(16 ; 77 %).


In a single instance the discrimination between the heavi-
er and the lighter halogen proved imperfect. The catalytic
hydrogenation of 3-chloro-4,5-difluoropyridine (22) provid-
ed a 5:95 mixture of 3-fluoropyridine (4 %), evidently
formed through 3-chloro-5-fluoropyridine (29), and 3,4-di-
fluoropyridine (12 ; 75 %; Scheme 5).


Our only case of a non-hydrogenolytic dechlorination
concerns 3-chloro-2,5,6-trifluoropyridine (20) as the sub-
strate. Hydrazine was found to displace with amazing selec-
tivity the fluorine atom accommodated at the 6- rather than
that at the 2-position. Arylhydrazines and hetarylhydrazines
being extremely versatile intermediates, they can undergo
dediazotation in various ways.[6,20] When the 3-chloro-2,5-di-
fluoro-6-hydrazinopyridine (32) was heated with an aqueous
solution of sodium hydroxide under reflux, the nitrogen and
chlorine atoms were lost simultaneously thus giving rise to
2,5-difluoropyridine (14 ; 75 %; Scheme 6). The dehydrohalo-


genation/dediazotation sequence obviously involves a (het)-
arylhydrazine tautomer[21,22] which suffers consecutive 1,6-
elimination of hydrogen chloride and 1,2-elimination of dini-
trogen. On the other hand, when the hydrazinopyridine 32
was treated with cupric sulfate, dehydrogenation generated
directly a hetaryldiazene which collapsed to 3-chloro-2,5-di-
fluoropyridine (25 ; 67 %; Scheme 6).


Scheme 3.


Scheme 4.


Scheme 5.


Scheme 6.
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The dehydrogenation/dediazotation method was applied
to several other hydrazinopyridines (Scheme 7). Thus, 2,3,5-
trifluoropyridine (6, 65 %) was made from 2,3,5,6-
tetrafluoropyridine (2) through the hydrazine derivative 33
(88 %), 3,5-difluoropyridine (11; 79 %) from 2,3,5-trifluoro-
pyridine (6) through intermediate 34 (68 %) and 3-chloro-5-
fluoropyridine (29 ; 72 %) from 5-chloro-2,3-difluoropyridine
(24) through intermediate 35 (87 %) and 2,3,6-trifluoropyri-
dine (8 ; 73 %) from 2,3,4,6-tetrafluoropyridine (49) through
intermediate 36 (90%).


When both 2-(6-) and 4-positions of a pyridine bear fluo-
rine atoms, hydrazine invariably attacks the latter site. How-
ever, the nucleophilic substitution can be redirected to the
2-(6-)position by screening the 4-halogen with a bulky trial-
kylsilyl group which can be readily attached to halopyridines
such as 4, 7, and 10 by lithiation followed by condensation


with the respective chlorotrialkylsilane (Scheme 8).[19,20] In
that way, the silanes 37, 39, and 41 (91, 82, and 91 %) fur-
nished a set of silylated 2-hydrazinopyridines 38, 40, and 42
(96, 96, and 98 %) which were converted into the defluori-
nated pyridines 9, 12, and 16 (65, 60, and 51 %) by protode-
silylation performed with tetrabutylammonium fluoride hy-
drate (TBAF) and oxidation with cupric sulfate or manga-
nese dioxide.


Introduction of chlorine into pyridines and its displacement
by fluorine : The “upstream” strategy consists of the site-spe-
cific insertion of a heavier halogen, in particular chlorine,
and its subsequent displacement by fluorine in a “halex” op-
eration. As with the silylation described in the preceding
paragraph, organometallic species generated by permuta-
tional hydrogen/metal interconversion acted as the crucial
intermediates to which the extra halogen was delivered.
Thus, 2,3,5-trifluoropyridine (6), 3,5-difluoropyridine (11),
and 2,3-difluoropyridine (13) were all deprotonated by bu-
tyllithium at the 4-position. Treatment with molecular bro-
mine and hexachloroethane or 1,1,2-trichloro-1,2,2-trifluoro-
ethane provided 4-bromo-2,3,5-trifluoro-pyridine (18 ; 78 %),
4-chloro-3,5-difluoropyridine (21; 73 %) and 4-chloro-2,3-di-
fluoropyridine (23 ; 81 %; Scheme 9). These compounds re-


acted with spray-dried potassium fluoride in anhydrous di-
methyl sulfoxide and in the presence of small amounts of
tetramethylammonium chloride to give 2,3,4,5-tetrafluoro-
pyridine (3 ; 70 %), 3,4,5-trifluoropyridine (5 ; 51 %) and
2,3,4-trifluoropyridine (7; 75 %), respectively.


The access to 3,4-difluoropyridine (12) starting from 3-flu-
oropyridine (deprotonated by lithium diisopropylamide,
LIDA) through 4-chloro-3-fluoropyridine (27; 68 %) was
hampered by very poor yields at the halogen exchange
stage. A far superior route (Scheme 10) departs from 3-
chloro-5-fluoropyridine (29 ; made from 5-chloro-2,3-
difluoropyridine (24) by dehydrogenation–dediazotation of
the 2-hydrazino derivative; see above) and passes through
3,4-dichloro-5-fluoropyridine (28 ; 78 %) and 3-chloro-4,5-di-
fluoropyridine (22 ; 71 %) before being terminated with the
catalytic hydrogenation of the latter intermediate (see above).


Scheme 7.


Scheme 8.


Scheme 9.
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Catalytic hydrogenation was also the last step in the se-
quence leading from 2-fluoropyridine to 2,4-difluoropyridine
(16 ; 77 %; Scheme 11). This time the temporary help of
even two chlorine atoms was required. The first one was in-


troduced after prior metalation into the 3-position and the
second analogously into the 4-position. The 3,4-dichloro-2-
fluoropyridine (28 ; 78 %) thus obtained was subjected to the
standard “halex” procedure to afford the required 3-chloro-
2,4-difluoropyridine (26 ; 79 %).


Conclusion


Using inexpensive starting materials, we have developed
simple and expedient protocols that make all non-commer-
cial di-, tri-, and tetrafluoropyridines readily available. The
synthetic approach is once more tributary to the interven-
tion of selective organometallic methods. The results dis-
closed are of practical importance and, at the same time,
mirror mechanistically fascinating facets.


Experimental Section


Generalities : Details concerning standard operations and abbreviations
can be found in previous publications from this laboratory.[23–25] 1H and
(1H-decoupled) 13C NMR spectra were recorded at 400 and 101 MHz, re-
spectively, samples having been dissolved in CDCl3 or, if marked by an
asterisk (*), in [D6]acetone. Whenever possible and appropriate, yields
and purities of products were determined, prior to isolation, by gas chro-
matographic comparison of their peak areas with that of a known


amount of a reference substance (“internal standard”) and correction of
the ratios thus obtained by means of separately established calibration
factors. The stationary phases employed are encoded as DB-23 (silicone
type) and DB-WAX (polyethylene glycol type).


Defluorinations using metals or complex hydrides


2,3,5,6-Tetrafluoropyridine (2): Pentafluoropyridine (1; 55 mL, 85 g,
0.50 mol) and zinc powder (0.13 kg, 2.0 mol) were stirred in a 20% aque-
ous solution (0.50 L) of ammonia at 0 8C. After 6 h, the mixture was di-
luted with water (1.0 L) and the product was purified by steam distilla-
tion. Distillation at atmospheric pressure afforded 2 as a colorless liquid
(68.2 g; 90 %) ; b.p. 101.5–102 8C (ref. [18] 102 8C). 1H NMR: d=


7.73 ppm (quint, J= 7.1 Hz, 1H).


3-Chloro-2,5,6-trifluoropyridine (19): 3-Chloro-2,4,5,6-tetrafluoropyridine
(17; 93 g, 0.50 mol) was slowly added to sodium borohydride (29 g,
0.75 mol) in anhydrous ethanol (0.25 L) keeping the internal temperature
between �10 8C and 0 8C, the first third of the reagent was added in the
course of 1 h, the rest over about 15 min. At 0 8C, the mixture was treated
with 1.5 % sulfuric acid (0.80 L). The lower phase was separated to afford
19 (68.1 g; 81%). An additional amount of 19 (9.1 g; 11 %) was obtained
by extraction of the aqueous phase with pentanes (3 � 40 mL); b.p. 134–
135 8C (ref. [26] 71 8C/99 Torr). 1H NMR: d =7.78 ppm (q, J =7.3 Hz,
1H).


Catalytic hydrogenation of chlorofluoropyridines


2,3,4,6-Tetrafluoropyridine (4): The slurry containing 5-chloro-2,3,4,6-tet-
rafluoropyridine (17; 93 g, 0.50 mol), ammonium formate (32 g,
0.50 mol), 10% palladium on charcoal (13 g, 12 mmol), and octanol
(0.25 L) was stirred at 25 8C for 6 h. The product was directly flash distil-
led from the reaction mixture under reduced pressure and redistilled at
atmospheric pressure; colorless liquid; b.p. 94–96 8C (ref. [17] 89–90 8C);
yield: 67.2 g (89 %). 1H NMR: d= 6.73 ppm (dddd, J= 8.0, 4.5, 2.9,
1.6 Hz, 1 H).


2,3,6-Trifluoropyridine (8): Prepared analogously from 3-chloro-2,5,6-tri-
fluoropyridine (19 ; 84 g, 0.50 mol); colorless liquid; b.p. 115–117 8C (ref.
[17] 115–116 8C); yield: 49.2 g (74 %). 1H NMR: d= 7.71 (tdd, J= 9.0, 8.0,
6.1 Hz, 1 H), 6.84 ppm (ddd, J=8.6, 3.2, 2.2 Hz, 1H).


2,4,6-Trifluoropyridine (10): Prepared analogously from 3,5-dichloro-
2,4,6-trifluoropyridine (20 ; 0.10 kg, 0.50 mol) by using 63 g (1.0 mol) of
ammonium formate; colorless liquid; b.p. 98 8C (ref. [17] 94–95 8C); yield:
56.6 g (85 %). 1H NMR: d =6.60 ppm (dt, J=7.7, 1.0 Hz, 2 H).


3,4-Difluoropyridine (12): Prepared analogously from 3-chloro-4,5-di-
fluoropyridine (22 ; 22 g, 0.15 mol) using ammonium formate (9.5 g,
0.15 mol, added in three portions in 1 h intervals) under heating to 45 8C
for 6 h; colorless liquid; b.p. 101–103 8C; yield: 13.6 g (79 %). According
to gas chromatography (30 m; DB-WAX; 35 8C; DB-23; 35 8C), the prod-
uct contained 4% of 3-fluoropyridine. See later for analytical and spec-
tral data of the pure compound.


2,3-Difluoropyridine (13): 5-Chloro-2,3-difluoropyridine (23 ; 75 g,
0.50 mol), ammonium formate (63 g, 1.0 mol) and 10% palladium on
charcoal (27 g, 25 mmol) were stirred in 80 % acetic acid (0.25 L) at 25 8C
for 6 h. After filtration and washing with water (0.25 L), the filtrate was
neutralized before being steam distilled; colorless liquid; b.p. 119–121 8C
(ref. [27] 118 8C); yield: 43.2 g (75 %). 1H NMR: d =7.99 (dt, J =4.9,
1.5 Hz, 1H), 7.57 (dtd, J=9.4, 8.1, 1.5 Hz, 1 H), 7.19 ppm (ddd, J =8.0,
4.9, 3.3 Hz, 1H).


2,5-Difluoropyridine (14): Prepared analogously starting from 3-chloro-
2,5-difluoropyridine (25 ; 22 g, 0.15 mol) and stirring for 2 h at 25 8C; col-
orless liquid; b.p. 113–115 8C (ref. [28] 115–117 8C); m.p. �35 to �33 8C;
n20


D 1.4431; yield: 12.1 g (70 %). 1H NMR: d=8.06 (dd, J =2.9, 1.6 Hz,
1H), 7.5 (symm. m, 1H), 6.93 ppm (dt, J =9.0, 3.5 Hz); 13C NMR: d=


159.2 (d, J =236 Hz), 157.4 (dd, J =251, 5 Hz), 134.6 (dd, J =28, 17 Hz),
128.2 (dd, J=22, 9 Hz), 110.5 ppm (dd, J=42, 5 Hz); elemental analysis
calcd (%) for C5H3F2N (115.08): C 52.18, H 2.63; found: C 52.20, H 2.68.


2,4-Difluoropyridine (16): 3-Chloro-2,4-difluoropyridine (26 ; 22 g,
0.15 mol), 10 % palladium on charcoal (8.0 g, 7.5 mmol) and ammonium
formate (19 g, 0.30 mol, added in two portions in 2 h intervals), were
heated at 75 8C in octanol (75 mL) for 4 h. The product was flash-distilled
from the reaction mixture under reduced pressure and redistilled at at-


Scheme 10.


Scheme 11.
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mospheric pressure; colorless liquid; b.p. 105–106 8C (ref. [29] 107 8C);
yield: 13.3 g (77 %). 1H NMR: d=8.22 (dd, J =8.6, 5.6 Hz, 1H), 6.96
(dddd, J=7.8, 5.9, 2.3, 0.6 Hz, 1H), 6.67 ppm (dt, J=8.6, 2.1 Hz, 1H).


Dehalogenation through hydrazino derivatives


Fluoro(trialkylsilyl)pyridines :


2,3,4,6-Tetrafluoro-5-(trimethylsilyl)pyridine (37): Diisopropylamine
(28 mL, 20 g, 0.20 mol), 2,3,4,6-tetrafluoropyridine (4 ; 30 g, 0.20 mol) and
chlorotrimethylsilane (25 mL, 22 g, 0.20 mol) in tetrahydrofuran (0.10 L)
were consecutively added to a solution containing butyllithium (0.20 mol)
in tetrahydrofuran (0.25 L) and hexanes (0.15 L) cooled in a dry ice/
methanol bath. After 45 min at �75 8C, the mixture was treated with
water (0.10 L). Upon distillation, a colorless liquid (40.6 g; 91 %) was col-
lected; b.p. 67–69 8C/20 Torr (reference [30] 71–73 8C/20 Torr).


2,3,4-Trifluoro-5-(triethylsilyl)pyridine (39): Diisopropylamine (28 mL,
20 g, 0.20 mol) and 2,3,4-trifluoropyridine (7; 27 g, 0.20 mol) were added
consecutively to a solution of butyllithium (0.20 mol) in hexanes (0.15 L)
and tetrahydrofuran (0.35 L) cooled in a dry ice/methanol bath. After 2 h
at �75 8C, the mixture was treated with chlorotriethylsilane (33 mL, 30 g,
0.20 mol) and, 1 h later, with water (50 mL). The organic phase was
washed with 5% hydrochloric acid (4 � 70 mL) and dried. Upon distilla-
tion, a colorless liquid was collected (40.6 g; 82%); b.p. 129–130 8C/30
Torr. 1H NMR: d= 7.88 (ddd, J =6.7, 1.6, 0.9 Hz, 1 H), 0.9 ppm (m, 15H);
13C NMR: d=161.7 (dt, J= 258, 6 Hz), 154.4 (ddd, J =238, 17, 5 Hz),
147.0 (m), 134.9 (ddd, J= 266, 29, 17 Hz), 120.7 (ddd, J=27, 6, 4 Hz), 7.1,
3.3 ppm; elemental analysis calcd (%) for C11H16F3NSi (247.34): C 53.42,
H 6.52; found: C 53.38, H 6.45.


2,4,6-Trifluoro-3-(triethylsilyl)pyridine (41): At �100 8C, butyllithium
(0.20 mol) in hexanes (0.15 L) and, 45 min later, chlorotriethylsilane
(34 mL, 30 g, 0.20 mol) were added to a solution of 2,4,6-trifluoropyridine
(10 ; 27 g, 0.20 mol) in tetrahydrofuran (0.35 L). After 1 h at �75 8C, the
mixture was poured into water (0.15 L). The organic phase was washed
with brine (2 � 50 mL). Distillation afforded a colorless liquid (45.1 g;
91%); b.p. 65–67 8C/1.6 Torr; n20


D =1.4630; 1H NMR: d =6.50 (dd, J =7.6,
1.9 Hz, 1H), 0.9 ppm (m, 15H); 13C NMR: d= 178.2 (ddd, J=259, 16,
12 Hz), 166.5 (ddd, J=243, 22, 18 Hz), 164.0 (ddd, J= 245, 20, 17 Hz),
102.3 (ddd, J =50, 35, 6 Hz), 94.8 (ddd, J=37, 30, 7 Hz), 7.1, 3.8 ppm (t,
J =2.1 Hz); elemental analysis calcd (%) for C11H16F3NSi (247.34): C
53.42, H 6.52; found: C 53.46, H 6.48.


Halo(hydrazino)pyridines :


5-Chloro-3,6-difluoro-2-hydrazinopyridine (32): Hydrazine monohydrate
(39 mL, 40 g, 0.80 mol) was slowly added to a solution of 3-chloro-2,5,6-
trifluoropyridine (19 ; 67 g, 0.40 mol) in ethanol (70 mL) kept at �5 8C.
After 20 h, the mixture was poured into water (0.35 L). The precipitate,
collected by filtration and dried, proved to be sufficiently pure for further
transformations; yield: 58.9 g (82 %); yellow needles (from ethanol); m.p.
120–121 8C; 1H NMR: d=7.34 (dd, J =8.8, 6.8 Hz, 1H), 6.2 (s, br., 1 H),
3.9 ppm (s, br., 2H); 13C NMR: d=153.6 (d, J =233 Hz), 146.8 (t, J=


14 Hz), 142.4 (dd, J= 251, 5 Hz), 125.5 (d, J=19 Hz), 101.2 ppm (dd, J=


38, 4 Hz); elemental analysis calcd (%) for C5H4ClF2N3 (179.56): C 33.45,
H 2.24; found: C 33.65, H 2.20.


3,5,6-Trifluoro-2-hydrazinopyridine (33): 2,3,5,6-Tetrafluoropyridine (2 ;
30 g, 0.20 mol) and hydrazine monohydrate (20 mL, 20 g, 0.40 mol) in
ethanol (70 mL) were heated under reflux for 2 h. Upon addition of
water (0.20 L), a slightly yellow solid precipitated; yellow needles (from
ethanol); m.p. 101–104 8C; yield: 28.7 g (88 %); 1H NMR: d=7.23 (dd,
J =15.8, 8.7 Hz, 1H), 5.9 (s, br., 1 H), 3.8 ppm (s, br., 2 H); 13C NMR: d=


145.7 (ddd, J=234, 15, 3 Hz), 143.6 (ddd, J =14, 13, 2 Hz), 141.3 (ddd,
J =252, 5, 3 Hz), 135.1 (ddd, J =250, 30, 5 Hz), 114.8 ppm (td, J =21,
4 Hz); elemental analysis calcd (%) for C5H4F3N3 (163.10): C 36.82, H
2.47; found: C 37.14, H 2.43.


3,5-Difluoro-2-hydrazinopyridine (34): Prepared analogously from 2,3,5-
trifluoropyridine (6 ; 27 g, 0.20 mol) but heating under reflux in ethanol
(0.20 L) for 6 h. At 25 8C, addition of water (0.40 L) and filtration afford-
ed 19.7 g (68 %) of a white precipitate; colorless prisms (from ethanol);
m.p. 146–148 8C; 1H NMR: d =7.91 (d, J =2.5 Hz, 1 H), 7.09 (ddd, J=


10.1, 7.7, 2.4 Hz, 1H), 5.9 (s, br., 1 H), 3.9 ppm (s, br., 2H); 13C NMR:
d=152.6 (dd, J=249, 3 Hz), 146.9 (d, J =11 Hz), 145.5 (dd, J =260,


6 Hz), 128.9 (dd, J =24, 6 Hz), 111.0 ppm (td, J =25, 18 Hz); elemental
analysis calcd (%) for C5H5F2N3 (145.11): C 41.39, H 3.47; found: C
41.69, H 3.27.


5-Chloro-3-fluoro-2-hydrazinopyridine (35): Prepared analogously from
5-chloro-2,3-difluoropyridine (24 ; 60 g, 0.40 mol) but heating under
reflux for 20 h; colorless prisms (from ethanol); m.p. 173–174 8C; yield:
56.2 g (87 %); 1H NMR: d=7.95 (d, J=2.0 Hz, 1 H), 7.22 (dd, J =10.4,
2.0 Hz, 1H), 5.9 (s, br., 1 H), 3.9 ppm (s, br., 2 H); 13C NMR: d=148.7 (d,
J =12 Hz), 145.7 (d, J= 259 Hz), 140.9 (d, J=6 Hz), 121.4 (d, J =18 Hz),
119.8 (d, J=3 Hz); elemental analysis calcd (%) for C5H5ClFN3 (161.57):
C 37.17, H 3.12; found: C 37.43, H 3.13.


2,3,6-Trifluoro-4-hydrazinopyridine (36): Prepared analogously from
2,3,4,6-tetrafluoropyridine (4 ; 15 g, 0.10 mol) at 50 8C for 2 h; colorless
platelets (from ethyl acetate); m.p. 149–151 8C; yield: 14.7 g (90 %);
1H NMR: d =8.9 (s, br., 1H), 6.89 (d, J =4.2 Hz, 1 H), 3.0 ppm (s, br.,
2H); 13C NMR: d=158.1 (ddd, J =234, 17, 2 Hz), 150.5 (ddd, J =233, 20,
13 Hz), 148.6 (ddd, J= 13, 8, 6 Hz), 131.2 (ddd, J =244, 29, 6 Hz),
91.9 ppm (dd, J=46, 5 Hz); elemental analysis calcd (%) for C5H4F3N3


(163.10): C 36.82, H 2.47; found: C 37.14, H 2.33.


3,4-Difluoro-2-hydrazinopyridine : Tetrabutylammonium fluoride trihy-
drate (63 g, 0.20 mol) and 3,4-difluoro-2-hydrazino-5-(triethylsilyl)pyri-
dine (40 ; 52 g, 0.20 mol) in tetrahydrofuran (0.20 L) were kept for 2 h at
25 8C. The solvent was evaporated and the residue triturated with water
(0.25 L). After filtration and washing with hexanes (3 � 20 mL), 20.9 g
(72 %) of a pink solid were obtained; colorless cotton-like needles (from
chloroform); m.p. 154–155 8C; 1H NMR: d= 7.89 (t, J=6.3 Hz, 1H), 6.54
(dt, J =9.4, 5.6 Hz, 1 H), 6.0 (s, br., 1H), 3.9 ppm (s, br., 2 H); 13C NMR:
d=154.5 (dd, J=259, 8 Hz), 152.0 (dd, J=8, 4 Hz), 143.6 (t, J =8 Hz),
134.8 (dd, J=254, 12 Hz), 104.3 ppm (dd, J =16, 3 Hz); elemental analy-
sis calcd (%) for C5H5F2N3 (145.11): C 41.39, H 3.47; found: C 41.58, H
3.46.


4,6-Difluoro-2-hydrazinopyridine : Prepared analogously from 4,6-di-
fluoro-5-triethylsilyl-2-hydrazinopyridine (42 ; 52 g, 0.20 mol). After evap-
oration of the solvent, the residue was partitioned between water
(50 mL) and diethyl ether (50 mL). The aqueous phase was extracted
with diethyl ether (2 � 20 mL) and the combined organic layers were
evaporated. Upon trituration from hexanes, an orange precipitate was
collected by filtration; colorless cotton-like needles (from chloroform
and hexanes); m.p. 101–103 8C; yield: 12.3 g (85 %). 1H NMR: d =6.37
(dd, J =10.0, 1.6 Hz, 1 H), 6.3 (s, br., 1H), 5.98 (dt, J=8.4, 1.7 Hz),
3.8 ppm (s, br., 2 H); 13C NMR: d=172.6 (dd, J=257, 14 Hz), 163.9 (dd,
J =236, 17 Hz), 162.0 (dd, J=20, 14 Hz), 89.7 (dd, J =24, 5 Hz), 86.5 ppm
(dd, J =41, 25 Hz); elemental analysis calcd (%) for C5H5F2N3 (145.11):
C 41.39, H 3.47; found: C 41.69, H 3.27.


Fluorohydrazino(trialkylsilyl)pyridines :


3,4,6-Trifluoro-2-hydrazino-5-(trimethylsilyl)pyridine (38): A solution of
2,3,4,6-tetrafluoro-5-(trimethylsilyl)pyridine (37; 45 g, 0.20 mol) and hy-
drazine (0.40 mol) in tetrahydrofuran (0.40 L) was kept at 0 8C for 2 h.
Filtration and evaporation afforded a yellow oil (45.2 g; 96 %) which
proved to be sufficiently pure for further transformations.


3,4-Difluoro-2-hydrazino-5-(triethylsilyl)pyridine (40): 5-Triethylsilyl-
2,3,4-trifluoropyridine (39 ; 50 g, 0.20 mol) and hydrazine monohydrate
(19 mL, 20 g, 0.40 mol) in tetrahydrofuran (0.20 L) were heated at 50 8C
for 20 h. After evaporation of the solvent, hexanes (70 mL) were added
and the salt precipitated was filtered. The filtrate, after evaporation, af-
forded 49.8 g (96 %) of an orange oil which proved to be sufficiently pure
for further transformations. 1H NMR: d=7.82 (d, J =6.4 Hz, 1H),
0.9 ppm (m, 15 H); 13C NMR: d =158.4 (dd, J =253, 6 Hz), 152.7 (dd, J =


9, 4 Hz), 148.9 (dd, J =14, 9 Hz), 134.6 (dd, J =255, 16 Hz), 110.5 (dd, J =


27, 5 Hz), 7.2, 3.5 ppm.


4,6-Difluoro-2-hydrazino-5-(triethylsilyl)pyridine (42): Prepared analo-
gously from 2,4,6-trifluoro-3-(triethylsilyl)pyridine (41; 50 g, 0.20 mol),
but reducing the reaction time to 2 h; slightly yellow oil; yield: 50.8 g
(98 %). 1H NMR: d=6.30 (d, J =10.0 Hz, 1 H), 6.3 (s, br., 1 H), 3.8 (s, br.,
2H), 0.9 ppm (m, 15 H); 13C NMR: d=177.4 (dd, J =255, 18 Hz), 167.6
(dd, J =233, 22 Hz), 163.1 (dd, J =20, 15 Hz), 90.7 (dd, J=51, 36 Hz),
89.3 (dd, J =30, 5 Hz), 7.5, 4.0 ppm (t, J =2.0 Hz); elemental analysis
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calcd (%) for C11H19F2N3Si (259.37): C 50.94, H 7.38; found: C 51.21, H
7.31.


Reaction of a chlorohydrazinopyridine with sodium hydroxide :


2,5-Difluoropyridine (14): 5-Chloro-3,6-difluoro-2-hydrazinopyridine (32 ;
18 g, 0.10 mol) was heated in a 3.0m aqueous solution (66 mL) of sodium
hydroxide (8.0 g, 0.20 mol) under reflux for 45 min. Steam distillation
gave 14 as a colorless liquid (8.63 g; 75%). For spectral and analytical
data, see above.


Reactions of hydrazinopyridines with oxidants :


3-Chloro-2,5-difluoropyridine (25): 5-Chloro-3,6-difluoro-2-hydrazinopyr-
idine (32 ; 18 g, 0.10 mol) and copper(ii) sulfate pentahydrate (50 g,
0.20 mol) in water (0.20 L) were heated under reflux for some 2 h until
the gas evolution ceased. Upon steam distillation a colorless liquid was
collected; m.p. 10–12 8C; b.p. 136–137 8C; n20


D =1.4786; yield: 10.0 g
(67 %). 1H NMR: d=7.98 (t, J =2.3 Hz, 1H), 7.64 ppm (td, J =6.9,
2.6 Hz, 1 H); 13C NMR: d=156.6 (dd, J=256, 5 Hz), 154.8 (dd, J =236,
2 Hz), 132.3 (dd, J =27, 14 Hz), 128.3 (dd, J =24, 2 Hz), 117.6 ppm (dd,
J =39, 6 Hz); elemental analysis calcd (%) for C5H2ClF2N (149.53): C
40.16, H 1.35; found: C 40.13, H 1.44.


2,3,5-Trifluoropyridine (6): Prepared analogously from 3,5,6-trifluoro-2-
hydrazinopyridine (33 ; 25 g, 0.15 mol); colorless liquid; b.p. 101.5 8C (ref.
[29] 101–102 8C); yield: 13.0 g (65 %). 1H NMR: d=7.89 (t, J =2.5 Hz,
1H), 7.40 ppm (dtd, J=9.8, 8.5, 2.6 Hz, 1 H).


3,5-Difluoropyridine (11): Prepared analogously from 3,5-difluoro-2-hy-
drazinopyridine (34 ; 15 g, 0.10 mol); colorless liquid; b.p. 92–93 8C (ref.:
[31] 92.5 8C); yield: 9.07 g (79 %). 1H NMR: d=8.36 (d, J =2.4 Hz, 2H),
7.22 (tt, J=8.6, 2.4 Hz, 1 H) ppm.


3-Chloro-5-fluoropyridine (29): Prepared analogously from 5-chloro-3-
fluoro-2-hydrazinopyridine (35 ; 49 g, 0.30 mol); colorless platelets (from
methanol); m.p. 26–27 8C; b.p. 132–134 8C; yield: 28.4 g (72 %); 1H NMR:
d=8.43 (s, br., 1 H), 8.40 (d, J=2.5 Hz, 1 H), 7.47 ppm (dt, J =8.1, 2.4 Hz,
1H); 13C NMR: d=158.6 (d, J=262 Hz), 144.6 (d, J=4 Hz), 136.0 (d, J=


23 Hz), 131.8 (d, J=4 Hz), 123.1 ppm (d, J=21 Hz); elemental analysis
calcd (%) for C5H3ClFN (131.54): C 45.65, H 2.30; found: C 45.69, H
2.22.


2,3,6-Trifluoropyridine (8): Prepared analogously starting from 2,3,6-tri-
fluoro-4-hydrazinopyridine (36 ; 8.2 g, 50 mmol) under reflux for 45 min.
A steam distillation followed by an ordinary distillation afforded a color-
less liquid; yield: 4.86 g (73 %). For the physical and spectral data of this
compound, see above.


2,4,5-Trifluoropyridine (9): At 25 8C, 3,4,6-trifluoro-2-hydrazino-5-(tri-
methylsilyl)pyridine (37; 24 g, 0.10 mol) and tetrabutylammonium fluo-
ride trihydrate (32 g, 0.10 mol) were dissolved in tetrahydrofuran
(0.20 L). After 2 h, the mixture was evaporated and water (0.10 L) was
added. The aqueous phase was extracted with diethyl ether (3 � 0.10 L),
and the combined organic layers were evaporated. The residue, copper(ii)
sulfate pentahydrate (50 g, 0.20 mol) and water (0.20 L) were heated for
45 min under reflux. Upon steam distillation followed by an ordinary dis-
tillation, a colorless liquid was isolated; b.p. 99–101 8C; n20


D = 1.4201; yield:
8.65 g (65 %); 1H NMR: d= 8.15 (dt, J=9.6, 1.3 Hz, 1 H), 6.83 ppm (ddd,
J =8.0, 4.8, 2.9 Hz, 1H); 13C NMR: d=159.2 (ddd, J =237, 11, 2 Hz),
158.2 (dt, J =267, 13 Hz), 146.7 (ddd, J=254, 11, 6 Hz), 135.9 (ddd, J=


21, 19, 2 Hz), 99.3 ppm (dd, J= 46, 19 Hz); elemental analysis calcd (%)
for C5H2F3N (133.07): C 45.13, H 1.51; found: C 45.27, H 1.61.


3,4-Difluoropyridine (12): 3,4-Difluoro-2-hydrazinopyridine (see above,
22 g, 0.15 mol) was added in three portions (at 15 min interval) to a mix-
ture of manganese(iv) oxide (13 g, 0.15 mol) in octanol (75 mL) at 15 8C,
and then the mixture was allowed to reach 25 8C. After flash distillation
of the crude reaction mixture, the product was redistilled; colorless
liquid; b.p. 102–103 8C; n20


D =1.4426; yield: 10.4 g (60 %). 1H NMR: d=


8.59 (dd, J=9.9, 2.3 Hz, 1H), 8.39 (t, J =6.2 Hz, 1H), 7.17 ppm (dt, J=


10.0, 6.1 Hz, 1H); 13C NMR: d =156.0 (dd, J =265, 11 Hz), 148.6 (dd, J=


259, 10 Hz), 147.7 (t, J =6 Hz), 140.8 (d, J =19 Hz), 113.3 ppm (d, J=


13 Hz); elemental analysis calcd (%) for C5H3F2N (115.08): C 52.18, H
2.63; found: C 51.97, H 2.69.


2,4-Difluoropyridine (16): 4,6-Difluoro-2-hydrazinopyridine (see above,
10 g, 70 mmol) and copper(ii) sulfate pentahydrate (35 g, 0.14 mol) in


water (0.14 L) were heated under reflux for 25 min. Dilution with water
and steam distillation afforded 16 (see above) as a colorless liquid
(4.11 g; 51%).


Metalation and subsequent introduction of chlorine (or bromine)


4-Bromo-2,3,5-trifluoropyridine (18): At �75 8C, 2,3,5-trifluoropyridine
(6 ; 27 g, 0.20 mol) was added to butyllithium (0.20 mol) in a mixture of
hexanes (0.15 L) and tetrahydrofuran (0.25 L). After 2 h, the mixture was
treated with bromine (10 mL, 32 g, 0.20 mol) and kept at �75 8C for 1 h,
before being poured into a saturated solution (0.10 L) of sodium thiosul-
fate. The organic phase was dried and evaporated. Upon distillation, a
colorless liquid was collected; b.p. 59–60 8C/27 Torr; yield: 33.1 g (78 %).
1H NMR: d =7.9 ppm (s, br., 1H); 13C NMR: d=154.9 (ddd, J=258, 5,
3 Hz), 148.1 (ddd, J=239, 15, 3 Hz), 143.8 (dd, J =267, 33 Hz), 128.2
(ddd, J=28, 15, 7 Hz), 111.3 ppm (ddd, J=24, 19, 5 Hz); elemental analy-
sis calcd (%) for C5HBrF3N (211.97): C 28.33, H 0.48; found: C 28.01, H
0.49.


4-Chloro-3,5-difluoropyridine (21): Prepared analogously from 3,5-di-
fluoropyridine (11; 23 g, 0.20 mol) by using hexachloroethane (47 g,
0.20 mol) instead of bromine. Distillation (b.p. 120–125 8C) afforded a
colorless liquid containing compound 21 and tetrachloroethylene. The
liquid was diluted in pentanes (0.15 L) and, at 0 8C, was treated with a sa-
turated solution (65 mL) of 4.5m hydrogen chloride in diethyl ether. The
precipitate formed was collected by filtration, washed with pentanes (2 �
20 mL) and dissolved in water (30 mL). After neutralization at 0 8C and
distillation of the organic phase, a colorless liquid was obtained; m.p. 7–
9 8C; b.p. 129–131 8C; yield: 10.9 g (73 %); n20


D =1.4794; 1H NMR: d=


8.4 ppm (s, br., 2H); 13C NMR: d =155.6 (d, J =263 Hz, 2 C), 134.3 (dd,
J =22, 5 Hz, 2 C), 118.6 ppm (t, J=18 Hz); elemental analysis calcd (%)
for C5H2ClF2N (149.53): C 40.16, H 1.35; found: C 40.16, H 1.18.


4-Chloro-2,3-difluoropyridine (22): Prepared as described in the preced-
ing paragraph from 2,3-difluoropyridine (13 ; 23 g, 0.20 mol) but using
1,1,2-trichloro-2,2,1-trifluoroethane (48 mL, 75 g, 0.40 mol) instead of
hexachloroethane. Distillation at atmospheric pressure afforded a color-
less liquid; b.p. 139–141 8C; m.p. �23 to �25 8C; n20


D =1.4726; yield: 24.2 g
(81 %); 1H NMR: d=7.91 (d, J=5.4 Hz, 1 H), 7.34 ppm (t, J =4.9 Hz,
1H); 13C NMR: d=152.8 (dd, J =240, 14 Hz), 143.0 (dd, J =263, 31 Hz),
141.6 (dd, J =15, 8 Hz), 133.6 (d, J=13 Hz), 124.0 ppm (t, J=4 Hz); ele-
mental analysis calcd (%) for C5H2ClF2N (149.53): C 40.16, H 1.35;
found: C 40.25, H 1.36.


3,4-Dichloro-5-fluoropyridine (23): Prepared analogously from 3-chloro-
5-fluoropyridine (28 ; 26 g, 0.20 mol); colorless liquid; m.p. �5 to �2 8C;
b.p. 78–79 8C/29 Torr; n20


D =1.5292; yield: 23.3 g (78 %); 1H NMR: d=8.5
(s, br., 1 H), 8.4 ppm (s, br., 1 H); 13C NMR: d =155.9 (d, J =263 Hz),
145.8 (d, J=5 Hz), 136.5 (d, J =23 Hz), 131.7 (d, J =3 Hz), 129.9 ppm (d,
J =17 Hz); elemental analysis calcd (%) for C5H2Cl2FN (165.98): C 36.18,
H 1.21; found: C 35.99, 1.22.


4-Chloro-3-fluoropyridine (27): Diisopropylamine (28 mL, 20 g, 0.20 mol)
and 3-fluoropyridine (19 g, 0.20 mol) were added consecutively to a so-
lution of butyllithium (0.20 mol) in hexanes (0.15 L) and tetrahydrofuran
(0.35 L) cooled in a dry ice/methanol bath. After 2 h at �75 8C, the mix-
ture was treated with 1,1,2-trichloro-2,2,1-trifluoroethane (48 mL, 75 g,
0.40 mol) and, 1 h later, with water (80 mL). The organic phase was treat-
ed with 5% hydrochloric acid (4 � 30 mL), dried and concentrated. The
residue was distilled affording a colorless liquid; m.p. �27 to �24 8C; b.p.
81–82 8C/97 Torr; n20


D =1.5033; yield: 17.9 g (68 %). 1H NMR: d=8.5 (s,
br., 1 H), 8.34 (d, J= 5.3 Hz, 1 H), 7.39 ppm (dd, J =6.5, 5.5 Hz, 1H);
13C NMR: d=155.8 (d, J= 259 Hz), 146.2 (d, J =6 Hz), 139.1 (d, J=


23 Hz), 130.5 (d, J= 15 Hz), 125.5 ppm; elemental analysis calcd (%) for
C5H3ClFN (131.54): C 45.66, H 2.30; found: C 45.74, H 2.23.


3-Chloro-2-fluoropyridine (31): Prepared analogously from 2-fluoropyri-
dine (17 mL, 19 g, 0.20 mol); colorless liquid; b.p. 68–70 8C/32 Torr (ref.
[32] 94–95 8C/100 Torr); yield: 22.4 g (85 %); 1H NMR: d=8.12 (dd, J =


4.8, 1.4 Hz, 1H), 7.82 (ddd, J =8.2, 7.6, 1.5 Hz, 1H), 7.17 ppm (ddd, J=


7.9, 4.8, 1.4 Hz, 1 H).


3,4-Dichloro-2-fluoropyridine (30): At �75 8C, 3-chloro-2-fluoropyridine
(31; 26 g, 0.20 mol) was added to butyllithium (0.20 mol) in a mixture of
hexanes (0.15 L) and tetrahydrofuran (0.25 L). After 2 h, the mixture was
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treated with 1,1,2-trichloro-2,2,1-trifluoroethane (48 mL, 75 g, 0.40 mol)
and kept at �75 8C for 1 h. Upon distillation, a colorless liquid was col-
lected; m.p. 17–19 8C; b.p. 62–63 8C/10 Torr; yield: 26.6 g (80 %);
1H NMR: d= 8.03 (dd, J=5.5, 0.9 Hz, 1H), 7.32 ppm (d, J= 5.5 Hz, 1H);
13C NMR: d=159.7 (d, J= 239 Hz), 145.7 (d, J =3 Hz), 144.5 (d, J=


24 Hz), 123.4 (d, J=5 Hz), 117.0 ppm (d, J=36 Hz); elemental analysis
calcd (%) for C5H2Cl2FN (165.98): C 36.18, H 1.21; found: C 36.54, H
0.93.


Halogen/fluorine displacement


2,3,4,5-Tetrafluoropyridine (3): 4-Bromo-2,3,5-trifluoropyridine (18 ; 21 g,
0.10 mol), potassium fluoride (12 g, 0.20 mol) and tetramethylammonium
chloride (2.2 g, 20 mmol) were heated in dimethyl sulfoxide (0.20 L) at
150 8C for 2 h. Steam distillation followed by an ordinary distillation gave
3 as a colorless liquid (10.6 g; 70%); b.p. 92–92.5 8C (ref. :[17] 87–88 8C).
1H NMR: d =7.96 ppm (dt, J=8.7, 2.1 Hz, 1 H).


3,4,5-Trifluoropyridine (5): Prepared analogously from 4-chloro-3,5-di-
fluoropyridine (21; 15 g, 0.10 mol), but extending the reaction time to
6 h; colorless liquid; b.p. 85–87 8C; yield: 6.74 g (51 %); 1H NMR: d=


8.42 ppm (d, J =7.4 Hz, 2 H); 13C NMR: d=148.5 (dd, J =263, 8 Hz, 2 C),
144.7 (dt, J =268, 13 Hz), 136.0 ppm (symm. m, 2 C); elemental analysis
calcd (%) for C5H2F3N (133.07): C 45.13, H 1.51; found: C 45.47, H 1.19.


2,3,4-Trifluoropyridine (7): As described for compound 3 starting from 4-
chloro-2,3-difluoropyridine (23 ; 15 g, 0.10 mol); colorless liquid; b.p. 107–
107.5 8C (ref. [28] 104.5–106 8C); yield: 9.95 g (75 %); 1H NMR: d=7.95
(tm, J =6.3 Hz, 1 H), 7.09 ppm (dt, J =8.6, 5.3 Hz, 1 H).


3-Chloro-4,5-difluoropyridine (22): As described for compound 3 starting
from 3,4-dichloro-5-fluoropyridine (28 ; 17 g, 0.10 mol) and heating at
125 8C for 6 h; colorless liquid; m.p. 4–6 8C; b.p. 70–72 8C/98 Torr; n20


D =


1.4760; yield: 10.7 g (71 %); 1H NMR: d=8.46 ppm (t, J =8.0 Hz, 2 H);
13C NMR: d=152.6 (dd, J=267, 12 Hz), 148.7 (dd, J=263, 10 Hz), 147.2
(d, J= 5 Hz), 138.8 (d, J =19 Hz), 120.9 ppm (d, J =12 Hz); elemental
analysis calcd (%) for C5H2ClF2N (149.53): C 40.16, H 1.35; found: C
40.17, H 1.17.


3-Chloro-2,4-difluoropyridine (26): As described for compound 3 starting
from 3,4-dichloro-2-fluoropyridine (30 ; 17 g, 0.10 mol); colorless liquid;
m.p. 5–8 8C; b.p. 146–147 8C; nD


201.4782; yield: 11.8 g (79 %); 1H NMR:
d=8.10 (dd, J =6.8, 5.8 Hz, 1 H), 7.07 ppm (dd, J =7.4, 5.7 Hz, 1 H);
13C NMR: d= 166.5 (dd, J =265, 5 Hz), 160.5 (dd, J =237, 5 Hz), 146.1
(dd, J =17, 10 Hz), 111.2 (dd, J=18, 5 Hz), 106.0 ppm (dd, J =38, 19 Hz);
elemental analysis calcd (%) for C5H2ClF2N (149.53): C 40.16, H 1.35;
found: C 40.37, H 1.28.
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Bipyridyl- and Biphenyl-DNA:
A Recognition Motif Based on Interstrand Aromatic Stacking


Christine Brotschi, G�rald Mathis, and Christian J. Leumann*[a]


Introduction


Hydrogen-bonding and stacking interactions between nucle-
obases are the major components of the noncovalent forces
that stabilize the DNA and RNA double helix.[1,2] The rela-
tive contribution of each to the stability has been a matter
of debate since the discovery of the double helix. About a
decade ago, Kool and co-workers started to investigate
stacking interactions in detail with oligodeoxynucleotide du-
plexes containing nonpolar nucleobase substitutes as dan-
gling ends.[3,4] Factors such as hydrophobicity (log P values),
polarizability, dipole moment, surface area and stacking
area were discussed as contributors to the observed en-
hanced thermodynamic stability.[4–6] Moreover, base substi-
tutes which mimic the shape of the natural bases but lack
their hydrogen-bonding capabilities (isosters) were used as


tools for studying the fidelity and mechanistic aspects of
DNA-polymerase activity. It was shown that such isosters,
although destabilizing a DNA duplex, can code for each
other with high precision in DNA polymerase-based primer-
template extension reactions.[7–13]


The stabilities of such unnatural base pairs are strongly
dependent on the nature of the aromatic unit and vary
greatly from distinctly less stable to more stable compared
with a natural base pair. One of the first examples of a sta-
bilizing pair lacking hydrogen bonds was the pyrene/abasic
site pair.[6,12] Investigations towards the expansion of the ge-
netic alphabet from the Schultz and Romesberg group lead
to the production of a whole series of such stable, unnatural
self-pairs and cross-pairs.[14–22]


In an effort to decipher the role of interstrand stacking in-
teractions in DNA duplex stabilization with C-nucleosides
containing nonfunctionalized aromatic units (Figure 1) we
investigated bipyridyl self-pairs and found that two bipyridyl
C-nucleoside residues Y were able to recognize each other
within a DNA duplex with equal affinity as a G–C base
pair.[23] Based on molecular modeling we proposed a struc-
tural motif in which the distal pyridyl rings stack upon each
other with the interstrand stacking interaction as the main
driving force for the observed stability.


Abstract: The synthesis and incorpora-
tion into oligonucleotides of C-nucleo-
sides containing the two aromatic, non-
hydrogen-bonding nucleobase substi-
tutes biphenyl (I) and bipyridyl (Y) are
described. Their homo- and hetero-rec-
ognition properties in different sequen-
tial arrangements were then investigat-
ed via UV-melting curve analysis, gel
mobility assays, CD- and NMR spec-
troscopy. An NMR analysis of a do-
decamer duplex containing one biphen-
yl pair in the center, as well as CD
data on duplexes with multiple inser-
tions provide further evidence for the


zipper-like interstrand stacking motif
that we proposed earlier based on mo-
lecular modeling. UV-thermal melting
experiments with duplexes containing
one to up to seven I- or Y base pairs
revealed a constant increase in Tm in
the case of I and a constant decrease
for Y. Mixed I/Y base pairs lead to sta-
bilities in between the homoseries. In-
sertion of alternating I/abasic site- or


Y/abasic site pairs strongly decreases
the thermal stability of duplexes.
Asymmetric distribution of I- or Y resi-
dues on either strand of the duplex
were also investigated in this context.
Duplexes with three natural base pairs
at both ends and 50 % of I pairs in the
center are still readily formed, while
duplexes with blunt ended I pairs tend
to aggregate unspecifically. Duplexes
with one natural overhang at the end
of a I–I base pair tract can both aggre-
gate or form ordered duplexes, depend-
ing on the nature of the natural bases
in the overhang.
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Recently we extended our investigations also on pairs of
the simple biphenyl unit I and found an increase in duplex
stability of 3–4 K per I pair in duplexes containing up to
four of such base pairs. We proposed again a zipper-like in-
terstrand stacking motif of the distal biphenyl rings as the
most reasonable duplex structure.[24]


Here we report on the synthesis and further investigation
of I and Y as hydrophobic base substitutes in various DNA
sequence contexts. We provide NMR-structural and CD-
spectroscopic evidence supporting the zipper-like interstrand
stacking motif and show scope and limitations of this recog-
nition motif as known so far.


Results


Synthesis of monomers : Of the hydrophobic nucleoside ana-
logues used in this work, 1 a was already known and was in-
corporated into DNA as a tool to study enzymatic base


methylation in DNA.[25,26] However, its synthesis was differ-
ent from the one described here. The analogue 1 c was ob-
tained along the same lines as described.[6] Our syntheses of
the C-nucleosides 1 a and 1 b followed established routes in
C-glycoside chemistry[27,28] (Scheme 1) and started with
2,3,5-tri-O-benzyl-d-ribonolactone 2[29] as the common deox-
yribose precursor to which the lithiated 4-bromo-2,2-biphen-
yl 3 a or 5-iodo-2,2-bipyridine 3 b[30,31] were added. While 3 a
is commercially available, 3 b had to be prepared in three
steps by stannylation of 2-bromopyridine 4 (!5),[32] fol-
lowed by a [Pd(PPh3)4] catalyzed Stille coupling with 2,5-di-
bromopyridine and a subsequent copper(i)-catalyzed halo-
gen-exchange reaction (Scheme 2). The halogen exchange
was necessary as, in our hands, the intermediate 5-bromo-
2,2-bipyridine 6[32] failed to react to the coupled product 7 b
by the standard procedure.


Lithiation of 3 a or 3 b followed by addition to lactone 2
resulted in the intermediate formation of the corresponding
hemiacetals, which upon reduction with Et3SiH/BF3·Et2O af-


forded selectively the b-isomer-
ic C-glycosides 7 a and 7 b in
moderate but sufficient yield
(ca. 35 %). The assignment of
the anomeric configuration in
7 a and 7 b was confirmed by
1H NMR NOE spectroscopy
(see Experimental Section).
After removal of the benzyl
protecting groups with BBr3 the
3’- and 5’-hydroxyl groups were
selectively protected with 1,3-
dichloro-1,1,3,3-tetraisopropyl-
disiloxane to give 8 a and 8 b,
again in moderate yield most
likely due to side reactions at
the benzylic, pseudo-anomeric
center C(1’). However, scram-
bling of the configuration at
C(1’) during benzyl-deprotec-
tion could be excluded again by
1H NMR NOE evidence at the
stage of the tritylated com-


Figure 1. Chemical structures of the hydrophobic nucleosides used in this
study.


Scheme 1. a) 3 a or 3b (1.0 equiv), nBuLi (1.0 equiv), THF, �78 8C, then 2 (0.9 equiv), �78 8C to RT;
b) Et3SiH, (5 equiv), CH2Cl2, �78 8C to RT; c) BBr3 (3.4 equiv), CH2Cl2, �78 8C; d) 1,3-dichloro-1,1,3,3-tetrai-
sopropyldisiloxane (1.0 equiv), pyridine, RT; e) 1,1’-thiocarbonyldiimidazole (1.2 equiv), CH3CN, RT;
f) Bu3SnH (1.6 equiv), AIBN (1.5 equiv), toluene, 808C; g) NEt3·3HF (10.0 equiv), THF, RT; h) 4,4’-dimethoxy-
trityl (DMT) chloride (1.2 equiv), pyridine, RT; i) iPr2NEt (3 equiv), [(iPr2N)(NCCH2CH2O)P]Cl (1.5 equiv),
THF, RT. AIBN = a,a’-azobisisobutyronitrile.


Scheme 2. Synthesis of 5-iodo-2,2-bipyridine. a) 4 (1 equiv), nBuLi
(1 equiv), Et2O, �78 8C then Me3SnCl (1 equiv) in THF, 93%; b) 2,5 di-
bromopyridine (1.1 equiv), [Pd(PPh3)4], m-xylene, reflux, 86 %; c) CuI
(0.05 equiv), NaI (2 equiv), trans-N,N’-dimethyl-1,2-cyclohexanediamine
(0.1 equiv), dioxane, 110 8C, 94 %.
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pounds 11 a and the TIPS-protected intermediate 8 b. Deox-
ygenation of the 2’-hydroxy group in 8 a and 8 b by means of
a Barton–McCombie reduction lead to 10 a and 10 b. Desily-
lation with (HF)·NEt3 gave the unprotected deoxynucleo-
side analogues 1 a and 1 b that were subsequently converted
into the corresponding phosphoramidite building blocks 12 a
and 12 b via tritylation (4,4’-dimethoxytrityl chloride) fol-
lowed by phosphitylation in typical yields for these transfor-
mations.


Synthesis of oligonucleotides : Oligonucleotides were pre-
pared according to standard protocols for automated DNA
synthesis on a 1 mmol scale in the trityl-off mode. The cou-
pling time for the modified phosphoramidites was extended
to 6–10 min, and ethyl thio-1H-tetrazole was used as activa-
tor. Typical coupling yields for the modified building blocks,
as deduced from the trityl assay, were in the range of 98 %.
After assembly, the oligonucleotides were detached from
the solid support and deprotected in concentrated aqueous
ammonia (12–18 h at 55 8C) and were purified by HPLC. All
oligonucleotides were routinely characterized by ESI� mass
spectrometry. The synthesis and analytical data for all modi-
fied oligonucleotides used in this study are summarized in
Table 6 (see Experimental Section).


We then examined the structural and thermal melting
properties of duplexes by UV melting curve analysis, gel
mobility experiments, CD and NMR spectroscopy.


Pairing properties of duplexes containing I or Y base pairs
in opposing positions (“stretched backbone” series): First,
we examined the stability of non self-complementary oligo-
nucleotide duplexes containing one or multiple aromatic
base pairs (I or Y) in the center of the sequence. The se-
quences were designed to determine not only homo base
pair but also hetero base pair formation. The thermal stabil-
ities of the corresponding duplexes were determined by UV-
melting curve analysis, and the corresponding Tm data are
summarized in Table 1.


In the case of I all melting profiles show a single, highly
cooperative transition. For melting experiments with the
base Y 1 mm EDTA was added to the buffer in order to sup-
press metal chelation by the bipyridyl ligand. Also in these
cases only single transitions were observed. Examples of
representative melting curves are depicted in Figure 2. The
steeper base lines before and after the transition in melting
experiments with bipyridyl oligonucleotides were found to
be due to the EDTA in the buffer.


The differences in Tm upon incorporation of a growing
number of I-, Y- or mixed base pairs are illustrated in
Figure 3. Incorporation of one I base pair leads to a drop in
Tm by 2.5 K relative to the unmodified duplex while addi-
tional consecutive I base pairs lead to an increase in Tm of
initially 4.4 K per base pair to 0.7 K for the incorporation of
the seventh base pair. On the other hand incorporation of
one Y base pair in the given sequence leads to a duplex that
is by 3 K more stable than the corresponding unmodified
duplex. However, contrary to the I series, any additional Y
base pair decreases duplex stability. The mixed, I–Y series
produces duplexes with almost invariant Tm relative to the
number of aromatic base pairs, with a tendency to lower Tm


for n= 6. Thus the duplex stability of the mixed series lies in
between that of the two homoaromatic series.Table 1. Duplex sequence information and a schematic representation of


the interstrand-stacking model, as well as corresponding Tm values.


5’-GATGAC(X)nGCTAG Tm
[a,d] [8C] Tm


[b,d] [8C] Tm
[a,d] [8C]


3’-CTACTG(Z)nCGATC n X= I X =Y X=Y
Z= I Z =Y Z= I


0 45.0
1 42.5 48.0 45.7
2 46.9 42.9 45.3
3 49.9 40.7 46.0
4 53.2 39.4 46.0
5 55.5 37.5 45.2
6 56.2 35.0 42.5
7 57.0 n.d.[c] n.d.[c]


[a] c= 1.2 mm duplex, 10 mm NaH2PO4, 0.15 m NaCl, pH 7.0. [b] c=1.2 mm


duplex, see Table 2, 10 mm NaH2PO4, 0.15 m NaCl,1 mm EDTA, pH 7.0.
[c] Not determined. [d] Estimated error in Tm =�0.5 8C.


Figure 2. UV-melting curves (260 nm) of duplexes containing I–I pairs
(~, n =3), Y–Y pairs (&, n =3) and I–Y mixed pairs (*, n =3).


Figure 3. Graphical representation of the stabilities of duplexes from
Table 1. I–I (~, n =1–7), Y–Y (&, n= 1–6) and I–Y (*, n=1–6).
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The higher stability of the duplex containing one Y base
pair compared to that with one I base pair (DTm =5.5 K)
seems to be in inverted order to the tendency of duplex sta-
bilization for the two aromatic units. This observation be-
comes plausible if one considers the stacking interactions of
the aromatic residues with the next natural base pair. Given
the fact that the bipyridyl system is intrinsically planar, it is
expected to perturb its nearest neighbor natural base pair
less than a biphenyl unit, which is intrinsically nonplanar.


NMR analysis of a duplex containing two opposing I units :
In order to get preliminary structural information we mea-
sured 1H NMR spectra of the duplex containing one I base
pair (Table 1, n=1) at different temperatures. The proton
signals arising from the biphenylic units in the duplex can
easily be identified by their chemical shift (6.5–7.0 ppm),
lying in between the signals of the nonexchangeable nucleo-
base protons and the anomeric sugar protons. Upon thermal
denaturation of the duplex the biphenyl signals shift in a co-
operative way towards lower field and end up at 7.1–
7.3 ppm in the single stranded state (Figure 4, shaded area).
This shift implies considerable loss of ring current effects
upon denaturation which is in agreement with the biphenyl
units stacking on each other in the duplex. Chemical shift
arguments have recently also been used as a criterion of in-
tercalation in a duplex containing a pyrene pair by others.[33]


The Tm that can be deduced from the cooperative shift of
the biphenyl protons versus T is at about 55 8C and thus
about 13 K higher than that measured by UV-melting
curves. This difference is expected and can be explained by
the 1000-fold higher oligonucleotide concentration in the
NMR sample. Thus the highly cooperative deshielding of
the biphenyl protons with a Tm in the expected range fully
supports the interstrand stacking model. A detailed structur-
al analysis of this duplex by 2D-NMR techniques is current-
ly underway and will be reported soon.


CD spectra : A CD-spectroscopic investigation of selected
duplexes from Table 1 containing an increasing number of I-
or Y base pairs was performed and compared with the un-


modified duplex. The CD traces for I duplexes are com-
pared in Figure 5a, and those of the Y duplexes in Figure 5b.
In the case of the I duplexes, a shift of the negative maxi-
mum towards 250 nm with increasing numbers of I units is
observed. At the same time the positive maximum shifts


from 275 nm in the unmodified
duplex to about 270 nm and
grows in intensity as a function
of the number of I base pairs.
This is due to the contribution
of the biphenyl chromophores,
which have their maximum ab-
sorbance at about 250 nm. The
continuous shift of the CD
spectrum upon increasing the
number of I base pairs without
a sudden major change in its
shape is indicative for highly or-
dered helical structures and
disproves hydrophobic collapse
of the central biphenylic core
part.


Figure 4. Temperature dependent 1H NMR spectra (500 MHz) of the DNA duplex 5’d(GATGACIGCTAG)-
d(CTAGCIGTCATC) (c =1 mm, 10 mm NaH2PO4, 150 mm NaCl, pH 7, 100 % D2O).


Figure 5. CD spectra of selected duplexes from Table 1. Top: base I, n=


0,1,3,5,6,7; c= 3.6 mm in 10 mm NaH2PO4, 0.15 m NaCl, pH 7, T =20 8C;
bottom: base Y, n=0,1,3,5. c= 3.6 mm in 10 mm NaH2PO4, 0.15 m NaCl,
1 mm EDTA, pH 7, T=20 8C.
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In the case of the Y duplexes a similar picture emerges as
n is increased from 1 to 5 (Figure 5b). The minimum elliptic-
ity at about 255 nm in the unmodified duplex is shifted to-
wards shorter wavelengths (about 240 nm) as the number of
Y residues is increased. At the same time the maximum el-
lipticity shifts from about 275 to about 295 nm and gains in-
tensity. This again is most likely due to the bipyridyl chro-
mophore becoming increasingly CD active. Interestingly an
isodichroic point arises at 284 nm. From this we conclude
again that formation of consecutive Y base pairs occurs in a
highly ordered manner and leads to duplexes of one struc-
tural family, as in the case of the I base pairs. Thus also the
CD spectra are in support of an interstrand stacking model.


Permutational analysis of the thermal stability of duplexes
with two consecutive I and Y base pairs : For the duplexes
with two consecutive aromatic units we evaluated the stabil-
ity of all eight possible arrangements of I and Y (Table 2,
entries 1–8). The Tm values of the six mixed duplexes are
lying in between the Tm values of the fully Y-substituted
duplex (42.9 8C) and the fully I-substituted duplex (46.9 8C).
The Tm values for the six mixed cases vary by 3.2 K.


The relative differences in duplex stability as a function of
the nature of the aromatic units is most expressed in the ho-
moaromatic systems and to a lesser extend in the mixed
series. Nevertheless there are distinct sequence effects which
eventually may establish a recognition code that is entirely
decoupled from hydrogen-bonding interactions and relies
only on differential stacking interactions, or possibly differ-
ential solvation.


Pairing properties of duplexes containing I- or Y-abasic site
pairs in an alternating fashion (“relaxed backbone” series):
In contrast to I–I or Y–Y base pairs that upon intercalation
inevitably lead to a sugar phosphate backbone that is ex-
tended along the helical axis, we also investigated alternat-


ing arrangements of I–H and Y–H pairs (H=abasic site). In
these systems interstrand stacking of the aromatic units is
still possible without necessarily invoking a change of the
backbone conformation relative to that of an unconstrained
B-DNA duplex (“relaxed backbone” series, Table 3).


Within this structural series we first investigated duplexes
containing two H–H, T–H and G–H pairs (Table 3, en-
tries 1–3). The Tm data clearly show an increase in the order
of the H–H duplex (19 8C) to the T–H duplex (27.5 8C) to
the G–H duplex (32.6 8C). This remarkable increase in Tm


goes parallel with the increasing potential of the bases to
overlap, and thus is in agreement with the interstrand stack-
ing model also in the “relaxed backbone” series. Within the
same structural motif the nonpolar aromatic I–H (35.7 8C),
Y–H (39.5 8C) and P–H (43.3 8C) pairs lead to duplexes with
considerably higher Tm values. The Tm values for the mixed,
I–H/Y–H, duplexes (entries 7 and 8) are lying in between
the Tm values for the I–H (entry 4) or Y–H (entry 5) substi-
tuted duplex. Thus, the order of stability of the mixed I- and
Y duplexes follows exactly that of the “nonrelaxed” back-
bone series (Table 1).


Melting experiments of duplexes containing four such
base pairs (entries 9–11) show a dramatic decrease of duplex
stabilities at low salt conc. (150 mm NaCl) up to an extent
where no distinct Tm value can be determined. Therefore
the Tm values were also measured at high salt (1 m NaCl).
Interestingly the Y–H and I–H duplexes (entries 9 and 10)
led to higher Tm values than the P–H duplex (entry 11). This
is in agreement with earlier data on duplexes carrying up to
four P–H pairs that resulted in strongly reduced or no helix
formation, respectively.[6] The failure of duplex formation
with multiple P units may be due to competing hydrophobic
aggregation of these residues in the corresponding single
strands.


We also investigated duplexes where the Y–H and I–H
base pairs are in a nonalternating sequence context (Table 3,
entries 12 and 13). A comparison of the Tm values of the
corresponding alternating duplexes (entries 5 and 6) shows
that in the Y–H case the alternating arrangement is favored
by 3.2 K. In the I–H case there is no difference in Tm regard-
less whether the pairs are arranged in an alternating or non-
alternating manner. Generally, higher Tm values were ex-
pected in the alternating relative to the nonalternating cases
due to energetic differences arising from interstrand versus
intrastrand stacking. However, this is only encountered in
the Y–H case. Surprisingly it does not happen in the I–H
case. The reason for it is yet unknown, although we note
that differences in the preferred orientation of the biarylic
axis in the units I relative to Y could account for it. In any
case more structural data are necessary for a more detailed
interpretation of this fact.


CD experiments of selected duplexes (Table 3, entries 9–
11) are overlaid in Figure 6. No distinct deviations from a B-
DNA conformation are observed.


Asymmetric distribution of I- and Y base pairs in the
duplex : Unpaired bases as occurring in hairpin–loop struc-


Table 2. Permutational analysis of the thermal stability of pairs of I and
Y in a two-base system.


Duplex Tm
[a,c] [8C]


1
5’-GATGACYYGCTAG


42.9
3’-CTACTGYYCGATC


2
5’-GATGACIIGCTAG


46.9[b]


3’-CTACTGIICGATC


3
5’-GATGACIIGCTAG


45.7
3’-CTACTGYYCGATC


4
5’-GATGACYYGCTAG


45.2
3’-CTACTGIICGATC


5
5’-GATGACYIGCTAG


44.8
3’-CTACTGYICGATC


6
5’-GATGACYIGCTAG


43.4
3’-CTACTGIYCGATC


7
5’-GATGACYYGCTAG


46.6
3’-CTACTGYICGATC


8
5’-GATGACYYGCTAG


43.7
3’-CTACTGIYCGATC


[a] c= 1.2 mm, 10 mm NaH2PO4, 0.15 m NaCl, 1 mm EDTA, pH 7.0.
[b] Same buffer without EDTA. [c] Estimated error in Tm =�0.5 8C.
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tures or in bulged structures are common natural structural
motifs. We became interested in the question of how the
biarylic units I and Y behave in bulge positions and there-
fore investigated duplexes with an asymmetric distribution


of I units in both strands. In
system A (Table 4) we investi-
gated single bulge situations (n/
n+ 1, n=1–6) with both I- and
Y residues. In system B
(Table 4) we looked into du-
plexes with variable bulge size
(2/n+2, n= 1–5) in the case of
the biphenylic unit I. The Tm


values for system A and B are
summarized in Table 4 and
graphically represented in
Figure 7.


In the I series, single bulges
within an increasing number of
I pairs (system A) go along
with an increase in the Tm of
the duplexes much in the same
way as their symmetric equiva-
lents (Table 1). The analogous
negative trend in Tm is observed
in the Y series. Interestingly,
asymmetric variation of the
bulge size (system B) in the
case of I is accompanied with
an almost invariant Tm which is
in between that of the symmet-
ric duplexes with n=2 and 3
(Table 1). Only with bulge sizes
larger than n=4 (Table 4,
system B, entries 2–6 and 2–7),
the duplexes become thermally
less stable. The CD spectra of
the duplexes of system A and B
are not significantly different
from that of the corresponding
symmetric sequences (data not
shown).


Sequences with terminal I stretches or without natural base
pairs : To explore whether natural base pairs flanking the I
pairs are necessary in order to maintain discrete duplex


Table 3. Thermal stabilities of hydrophobic pairs in the “relaxed backbone” structural alignment, determined
by UV-melting curves; I (1a), Y (1 b), P (1c), H (1d), G and T=deoxyguanosine and thymidine, respectively


duplex Tm
[a,c] [8C] Tm


[b,c] [8C]


1
5’-GATGACHHGCTAG


19.0
3’-CTACTGHHCGATC


2
5’-GATGACTHGCTAG


27.5
3’-CTACTGHTCGATC


3
5’-GATGACGHGCTAG


32.6
3’-CTACTGHGCGATC


4
5’-GATGACIHGCTAG


35.7
3’-CTACTGHICGATC


5
5’-GATGACYHGCTAG


39.5
3’-CTACTGHYCGATC


6
5’-GATGACPHGCTAG


43.3
3’-CTACTGHPCGATC


7
5’-GATGACIHGCTAG


36.7
3’-CTACTGHYCGATC


8
5’-GATGACYHGCTAG


36.8
3’-CTACTGHICGATC


9
5’-GATGAHIHICTAG ~5 20.0
3’-CTACTIHIHGATC


10
5’-GATGAHYHYCTAG ~10 23.0
3’-CTACTYHYHGATC


11 5’-GATGAHPHPCTAG ~5 18.0
3’-CTACTPHPHGATC


12
5’-GATGACYYGCTAG


36.3
3’-CTACTGHHCGATC


13
5’-GATGACIIGCTAG


35.6
3’-CTACTGHHCGATC


[a] c= 1.2 mm, 10 mm NaH2PO4, 0.15 m NaCl, pH 7.0. [b] c =1.2 mm, 10 mm NaH2PO4, 1.0m NaCl, pH 7.0. [c] Es-
timated error in Tm =�0.5 8C.


Figure 6. CD spectra (T=20 8C) of selected duplexes from Table 3.


Figure 7. Graphical representation of the thermal stabilities (Tm) vs the
number of I residues (n) of duplexes in the asymmetric systems A (^)
and B (*) from Table 4.
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structures we prepared and analyzed the duplexes listed in
Table 5. A 13-mer duplex containing seven I pairs and six
natural base pairs at one end (Table 5, entry 2) failed to
show a sigmoidal transition in the UV-melting curve. A gel
mobility experiment (Figure 8, lane 2) showed multiple
bands reminiscent of less-defined aggregate formation of the


two strands with themselves or
with each other. Aggregate for-
mation occurs also with a
strand containing a 3’-natural
overhang (entry 3) or with one
of the single strands (entry 1)
alone. By contrast, the duplex
containing a 5’-natural over-
hang (entry 4) shows a clear
and highly sigmoidal transition
in the UV-melting curve (Tm


51.3 8C) and a single duplex
band in the gel (Figure 8,
entry 4). This Tm is only 5.7 K
lower than that of the duplex
containing natural base pairs at
both ends (Table 5, entry 5) and
is 42.4 K higher than that of the
natural hexamer duplex consist-
ing of the first six base pairs
(Tm = 8.9 8C).[34] From these ex-
periments we conclude that
stable I pairs can exist also in
duplexes with natural base pairs
on one end and a 5’-overhang
of natural bases on the other
end, while duplexes with blunt-
ended I pairs or a 3’-overhang
tend to aggregate. The reason
of the differential behavior of
duplexes with 5’- or 3’-overhang
is unknown at present, but is
expected to be due to stacking
of the overhang on the neigh-
boring I pair. In another gel
mobility experiment we investi-
gated duplexes with shortened
ends of natural base pairs
Figure 8, entries 6–8). In this
case it becomes clear that three
natural base pairs at both ends
suffice to produce a discrete
duplex structure. Its Tm could
not be determined due to the
observed low hyperchromicity.


In a next step we wanted to
explore whether a pure I
duplex can exist without the
help of flanking natural base
pairs. Due to the expected low
hyperchromicity upon melting


of a fully biphenylic system, we adopted an experimental ap-
proach developed by Switzer et al.[35] We prepared two
single strands containing 12 I residues each, that were
tagged with one and eight thymidine residues at their 5’-
end, respectively, resulting in different oligonucleotide
lengths (Table 5, entries 9 and 10). Assuming that the flank-


Table 4. Thermal stabilities of duplexes containing an asymmetric distribution of hydrophobic pairs. System
A: n/n +1; System B: 2/2 +n ; I (1 a), Y (1b).


System A X= I Duplex X =Y
n/n+1 Tm


[a,d] [8C] Tm
[b,d] [8C]


1/2 42.9
5’-GATGACXGCTAG


43.7
3’-CTACTGXXCGATC


2/3 47.5
5’-GATGACXXGCTAG


41.4
3’-CTACTGXXXCGATC


3/4 51.0
5’-GATGACXXXGCTAG


39.6
3’-CTACTGXXXXCGATC


4/5 54.2
5’-GATGACXXXXGCTAG


38.4
3’-CTACTGXXXXXCGATC


5/6 56.2
5’-GATGACXXXXXGCTAG


n.d.[c]


3’-CTACTGXXXXXXCGATC


6/7 57.2
5’-GATGACXXXXXXGCTAG


n.d.[c]


3’-CTACTGXXXXXXXCGATC


System B X = I Duplex
2/n+ 2 Tm


[a]


2/3 47.5
5’-GATGACXXGCTAG


3’-CTACTGXXXCGATC


2/4 47.9
5’-GATGACXXGCTAG


3’-CTACTGXXXXCGATC


2/5 47.1
5’-GATGACXXGCTAG


3’-CTACTGXXXXXCGATC


2/6 44.1
5’-GATGACXXGCTAG


3’-CTACTGXXXXXXCGATC


2/7 42.4
5’-GATGACXXGCTAG


3’-CTACTGXXXXXXXCGATC


[a] c= 1.2 mm, 10 mm NaH2PO4, 0.15 m NaCl, pH 7.0. [b] c=1.2 mm, 10 mm NaH2PO4, 0.15 m NaCl, 1 mm EDTA,
pH 7.0. [c] Not determined. [d] Estimated error in Tm =�0.5 8C.


Table 5. I-modified oligonucleotide single strands and duplexes used in the gel retardation experiments, the
corresponding Tm data from UV-melting curves and discernible secondary structure formation.


Entry Sequence Tm
[a,d] [8C] Secondary structure


1 5’-GATGACIIIIIII mmp[b] aggregate


2
5’-GATGACIIIIIII


mmp[b] aggregate
3’-CTACTGIIIIIII


3
5’-GATGACIIIIIIIGCTAG


mmp[b] aggregate
3’-CTACTGIIIIIII


4
5’-GATGACIIIIIII


51.3 duplex
3’-CTACTGIIIIIIICGATC


5
5’-GATGACIIIIIIIGCTAG


57.0 duplex
3’-CTACTGIIIIIIICGATC


6 5’-GATIIIIIITAG – single strand


7
5’-GATIIIIIITAG


n.d. duplex
3’-CTAIIIIIIATC


8 3’-CTAIIIIIIATC – single strand
9 5’-TIIIIIIIIIIIIT n.d. aggregate
10 5’-TTTTTTTTIIIIIIIIIIIIT n.d. single strand


11
5’-TTTTTTTTIIIIIIIIIIIIT


n.d. mixed aggregate
3’-TIIIIIIIIIIIIT


[a] c= 1.2 mm, 10 mm NaH2PO4, 0.15 m NaCl, pH 7.0. [b] Multiple overlaying melting processes were observed
[c] n.d.=no Tm detectable due to low hyperchromicity. [d] Estimated error in Tm =�0.5 8C.
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ing T residues do not alter strand affinities, in a 1:1 mixture
of both strands one would expect three bands in the case of
statistic duplex formation. However, no discrete band of a
single strand was found for the shorter oligonucleotide
(Figure 8, lane 9), while a sharp band with the expected mo-
bility of a single strand was observed for the longer oligonu-
cleotide (entry 10). The mixture of both showed the disap-
pearance of the band of the longer oligonucleotide without
the appearance of discrete new bands (entry 11) eventually
indicating cross-pairing.


Discussion


I- versus Y pairs : The increasing thermal stability of duplex-
es with an increasing number of I pairs contrasts findings in
the Y series where decreasing thermal stability with increas-
ing number of bipyridyl residues is observed. Obvious fac-
tors responsible for this behavior are differences in stacking
or solvation energies, or differences in the preferred orienta-
tion of the biarylic axis. In general, Kool et al.[4] found that
hydrophobic effects are more important in stabilizing stack-
ing than other effects (electrostatic effects, dispersion
forces). However, the natural DNA bases are found to be
less dependent on hydrophobic effects than the more non-
polar compounds. We exclude differences in the polarizabili-
ty (am) of the two aromatic systems as the major factor, as
calculations revealed very similar am values (18.64 �3 for Y,
both syn and anti isomer, 20.15 �3 for I). More likely, differ-
ences in solvation of the edges of the aromatic units in the
major or minor groove in the duplex state, or structural dif-
ferences around the biphenylic axis (intrinsically planar in
the case of Y and intrinsically nonplanar in the case of I)
are responsible for the stability differences. The latter could
also explain why a single I base pair is less stable compared
with a single Y base pair, if its stacking interaction with the
nearest neighbor natural base pair is taken into account.


Relaxed versus stretched backbone : It is long known that
ethidium bromide can intercalate up to an extent of one
ethidium per 2.5 base pairs in DNA–polymer duplexes.[1]


This illustrates the flexibility of the DNA backbone which
allows for considerable breathing along the helical axis. It is
thus not surprising that a zipper-motif as described here in
the “stretched backbone” series is tolerated by the phospho-


diester backbone. It is notable that this zipper corresponds
to an intercalator/base-pair ratio of 1:1; this indicates that
even further extension along the helical axis is tolerated by
the backbone. It is unclear at present if and where the limi-
tations in length of this recognition motif lie. The fact that
the “relaxed backbone” series with Y–H and I–H pairs are
in all cases less stable than the “stretched backbone” series
with I–I and Y–Y pairs may well have its origin in differen-
ces in the entropy of duplex formation, the former series
having more degrees of conformational freedom than the
latter series.


An interesting question is also, whether the RNA back-
bone, which is intrinsically more compact and stiffer, will
tolerate such a zipper-like intercalation motif or not. This
would certainly have implications on research in the area of
novel base pairs for biotechnological applications.[14–22]


Fully modified duplexes : An obvious question is, whether
fully modified duplexes built only from I- or Y base pairs
exist and are stable under standard conditions. We found
that defined DNA duplex formation from two single strands
containing six I residues and three natural base pairs at
either end readily takes place (Figure 8, lane 7). Further-
more, we know that natural base pairs on one end of the
duplex can (but must not) be sufficient for defined duplex
formation (Figure 8, lane 4). On the other hand, oligonu-
cleotides that have no matching natural base pairs, or that
show blunt ended I pairs (Figure 8, lane 1, 2, 9–11) either
tend to aggregation or do not pair at all. Therefore a few
natural base pairs at one end of the duplex seem to be re-
quired to align two strands in a defined structural register
and to prevent undefined aggregation.


Conclusion


With the structural and biophysical data contained in this
communication we lend further evidence for the existence
of the interstrand-stacking structural model of non-hydrogen
bonding aromatics as base substitutes that we first proposed
a couple of years ago.[23,24] These findings underline the
more and more recognized importance of interstrand stack-
ing interactions for nucleic acid double-helix stability. In ad-
dition it demonstrates the structural dynamics of the DNA
backbone towards an elongation along the helical axis.


Besides representing an ideal scaffold for the study of the
energetics of stacking interactions it could also be a structur-
al motif of interest in nanotechnology or molecular electron-
ics. In this context we are currently interested in the follow-
ing questions: i) how do stacking energies depend on the
electronic nature of the aromatic units; ii) does there exist a
recognition code based entirely on differential stacking in-
teractions; iii) can donor and acceptor substituted biphenyls
form extended charge transfer complexes when alternatingly
stacked within the center of a helix; and iv) can electrons or
charges be efficiently transported across the zipper much in
the same way as in natural DNA, and can this be kinetically


Figure 8. 20% Polyacrylamide gel electrophoresis of single strands and
mixtures corresponding to entries 1–11 from Table 5). Bands were visual-
ized by UV light (260 nm). Entries correspond to Table 5.
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and thermodynamically tuned via electronic variation
(chemical substitution) of the biphenyl units.


Experimental Section


General : Reactions were performed under argon in distilled, anhydrous
solvents. All chemicals were reagent grade from Fluka or Aldrich.
1H NMR (300 MHz, 500 MHz) spectra were recorded on a Bruker AC-
300 or Bruker DRX-500 spectrometer; the chemical shifts d/ppm were
referenced to residual undeuterated solvent ([D]chloroform) =7.27,
[D]methanol =3.35); coupling constants J in Hz. 13C NMR (75 MHz)
were recorded on a Bruker AC 300; the chemical shifts d/ppm were refer-
enced to residual undeuterated solvent ([D]chloroform =77.00,
[D]methanol =49.3). Carbon multiplicity (s,d,t,q) from DEPT spec-
tra.31P NMR spectra (162 MHz) were recorded on a Bruker DRX-400
spectrometer; the chemical shift d/ppm was referenced to 85% H3PO4 as
external standard. LSIMS and EI mass spectra were recorded on a Auto
Speq Q VG at 70 eV, ESI-MS mass spectra on a Fisons Instrument VG
Platform. For TLC, pre-coated plates SIL-G UV254 (Macherey Nagel)
have been used and visualized by UV and/or dipping into a solution of
Ce(SO4)2 (10.5 g), phosphormolybdic acid (21 g), H2SO4 (60 mL), and
H2O (900 mL). Flash chromatography (FC) was performed with silica gel
60 (230–400 mesh). Abbreviations: EtOAc: ethyl acetate; TEA: triethyl-
amine; TIPDS: 1,3-dichloro-1,1,3,3-tetraisopropyl disiloxane; DMT: 4,4’-
dimethoxytrityl.


Compound 5 : A solution of nBuLi (1.6 m in hexane, 62.7 mL, 104 mmol)
was diluted with dry Et2O (45 mL). A solution of 4 (10.2 mL,
103.7 mmol) in dry Et2O (100 mL) was added at �78 8C. The mixture was
stirred for 1 h at �78 8C. A solution of Me3SnCl (20.0 g, 104 mmol) in dry
THF (100 mL) was then added dropwise at �78 8C. The cooling bath was
removed and the reaction mixture was allowed to warm to RT. The color
changed from brown to green and finally to yellow. The reaction was
quenched with sat. NH4Cl and the organic layer was washed with H2O,
brine, dried (MgSO4) and evaporated. Compound 5 (21.2 g, 93 %) was
obtained by distillation under reduced pressure as a colorless liquid.
1H NMR (300 MHz, CDCl3, 25 8C): d = 8.73 (d, 3J(H,H) = 4.4 Hz, 1H),
7.54–7.42 (m, 2 H), 7.15–7.11 (m, 1H), 0.34 (s, 9H; CH3); 13C NMR
(75 MHz, CDCl3, 25 8C): d =173.51 (s), 150.51 (d), 133.51 (d), 131.58 (d),
122.24 (d), �9.50 (q); MS (70 eV, EI): m/z (%): 243/241 (25/20) [M]+ ,
228/226 (100/75), 198/196 (77/42), 135/133 (53/41).


Compound 6 : 2,5-Dibromopyridine (36.9 g, 0.156 mol) was added to a so-
lution of 2-trimethylstannylpyridine (5, 34.5 g, 0.141 mol) in m-xylene
(300 mL), and the reaction mixture was degassed by gently bubbling
argon through the solution for 1 h. Then, [Pd(PPh3)4] (1.64 g, 1 mol %)
was added and heated to 120 8C under stirring. After 12 h the mixture
was cooled and poured into 2m NaOH. The phases were separated, and
the aqueous layer was extracted with toluene (2 � 1000 mL). The com-
bined organic phases were dried (MgSO4) and evaporated under reduced
pressure. Compound 6 (28.53 g, 86%) was obtained after FC (hexane/
EtOAc/TEA 8:2:2%) as a white solid. Rf = 0.30; 1H NMR (300 MHz,
CDCl3, 25 8C): d = 8.73 (d, 3J(H,H) = 2.5 Hz, 1 H), 8.67 (dt, 3J(H,H) =


0.8, 3.2 Hz; 1H), 8.38 (d, 3J(H,H) =7.9 Hz, 1H), 8.32 (d, 3J(H,H) =


8.5 Hz, 1 H), 7.94 (dd, 3J(H,H) =2.3, 8.5 Hz, 1 H) 7.82 (td, 3J(H,H) =1.7,
7.5 Hz, 1 H), 7.32 (ddd, 3J(H,H) =1.5, 4.7, 7.4 Hz, 1H); 13C NMR
(75 MHz, CDCl3, 25 8C): d =155.04 (s), 154.42 (s), 150.18 (d), 149.08 (d),
139.49 (d), 137.14 (d), 124.00 (d), 122.36 (d), 121.17 (s), 121.02 (d); MS
(70 eV, EI): m/z (%): 234/236 (100/100) [M]+ , 155 (76), 128 (82), 78 (39).


Compound 3 b : A Schlenk tube was charged with compound 6 (8 g,
0.034 mol), CuI (0.323 g, 0.0017 mol) and NaI (10.2 g, 0.068 mol), briefly
evacuated and flushed with argon. Racemic trans-N,N’-dimethyl-1,2-cy-
clohexanediamine[28] (0.544 mL, 0.0034 mol) and dioxane (34 mL) were
added. The Schlenk tube was sealed and the reaction mixture stirred at
110 8C for 70 h. The brown suspension was allowed to reach RT, was di-
luted with 30 % aqueous ammonia (180 mL), poured into water (500 mL)
and extracted with CH2Cl2 (3 � 200 mL). The combined organic layers
were dried (MgSO4) and concentrated in vacuo. Compound 3 b (9.02 g,


94%) was obtained after FC (hexane/EtOAc/TEA 8:2:2%) as a white
solid. Rf =0.30 (hexane/EtOAc/TEA 8:2:2 %); m.p. 104 8C; 1H NMR
(300 MHz, CDCl3, 25 8C): d =8.86 (d, 3J(H,H) =1.5 Hz, 1H; C6H), 8.65
(dd, 3J(H,H) =0.8, 4.8 Hz, 1 H; C6H), 8.36 (d, 3J(H,H) =8.1 Hz, 1H;
C3H), 8.20 (d, 3J(H,H) =7.8 Hz, 1 H; C3H), 8.10 (dd, 3J(H,H) =2.2,
8.5 Hz, 1 H; C4H), 7.80 (td, 3J(H,H) = 1.8, 7.7 Hz, 1H; C4H), 7.31 (ddd,
3J(H,H) =1.1, 4.8, 5.9 Hz, 1H; C5H); 13C NMR (75 MHz, CDCl3, 25 8C):
d =155.18 (s), 155.10 (d), 154.83 (s), 149.12 (d), 145.11 (d), 136.98 (d),
124.02 (d), 122.74 (d), 120.88 (d), 93.83 (s); MS (70 eV, EI): m/z (%): 282
(100) [M]+ , 155 (57), 128 (25), 78 (30); IR (KBr): ñ =1586, 1573, 1558,
1540, 1455, 1435, 1358, 998, 791, 633 cm�1.


Compound 7 a : nBuLi (1.6 m in hexane, 9.3 mL, 14.9 mmol) was added
dropwise at �78 8C to a solution of 4-bromo-biphenyl (3 a, 3.5 g,
15.0 mmol) in dry THF (130 mL). After 1 h at �78 8C, 2 (6.16 g,
14.71 mmol) in dry THF (20 mL) was added. The mixture was stirred for
3 h at �78 8C and allowed to warm up to RT over night. Sat. NaHCO3


(300 mL) was added and the mixture was extracted with Et2O (3 �
250 mL). The organic layer was washed with H2O (100 mL), dried
(MgSO4) and concentrated in vacuo. The yellow residue was dissolved in
dry CH2Cl2 (40 mL) and cooled to �78 8C. Et3SiH (11.7 mL, 73.6 mmol)
and BF3·OEt2 (9.3 mL, 73.6 mmol) were added dropwise. The reaction
mixture was allowed to warm to RT over night, quenched with HCl (1 m,


30 mL) and stirred for 30 min at RT. The mixture was neutralized with
2% NaOH and extracted with EtOAc (4 � 150 mL). The organic layer
was washed with brine (50 mL), dried (MgSO4) and concentrated in
vacuo. Compound 7a (2.93 g, 35%) was obtained after FC (hexane/
EtOAc 9:1) as a slightly yellow solid. Rf =0.15 (hexane/EtOAc 9:1); m.p.
80–87 8C; 1H NMR (300 MHz, CDCl3, 25 8C): d = 7.65–7.63 (d, 3J(H,H) =


2.7 Hz, 2 H; ArH), 7.60–7.54 (m, 4 H; ArH), 7.51–7.46 (m, 3H; ArH),
7.44–7.23 (m, 15H; ArH), 5.15 (d, 3J(H,H) = 6.6 Hz, 1H; C1’H), 4.69–
4.56 (m, 6 H; CH2), 4.44 (m, 1 H; C4’H), 4.11 (t, 3J(H,H) =4.8 Hz, 1 H;
C3’H), 3.93 (t, 3J(H,H) =5.9 Hz, 1H; C2’H), 3.73 (ddd, 2,3J(H,H) =4.0,
10.7, 14.7 Hz, 2 H; C5’H); 1H NMR NOE (400 MHz, CDCl3, 25 8C): d =


5.15 (C1’H) ! 7.61 (ArH; 8.8%), 4.44 (C4’H; 3.0 %), 3.93 (C2’H; 1.7%);
4.44 (C4’H) ! 5.15 (C1’H; 3.4 %), 4.11 (C3’H; 2.3 %), 3.73 (C5’H;
2.7%); 4.11 (C3’H) ! 3.93 (C2’H, 7.6%); 13C NMR (75 MHz, CDCl3,
25 8C): d =140.98 (s, ArC), 140.57 (s, ArC), 139.47 (s, ArC), 138.17,
137.96, 137.80 (3s, ArC), 128.73, 128.37, 128.28, 128.07, 127.75, 127.64,
127.60, 127.19, 127.06, 127.02, 126.72 (11d, ArC), 83.71 (d, C2’), 82.38 (d,
C1’), 81.78 (d, C4’), 77.54 (d, C3’), 73.47, 72.25, 71.95 (3t, CH2), 70.47 (t,
C5’); MS (70 eV, EI): m/z (%): 556 (0.05) [M]+ , 465 (5), 448 (3), 357
(10), 153 (12), 107 (8), 91 (100), 77 (13).


Compound 7 b : This compound was prepared as described for 7 a, from
3b (6.0 g, 0.021 mol), nBuLi (13.3 mL) in THF (280 mL). Lactone 2
(8.35 g, 0.0199 mol) in THF (70 mL) was added. After extraction the
yellow residue was dissolved in CH2Cl2 (54.5 mL), Et3SiH (15.81 mL,
0.0995 mol) and BF3·OEt2 (12.5 mL, 0.0995 mol) were added. Compound
7b (3.51 g, 32%) was obtained after FC (hexane/EtOAc 1:1 followed by
a second column hexane/EtOAc/TEA 8:2:2 %) as a slightly yellow oil.
Rf = 0.21 (hexane/EtOAc/TEA 9:1:2 %); 1H NMR (500 MHz, CDCl3,
25 8C): d = 8.73 (d, 3J(H,H) = 2.7 Hz, 1 H; ArH), 8.71 (ddd, 3J(H,H) =


1.2, 2.4, 6.1 Hz, 1 H; ArH), 8.44 (d, 3J(H,H) = 9.9 Hz, 1H; ArH), 8.35 (d,
3J(H,H) =10.2 Hz, 1 H; ArH), 7.87–7.83 (m, 2H; ArH), 7.40–7.30 (m,
10H; ArH), 7.26–7.24 (m, 3H; ArH), 7.20–7.18 (m, 2 H; ArH), 7.18 (d,
3J(H,H) =3.0 Hz, 1H; ArH), 5.10 (d, 3J(H,H) =9.3 Hz, 1H; C1’H), 4.63–
4.51 (m, 5H; CH2), 4.44 (d, 3J(H,H) =15.0 Hz, 1 H; CH2), 4.40 (dd,
3J(H,H) =4.7, 8.9 Hz, 1H; C4’H), 4.05 (dd, 3J(H,H) =4.0, 6.4 Hz, 1 H;
C3’H), 3.85 (dd, 3J(H,H) =6.6, 9.4 Hz, 1 H; C2’H), 3.68 (dd, 2,3J(H,H) =


5.0, 12.9 Hz, 1 H; C5’H), 3.62 (dd, 2,3J(H,H) =5.0, 12.9 Hz, 1H; C5’H);
1H NMR NOE (500 MHz, CDCl3, 25 8C): d = 5.10 (C1’H) ! 4.44
(C4’H; 3.0%); 4.05 (C3’H) ! 3.85 (C2’H; 11%); 3.85 (C2’H) ! 4.05
(C3’H, 10 %); 13C NMR (75 MHz, CDCl3, 25 8C): d =155.94 (s, ArC),
155.54 (s, ArC), 149.08 (d, ArC), 147.47 (d, ArC), 137.89 (s, ArC), 137.72
(s, ArC), 137.36 (s, ArC), 136.87 (d, ArC), 136.04 (s, ArC), 134.75 (d,
ArC), 128.38–127.58 (15d, ArC), 123.59 (d, ArC), 121.06 (d, ArC), 120.68
(d, ArC), 83.80 (d, C2’), 82.30 (d, C1’), 80.07 (d, C4’), 77.42 (d, C3’),
73.49, 72.50, 71.92 (3t, CH2), 70.38 (t, C5’); LSIMS: m/z (%): 559 (100)
[M+H]+ , 185 (37), 147 (32), 136 (45).
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Compound 8a : A solution of 7 a (2.23 g, 4.0 mmol) in dry CH2Cl2


(40 mL) was cooled to �78 8C and treated with BBr3 (1 m in CH2Cl2,
14.0 mL, 14.0 mmol). After 4 h at �78 8C the reaction mixture was
quenched with MeOH (45 mL) and allowed to warm up to RT over
night. The solvent was evaporated; the residue dissolved in MeOH
(200 mL) and washed with hexane (3 � 40 mL). The aqueous layer was
evaporated and residual water was removed by coevaporation from pyri-
dine. The crude product (1.14 g) was dissolved in dry pyridine (44 mL)
and 1,3-dichloro-1,1,3,3-tetraiso-propyldisiloxane (1.25 mL, 4.0 mmol)
was added dropwise at 0 8C. After stirring for 5 h at RT the solvent was
evaporated. The residue was dissolved in saturated aqueous NaHCO3


(80 mL) and extracted with EtOAc (4 � 40 mL). The organic layer was
dried (MgSO4) and concentrated in vacuo.


Compound 8a (761 mg, 36% over 2 steps) was obtained after FC
(hexane/EtOAc 9:1) as a slightly yellow oil. Rf =0.24 (hexane/EtOAc
8:2); 1H NMR (300 MHz, CDCl3, 25 8C): d =7.62–7.58 (m, 4H; ArH),
7.53–7.43 (m, 4 H; ArH), 7.38–7.33 (m, 1H; ArH), 4.91 (d, 3J(H,H) =


3.7 Hz, 1H; C1’H), 4.43 (t, 3J(H,H) =6.6 Hz, 1H; C3’H), 4.15–4.13 (m,
2H; C5’H), 4.09–4.05 (m, 1 H; C4’H), 4.02 (dd, 3J(H,H) =3.7, 5.9 Hz, 1 H;
C2’H), 3.20–2.80 (br, 1 H; HO), 1.14–1.04 (m, 28 H; iPr); 13C NMR
(75 MHz, CDCl3, 25 8C): d =140.91 (s, ArC), 140.60 (s, ArC), 139.11 (s,
ArC), 128.75 (d, ArC), 127.26 (s, ArC), 127.17 (d, ArC), 127.11 (d, ArC),
126.27 (d, ArC), 85.26 (d, C1’), 82.46 (d, C2’), 77.30 (d, C4’), 71.62 (d,
C3’), 62.45 (t, C5’), 17.51, 17.40, 17.38, 17.33, 17.15, 17.11, 17.00 (7q, iPr),
13.42, 13.20, 12.89, 12.65 (4d, CH-iPr); MS (70 eV, EI): m/z (%): 528
(0.8) [M]+ , 485 (29), 467 (15), 455 (9), 395 (7), 235 (100), 205 (29), 152
(17), 77 (9).


Compound 8 b : This compound was prepared as described for 8 a, from
7b (552 mg, 0.99 mmol), BBr3 (1 m in CH2Cl2, 3.45 mL, 3.45 mmol) in
CH2Cl2 (10 mL). The reaction was quenched with MeOH (12 mL), the
mixture evaporated and the residue dissolved in H2O (50 mL) and
washed with CH2Cl2 (1 � 20 mL). The aqueous layer was evaporated and
dried by coevaporation from pyridine. To the crude product (285 mg) 1,3-
dichloro-1,1,3,3-tetraisopropyldisiloxane (0.37 mL, 0.99 mmol) in dry pyr-
idine (11 mL) was added. Compound 8b (239 mg, 46 % over two steps)
was obtained after FC (EtOAc/hexane 3:8) as a slightly yellow oil. Rf =


0.26 (EtOAc/hexane 3:8); 1H NMR (300 MHz, CDCl3, 25 8C): d =8.71
(d, 3J(H,H) =2.2 Hz, 1 H; ArH), 8.70–8.68 (m, 1H; ArH), 8.43–8.38 (m,
2H; ArH), 7.90 (dd, 3J(H,H) =1.9, 8.1 Hz, 1H; ArH), 7.83 (dt, 3J(H,H) =


1.8, 7.7 Hz, 1 H; ArH), 7.32 (ddd, 3J(H,H) =1.1, 4.8, 7.4 Hz, 1H; ArH),
4.92 (d, 3J(H,H) =3.7 Hz, 1H; C1’H), 4.40 (t, 3J(H,H) =7.8 Hz, 1 H;
C3’H), 4.16–4.06 (m, 3 H; C4’H, C5’H), 3.99 (m, 1 H; C2’H), 3.06 (d,
3J(H,H) =4.1 Hz, 1H; (HO), 1.12–1.02 (m, 28 H; iPr); 1H NMR NOE
(400 MHz, CDCl3, 25 8C): d =4.92 (C1’H) ! 8.70 (ArH; 6.4%), 7.90
(ArH; 2.7 %), 4.06 (C4’H; 4.2%), 3.99 (C2’H; 2.6%); 4.40 (C3’H) ! 8.71
(ArH; 1.1%), 7.90 (ArH; 2.2 %), 3.99 (C2’H; 10.7 %); 3.99 (C2’H) !
8.70 (ArH; 2.2%), 7.91 (ArH, 1.5%), 4.91 (C1’H; 3.2 %), 4.41 (C3’H;
10.0 %); 4.06 (C4’H) ! 4.92 (C1’H; 3.6%), 4.40 (C3’H; 2.5%); 13C NMR
(101 MHz, CDCl3, 25 8C): d =155.73 (s, ArC), 155.42 (s, ArC), 148.95 (d,
ArC), 146.91 (d, ArC), 136.81 (d, ArC), 135.48 (s, ArC), 134.27 (d, ArC),
123.53 (d, ArC), 121.01 (d, ArC), 120.63 (d, ArC), 83.09 (d, C1’), 82.70
(d, C2’), 76.53 (d, C4’), 71.57 (d, C3’), 62.29 (t, C5’), 17.31, 17.20, 17.18,
17.14, 16.94, 16.91, 16.89, 16.78 (8q, iPr), 13.20, 13.01, 12.74, 12.46 (4d,
CH-iPr); LSIMS: m/z (%): 531 (100) [M+H]+ , 199 (19), 185 (28), 133
(14).


Compound 9a : 1,1’-Thiocarbonyl diimidazole (300 mg, 1.7 mmol) was
added to a solution of 8a (740 mg, 1.40 mmol) in dry acetonitrile
(6.1 mL). After stirring for 9 h at RT a second portion of 1,1’-thiocarbon-
yl diimidazole (150 mg, 0.85 mmol) was added and stirred for another
9 h. The suspension was concentrated in vacuo, the residue dissolved in
CH2Cl2 (100 mL) and washed with saturated aqueous NaHCO3 solution
(3 � 40 mL). The organic layer was dried (MgSO4) and concentrated in
vacuo. Compound 9a (751 mg, 84%) was obtained after FC (hexane/
EtOAc 7:3) as a white solid. Rf = 0.41 (hexane/EtOAc 7:3); m.p. 112–
116 8C; 1H NMR (300 MHz, CDCl3, 25 8C): d =8.54 (s, 1H; ImH), 7.76
(s, 1H; ImH) 7.64–7.59 (m, 6 H; ArH), 7.46 (t, 3J(H,H) =7.35 Hz, 2 H;
ArH), 7.39–7.35 (m, 1H; ArH), 7.16 (s, 1H; ImH), 5.84 (d, 3J(H,H) =


4.8 Hz, 1 H; C2’H), 5.32 (s, 1H; C1’H), 4.71 (dd, 3J(H,H) =4.8, 8.8 Hz,


1H; C3’), 4.33–4.28 (m, 1 H; C5’H), 4.17–4.10 (m, 2 H; C4’H, C5’H),
1.17–0.94 (m, 28 H; iPr); 13C NMR (75 MHz, CDCl3, 25 8C): d =141.2,
140.68, 137.69, 136.81, 136.80 (5s, ArC), 130.81, 128.80, 127.44, 127.30,
127.12, 126.89, 126.43, 124.08, 118.10 (9d, ArC, ImC), 87.64 (d, C2’),
82.89 (d, C1’), 82.12 (d, C4’), 69.21 (d, C3’), 60.72 (t, C5’), 17.48, 17.36,
17.34, 17.27, 17.08, 16.98, 16.90 (7q, iPr), 13.37, 13.05, 12.89, 12.67 (4d,
CH-iPr); LSIMS: m/z (%): 639 (38) [M+H]+ , 511 (10), 467 (8), 261 (75),
233 (100).


Compound 9 b : This compound was prepared as described for 9 a, from
8b (139 mg, 0.262 mmol), 1,1’-thiocarbonyl diimidazole (56 mg,
0.31 mmol) in acetonitrile (1.2 mL). The residue was dissolved in EtOAc
(50 mL) and washed with saturated aqueous NaHCO3 (3 � 40 mL). Com-
pound 9b (120 mg, 71 %) was obtained after FC (EtOAc/hexane 4:1) as
a white foam. Rf = 0.25 (EtOAc/hexane 3:1); 1H NMR (300 MHz, CDCl3,
25 8C): d =8.89 (d, 3J(H,H) =1.8 Hz, 1 H; ArH), 8.69 (d, 3J(H,H) =


4.0 Hz, 1H; ArH), 8.45 (m, 1H; ImH), 8.43–8.42 (m, 2H; ArH), 8.07
(dd, 3J(H,H) =1.8, 8.0 Hz, 1H; ArH), 7.84 (dd, 3J(H,H) =1.8, 7.7 Hz, 1H;
ArH), 7.71 (m, 1H; ImH), 7.35–7.31 (m, 1H; ArH), 7.09 (s, 1H; ImH),
5.78 (d, 3J(H,H) = 4.0 Hz, 1H; C2’H), 5.36 (s, 1 H; C1’H), 4.67 (dd,
3J(H,H) =5.2, 8.8 Hz, 1H; C3’H), 4.29 (m, 1H; C5’H), 4.18–4.09 (m, 2 H;
C4’H, C5’H), 1.11–0.92 (m, 28H; iPr); 13C NMR (75 MHz, CDCl3, 25 8C):
d=183.35 (s, C=S), 156.17, 155.72 (2s, ArC), 149.16 (d, ArC), 147.27 (d,
ArC), 136.87 (d, ImC), 136.77, 134.53, 134.29 (3d, ArC), 131.08 (d, ImC),
130.67, 123.79, 121.13 (3d, ArC), 118.04 (d, ImC), 87.08 (d, C2’), 82.17 (d,
C1’), 81.09 (d, C4’), 69.16 (d, C3’), 60.53 (t, C5’), 17.41, 17.30, 17.27,
17.22, 17.01, 16.92, 16.88, 16.84 (8q, iPr), 13.26, 12.97, 12.83, 12.61 (4d,
CH-iPr); LSIMS: m/z (%): 641 (10) [M+H]+ , 531 (15), 261 (18), 235
(40), 278 (64), 252 (66), 215 (40), 181 (28), 160 (38), 105 (18).


Compound 10a : A solution of 9a (700 mg, 1.1 mmol) in toluene (7.2 mL)
was heated at 80 8C, and a solution of Bu3SnH (0.58 mL, 2.19 mmol) and
a,a’-azobisisobutyronitrile (34 mg, 0.21 mmol) in toluene (18 mL) was
added dropwise over a period of 2 h. The reaction mixture was stirred for
2 h at 80 8C and then allowed to cool to RT. The mixture was concentrat-
ed in vacuo. Compound 10a (438 mg, 78 %) was obtained after FC
(hexane/EtOAc 15:0.3) as a colorless oil. Rf =0.61 (hexane/EtOAc 8:2);
1H NMR (300 MHz, CDCl3, 25 8C): d =7.62–7.58 (m, 4 H; ArH), 7.48–
7.34 (m, 5H; ArH), 5.17 (t, 3J(H,H) =7.35 Hz, 1H; C1’H), 4.60 (m, 1 H;
C3’H), 4.19 (m, 1 H; C5’H), 3.96–3.90 (m, 2H; C4’H, C5’H), 2.48–2.40
(m, 1 H; C2’H), 2.20–2.11 (m, 1H; C2’H), 1.14–1.07 (m, 28H; iPr);
13C NMR (75 MHz, CDCl3, 25 8C): d =141.09, 140.93, 140.44 (3s, ArC),
128.71, 127.19, 127.11, 127.06, 126.29 (5d, ArC), 86.46 (d, C4’), 78.84 (d,
C1’), 73.43 (d, C3’), 63.76 (t, C5’), 43.11 (t, C2’), 17.59, 17.46, 17.44, 17.39,
17.26, 17.11, 17.08, 16.99 (8q, iPr), 13.52, 13.40, 13.03, 12.57 (4d, CH-iPr);
MS (70 eV, EI): m/z (%): 512 (0.02) [M]+ , 469 (86), 451 (19), 439 (5), 235
(100).


Compound 10b : This compound was prepared as described for 10a.
Bu3SnH (80 mL, 0.30 mmol) and a,a’-azobisisobutyronitrile (4.6 mg,
28 mol) in toluene (0.4 mL) were added to 9 b (119 mg, 0.186 mmol) in
toluene (2 mL). Compound 10b (69 mg, 72 %) was obtained after FC
(EtOAc/hexane/TEA 1:3:0.05) as a slightly yellow oil. Rf =0.36 (EtOAc/
hexane 1:3); 1H NMR (300 MHz, CDCl3, 25 8C): d =8.67 (d, 3J(H,H) =


4.0 Hz, 1 H; ArH), 8.62 (d, 3J(H,H) = 1.5 Hz, 1H; ArH), 8.39 (d,
3J(H,H) =4.8 Hz, 1H; ArH), 8.36 (d, 3J(H,H) =5.2 Hz, 1H; ArH), 7.84–
7.77 (m, 2H, ArH), 7.31–7.27 (m, 1 H; ArH), 5.18 (t, 3J(H,H) =7.4 Hz,
1H; C1’H), 4.56 (m, 1H; C3’H), 4.15 (m, 1H; C5’H), 3.97–3.87 (m, 2H;
C4’H, C5’H) 2.45 (ddd, 2,3J(H,H) =4.8, 7.0, 12.5 Hz, 1H; C2’H), 2.15–2.03
(m, 1H; C2’H), 1.09–1.03 (m, 28H; iPr); 13C NMR (75 MHz, CDCl3,
25 8C): d =156.23, 155.72 (2s, ArC), 149.35, 147.33, 137.85, 137.05,
134.55, 123.81, 121.24, 120.96 (8d, ArC), 86.81 (d, C4’), 77.62 (d, C1’),
73.47 (d, C3’), 63.79 (t, C5’), 43.21 (t, C2’), 17.76, 17.64, 17.61, 17.56,
17.43, 17.27, 17.16, 16.06 (8q, iPr), 13.80, 13.69, 13.58, 13.24 (4d, CH-iPr);
LSIMS: m/z (%): 515 (100) [M+H]+ , 183 (20).


Compound 1a : NEt3·3 HF (1.0 mL, 6.3 mmol) was added dropwise to a
solution of 10a (323 mg, 0.63 mmol) in dry THF (32 mL). After stirring
for 15 h at RT the reaction mixture was concentrated in vacuo. Com-
pound 1 a (167 mg, 98%) was obtained after FC (EtOAc/toluene/MeOH
5:5:0.3) as a white solid. Rf =0.37 (EtOAc/toluene/MeOH 5:5:1);
1H NMR (300 MHz, [D]methanol, 25 8C): d =7.65–7.60 (m, 4H; ArH),
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7.51–7.33 (m, 5H; ArH), 5.21 (dd, 3J(H,H) =5.2, 10.7 Hz, 1H; C1’H),
4.40–4.38 (m, 1H; C3’H), 4.05–4.00 (m, 1H; C4’H), 3.75 (m, 2 H; C5’H),
2.30–2.23 (ddd, 3J(H,H) =1.5, 5.5, 13.3 Hz, 1 H; C2’H), 2.07–1.96 (m, 1 H;
C2’H); 13C NMR (75 MHz, [D]methanol, 25 8C) d =142.57, 142.42,
142.06 (3s, ArC), 130.13, 128.59, 128.19, 127.97 (4d, ArC), 89.49 (d, C4’),
81.65 (d, C1’), 74.74 (d, C3’), 64.36 (t, C5’), 45.22 (t, C2’); MS (70 eV, EI):
m/z (%): 270 (53) [M]+ , 252 (4), 234 (10), 180 (83), 167 (100), 152 (44),
115 (18), 77 (19); IR (KBr): ñ =3394, 2927, 1486, 1084, 1071, 1045, 1008,
830, 764, 701 cm�1.


Compound 1 b : This compound was prepared as described for 1 a, from
10b (61 mg, 0.12 mmol) and NEt3·3HF (0.20 mL, 1.2 mmol) in THF
(7 mL). Compound 1b (31 mg, 95%) was obtained after FC (EtOAc/tol-
uene/MeOH/TEA 5:5:3:2 %) as a slightly pink oil. Rf = 0.48 (EtOAc/tolu-
ene/MeOH/TEA 5:5:3:2 %); 1H NMR (300 MHz, [D]methanol, 25 8C): d


=8.72–8.69 (m, 2 H; ArH), 8.33–8.31 (m, 2 H; ArH), 8.06–7.95 (m, 2 H;
ArH), 7.48 (m, 1 H; ArH), 5.29 (dd, 3J(H,H) =5.5, 10.7 Hz, 1 H; C1’H),
4.43–4.41 (m, 1H; C3’H), 4.00 (m, 1H; C4’H), 3.75 (d, 3J(H,H) =5.2 Hz,
2H; C5’H), 2.34 (dd, 3J(H,H) = 5.5, 13.23 Hz, 1H; C2’H), 2.11–1.96 (m,
1H; C2’H); 13C NMR (75 MHz, [D]methanol, 25 8C): d =157.23, 156.67
(2s, ArC), 150.52, 148.67 (2d, ArC), 140.04 (s, ArC), 139.04, 136.77,
125.58, 122.93, 122.59 (5d, ArC), 89.77 (d, C4’), 79.41 (d, C1’), 74.69 (d,
C3’), 64.22 (t, C5’), 45.10 (t, C2’); LSIMS: m/z (%): 273 (15) [M+H]+ ,
155 (100), 135 (18), 119 (89).


Compound 11 a : 4,4’-Dimethoxytrityl chloride (220 mg, 0.65 mmol) was
added in three portions to a solution of 1 a (146 mg, 0.54 mmol) in dry
pyridine (2.2 mL). After 6 h, toluene (2 mL) was added and the reaction
mixture was evaporated. The residue was dissolved in CH2Cl2 (30 mL)
and washed with saturated aqueous NaHCO3 (3 � 15 mL), dried (MgSO4)
and concentrated in vacuo. Compound 11a (240 mg, 85 %) was obtained
after FC (EtOAc/toluene/TEA 3:6:0.3) as a white foam. Rf =0.37
(EtOAc/toluene/TEA 3:6:0.2); 1H NMR (300 MHz, CDCl3, 25 8C): d =


7.62–7.19 (m, 18H; ArH), 6.87 (s, 2H; ArH), 6.84 (s, 2 H; ArH), 5.24
(dd, 3J(H,H) =5.5, 9.9 Hz, 1H; C1’H), 4.47 (m, 1 H; C3’H), 4.10 (m, 1 H;
C4’H), 3.80 (s, 6H; OCH3), 3.40 (dd, 3J(H,H) =4.8, 9.9 Hz, 1 H; C5’H),
3.20 (dd, 3J(H,H) = 5.5, 9.9 Hz, 1H; C5’H), 2.38 (s, 1 H; OH), 2.30 (ddd,
2,3J(H,H) =2.2, 5.9, 7.7 Hz, 1H; C2’H), 2.16–2.09 (m, 1 H; C2’H);
1H NMR NOE (400 MHz, CDCl3, 25 8C): d =5.24 (C1’H) ! 7.4 (ArH;
7.6%), 4.10 (C4’H; 3.5%), 2.30 (C2’H; 5.5%); 4.47 (C3’H) ! 4.10
(C4’H; 2.7 %), 3.40 (C5’H; 1.2 %), 3.20 (C5’H; 1.4%); 4.10 (C4’H) !
5.24 (C1’H; 4.2%), 4.47 (C3’H; 2.4 %), 3.40 (C5’H; 3.0%), 3.20 (C5’H;
1.8%); 2.30 (C2’H) ! 5.24 (C1’H); 10.3 %), 4.47 (C3’H; 2.5%);
13C NMR (75 MHz, CDCl3, 25 8C): d =158.47, 144.86, 140.93, 140.85,
140.50 (5s, ArC), 136.04, 130.13, 129.05, 128.77, 128.24, 128.21, 127.87,
127.25, 127.13, 127.10, 126.82, 126.51, 113.14 (13d, ArC), 86.34 (s, ArC),
86.24 (d, C4’), 79.80 (d, C1’), 74.76 (d, C3’), 64.51 (t, C5’), 55.22 (q,
OCH3), 43.84 (t, C2’); LSIMS: m/z (%): 572 (4) [M+H]+ , 303 (100).


Compound 11 b : This compound was prepared as described for 11a, from
1b (30 mg, 0.11 mmol), 4,4’-dimethoxytrityl chloride (49 mg, 0.14 mmol)
in dry pyridine (0.4 mL). Compound 11b (48 mg, 75%) was obtained
after FC (EtOAc/toluene/MeOH/TEA 1:1:0.03:0.03) as a slightly yellow
foam. Rf =0.4 (EtOAc/toluene/MeOH/TEA 1:1:0.03:0.03); 1H NMR
(300 MHz, CDCl3, 25 8C): d =8.59 (m, 2 H; ArH), 8.30 (m, 2 H; ArH),
7.82–7.70 (m, 2H; ArH), 7.41–7.39 (m, 2H; ArH), 7.30–7.09 (m, 12H;
ArH), 6.77 (s, 2H; ArH), 6.74 (s, 2 H; ArH), 5.19 (dd, 3J(H,H) =5.5,
10.3 Hz, C1’H), 4.39 (m, 1 H, C3’H), 4.07 (m, 1 H; C4’H), 3.78 (s, 6 H;
OCH3), 3.32–3.20 (m, 2H; C5’H), 2.27–2.21 (m, 1H; C2’H) 2.11–2.01 (m,
1H; C2’H); 13C NMR (75 MHz, CDCl3, 25 8C): d =158.46 (s, ArC),
155.93, 155.39 (2s, ArC), 149.08, 147.20 (2d, ArC), 144.72 (2s, ArC),
137.50 (s, ArC), 136.88 (d, ArC), 135.92 (s, ArC), 134.56 (d, ArC), 130.02,
128.13, 127.80, 126.78 (4d, ArC) 123.60, 121.06, 120.79 (3d, ArC), 113.11
(d, ArC), 86.56 (s, ArC), 86.23 (d, C4’H), 78.97 (d, C1’H), 74.36 (d, C3’),
64.36 (t, C5’), 55.14 (q, CH3), 43.68 (t, C2’); HRMS, LSI-MS: m/z : calcd
for C36H35N2O5: 575.25537; found: 575.25460 [M+H]+ .


Compound 12 a : N,N-Diisopropylethylamine (213 mL, 1.24 mmol) was
added followed by 2-cyanoethyl diisopropylchlorophosphor amidite
(138 mL, 0.62 mmol) at RT to a solution of 11 a (237 mg, 0.41 mmol) in
dry THF (10.6 mL). After 1.5 h CH2Cl2 (40 mL) was added, and the mix-
ture was extracted with saturated aqueous NaHCO3 (3 � 20 mL), dried


(NaSO4) and concentrated in vacuo. Compound 12a (284 mg, 89%) was
obtained after FC (toluene/EtOAc/TEA 8:2:0.2) as a white foam. Rf =


0.72 (toluene/EtOAc/TEA 8:2:0.2); 1H NMR (300 MHz, CDCl3, 25 8C): d


=7.61–7.18 (m, 18 H; ArH), 6.84 (d, 3J(H,H) =3.7 Hz, 2H; ArH), 6.81 (d,
3J(H,H) =3.67 Hz, 2 H; ArH), 5.22 (m, 1H; C1’H), 4.55 (dd, 3J(H,H) =


5.9, 10.7 Hz, 1H; C4’H), 4.27 (m, 1H; C3’H), 3.84–3.71 (m, 2 H;
CH2CO), 3.79 (s, 6H; OCH3), 3.65–3.52 (m, 2 H; CH-iPr), 3.41–3.23 (m,
2H; C5’H), 2.65 (t, 3J(H,H) =6.30 Hz, 1 H; CH2CN), 2.50 (t, 3J(H,H) =


6.30, 1H; CH2CN), 2.45–2.39 (m, 1 H; C2’H), 2.13 (m, 1 H; C2’H), 1.22–
1.09 (m, 12H; CH3-iPr); 13C NMR (75 MHz, CDCl3, 25 8C): d =158.39,
144.87, 140.90, 140.87, 140.75, 140.72, 136.09, 136.03 (8s, ArC), 130.12,
130.09, 128.68, 128.26, 128.22, 127.72, 127.15, 127.02, 126.70, 126.66,
126.49 (11d, ArC), 177.48, 117.42 (2s, CN), 113.03 (d, ArC), 86.04 (s,
ArC), 85.98, 85.72, 85.64 (3d, C4’H), 80.08, 80.01 (2d, C1’), 76.34, 76.11,
75.92, 75.70 (4d, C3’), 64.18, 64.13 (2t, C5’), 58.42, 58.39, 58.17, 58.14 (4t,
CH2), 55.14, 55.13 (2q, OCH3), 43.25, 43.21 (2t, C2’), 43.08, 43.04 (2d,
CH-iPr), 24.64, 24.52, 24.46, 24.36 (4q, CH3-iPr), 20.34, 20.25, 20.19, 20.09
(4t, CH2CN); 31P NMR (202 MHz, CDCl3, 25 8C): d =149.30, 149.09;
HRMS, LSI-MS: m/z : calcd for C47H54N2O6P1: 773.3719; found: 773.3687
[M+H]+ .


Compound 12 b : This compound was prepared as described for 12a, from
11b (30 mg, 0.06 mmol), N,N-diisopropylethylamine (30 mL, 0.17 mmol)
and 2-cyanoethyl diisopropylchlorophosphoramidite (20 mL, 0.09 mmol)
in dry THF (1.6 mL). Compound 12 b (28 mg, 69%) was obtained after
FC (EtOAc/hexane/TEA 1:1:2%) as a slightly yellow foam. Rf =0.45,
0.53 (EtOAc/hexane/TEA 1:1:2 %); 1H NMR (300 MHz, CDCl3, 25 8C):
d = 8.69–8.67 (m, 2H; ArH), 8.42–8.36 (m, 2 H; ArH), 7.89 (dt,
3J(H,H) =2.9, 8.1 Hz, 1 H; ArH), 7.82 (td, 3J(H,H) =1.5, 7.7 Hz, 1 H;
ArH), 7.48 (m, 2 H; ArH), 7.38–7.20 (m, 10 H; ArH), 6.85–6.81 (m, 4 H;
ArH), 5.27 (dd, 3J(H,H) =4.8, 10.3 Hz, 1 H; C1’H), 4.60–4.55 (m, 1 H;
C4’), 4.29 (m, 1H; C(3’H), 3.81–3.64 (m, 8 H; CH2CO, OCH3), 3.62–3.59
(m, 2 H; CH-iPr), 3.35–3.27 (m, 2H; C5’H), 2.63 (t, 3J(H,H) =6.3, 1H;
CH2CN), 2.51–2.45 (m, 1H; CH2CN) 2.11–2.05 (m, 1 H; C2’H), 1.75–1.65
(m, 1 H; C2’H), 1.22–1.10 (m, 12 H; CH3-iPr); 13C NMR (75 MHz, CDCl3,
25 8C): d =158.48 (s, ArC), 156.04, 155.57 (2s, ArC), 149.15, 147.32 (2d,
ArC), 144.75 (2s, ArC), 137.28 (s, ArC), 136.85 (d, ArC), 136.00, 135.97
(2s, ArC), 134.58 (d, ArC), 130.1, 128.13, 128.25, 128.2, 127.80, 126.78
(5d, ArC), 123.61, 121.04, 120.76 (3d, ArC), 117.47, 117.41 (2s, CN),
113.10 (d, ArC), 86.23, 86.18 (2d, C4’H), 85.95, 85.90 (2s, 2H; ArC),
78.08, 78.04 (2d, C1’), 76.25, 76.11, 75.80, 75.66 (4d, C3’), 64.08, 64.03 (t,
C5’), 58.38, 58.23 (2t, CH2OP), 55.18 (q, OCH3), 43.29, 43.24 (2t, C2’),
43.19, 43.07 (2d, CH-iPr), 24.62, 24.56, 24.49, 24.44 (4q, CH3-iPr), 20.39,
20.34, 20.22, 20.16 (4t, CH2-CN); 31P NMR (202 MHz, CDCl3, 25 8C): d =


148.57, 148.44; HRMS, LSI-MS: m/z : calcd for C45H52N4O6P1: 775.3625;
found: 775.3612 [M+H]+ .


Synthesis and purification of the oligonucleotides : All oligonucleotides
were synthesized on a 1 mmol scale on an Applied Biosystems Expedite
Nucleic Acid Synthesizer (8909) using standard phosphoramidite chemis-
try. The phosphoramidites of the natural nucleosides as well as the nu-
cleoside derived CPG solid supports were purchased from Glen Re-
search. The universal support was purchased from CT-Gen (San Jose).
The solvents and reagents used for the synthesis were prepared according
to the manufacturer�s indications in the trityl-off mode. The coupling
time for the modified phosphoramidites was extended to 6 min and 2-eth-
ylthio-1H-tetrazole was used as activator. After synthesis, the oligonu-
cleotides were detached and deprotected in concentrated aqueous ammo-
nia (12–18 h at 55 8C) and filtered through Titan filters (Teflon, 0.45 mm,
Infochroma AB). HPLC was performed on an �kta Basic 10/100 system
(Amersham Pharmacia Biotech). All modified oligonucleotides were
characterized by ESI�-mass spectrometry (Table 6). Concentrations of
oligonucleotides were determined by UV absorption. For the modified
bases, extinction coefficients e260 nm =7 100 (bipy) and e260 nm = 19000
(biph) were used.


UV-melting experiments and CD spectra : All UV melting curves were
recorded on a Cary 3E UV/VIS spectrometer (Varian) equipped with a
Peltier block and Varian WinUV software at 260 nm. Unless otherwise
indicated, the oligonucleotide concentration was kept at 1.2 mm in a
buffer solution (10 mm NaH2PO4, 0.15 mm NaCl, pH 7.0) throughout all
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measurements. Consecutive heating-cooling-heating cycles in the temper-
ature interval of 0 or 90 8C or 10 to 90 8C were applied with a linear gra-
dient of 0.5 8C min�1. Heating and cooling ramps were in most cases su-


perimposable, exceptions are indicated. Tm values were defined as the maxi-
mum of the first derivative of the melting curve. CD spectra were mea-
sured on a JASCO J-715 spectropolarimeter at the temperature indicated.


Table 6. MS data and HPLC or FPLC purification of modified oligonucleotides.


Entry Sequence Calcd Found HPLC Purification OD260 nm


[M�H]� [M�H]� AE[a] tR RP[c] tR


[%] [min] [%] [min]


1 5’-CTAGCHHGTCATC-3’ 3652.42 3652.76 40–55 B1* 17.3 10–25 B 18.7 31.4
2 3’-GATCGHHCAGTAG-5’ 3741.48 3741.86 40–70 B1* 18.0 10–25 B 19.5 13.7
3 5’-CTAGCTHGTCATC-3’ 3776.52 3776.25 40–55 B1* 17.9 10–25 B 16.4 30.7
4 3’-GATCGHTCAGTAG-5’ 3865.58 3865.13 40–55 B1* 17.5 10–25 B 17.3 31.7
5 5’-CTAGCGHGTCATC-3’ 3801.53 3800.75 40–55 B1* 19.2 10–25 B 16.1 22.1
6 3’-GATCGHGCAGTAG-5’ 3890.59 3889.88 40–60 B1* 19.9 10–25 B 17.0 30.8
7 5’-CTAGCIHGTCATC-3’ 3804.61 3804.89 20–45 B1[b] 23.0 10–25 B 24.2 16.1
8 3’-GATCGHICAGTAG-5’ 3893.67 3893.00 20–45 B1[b] 24.2 10–25 B 25.3 25.4
9 5’-CTAGCYHGTCATC-3’ 3806.47 3806.74 40–70 B1* 23.2 5–30 B 21.0 16.9
10 3’-GATCGHYCAGTAG-5’ 3895.52 3895.38 40–70 B1* 24.6 5–30 B 21.2 32.0
11 5’-CTAGCPHGTCATC-3’ 3852.65 3852.90 20–45 B1[b] 25.0 10–25 B 24.8 25.8
12 3’-GATCGHPCAGTAG-5’ 3941.71 3941.65 20–45 B1[b] 25.8 10–25 B 25.4 24.2
13 5’-CTAGHIHITCATC-3’ 3698.60 3698.70 60–82 B1 19.5 10–35 B 26.9 35.7
14 3’-GATCIHIHAGTAG-5’ 3787.66 3787.00 60–82 B1 23.5 10–35 B 27.8 11.1
15 5’-CTAGHYHYTCATC-3’ 3702.32 3701.63 30–65 B1 26.0 10–25 B 23.4 20.7
16 3’-GATCYHYHAGTAG-5’ 3791.38 3790.75 50–80 B1 29.3 10–25 B 23.7 19.6
17 5’-CTAGHPHPTCATC-3’ 3794.68 3793.75 40–80 B1 16.6 10–35 B 27.4 24.2
18 3’-GATCPHPHAGTAG-5’ 3883.74 3882.88 60–95 B1 24.5 10–35 B 26.7 29.9
19 5’-CTAGCIGTCATC-3’ 3624.51 3624.00 25–65 B2* 23.2 10–25 B 23.8 26.0
20 3’-GATCGICAGTAG-5’ 3713.57 3713.25 20–60 B2* 28.1 10–25 B 24.4 19.1
21 5’-CTAGCIIGTCATC-3’ 3956.80 3955.88 60–75 B1 16.5 10–35 B 25.6 38.6
22 3’-GATCGIICAGTAG-5’ 4045.86 4045.25 40–95 B1* 19.2 10–40 B 18.4 25.9
23 5’-CTAGCIIIGTCATC-3’ 4289.09 4288.25 50–90 B1* 27.5 10–40 B 27.4 28.6
24 3’-GATCGIIICAGTAG-5’ 4378.15 4377.25 50–90 B1* 27.5 10–45 B 24.8 18.6
25 5’-CTAGCIIIIGTCATC-3’ 4621.38 4621.63 60–95 B1* 23.0 20–55 B 23.8 37.1
26 3’-GATCGIIIICAGTAG-5’ 4710.44 4710.63 60–95 B1* 25.9 20–55 B 23.8 13.5
27 5’-CTAGCIIIIIGTCATC-3’ 4953.67 4953.25 – – 20–55 B* 24.0 30.0
28 3’-GATCGIIIIICAGTAG-5’ 5042.73 5042.75 – – 20–55 B* 24.8 36.3
29 5’-CTAGCIIIIIIGTCATC-3’ 5285.96 5285.00 – – 20–55 B* 28.9 22.1
30 3’-GATCGIIIIIICAGTAG-5’ 5375.02 5374.13 – – 30–65 B* 20.0 18.8
31 5’-CTAGCIIIIIIIGTCATC-3’ 5618.25 5617.25 – – 30–65 B* 24.0 11.2
32 3’-GATCGIIIIIIICAGTAG-5’ 5707.31 5706.13 – – 30–65 B* 24.0 24.1
33 5’-TTTTTTTTIIIIIIIIIIIIT-3’ 6663.30 6661.75 – – 30–65 B* 25.0 29.9
34 3’-TIIIIIIIIIIIIT-5’ 4533.92 4532.13 – – 30–65 B* 25.3 16.5
35 5’-IIIIIIIGTCATC-3’ 4093.26 4092.75 – – 20–80 B* 23.9 30.4
36 3’-IIIIIIICAGTAG-5’ 4142.29 4341.5 – – 40–70 B 19.2 36.1
37 5’-CTAIIIIIIATC-3’ 3744.97 3744.75 – – 20–100 B* 19.0 43.0
38 3’-GATIIIIIITAG-5’ 3825.02 3824.13 – – 20–80 B* 23.0 32.9
39 5’-CTAGCYGTCATC-3’ 3626.37 3626.25 40–70 B1* 21.5 5–30 B 21.0 n.d.
40 3’-GATCGYCAGTAG-5’ 3715.43 3715.25 40–70 B1* 21.0 5–30 B 21.5 n.d.
41 5’-CTAGCYYGTCATC-3’ 3969.52 3959.88 50–70 B1 16.0 10–35 B 16.0 28.8
42 3’-GATCGYYCAGTAG-5’ 4049.58 4049.00 40–60 B1* 20.7 10–20 B 13.7 13.8
43 5’-CTAGCYYYGTCATC-3’ 4294.67 4294.38 30–70 B2* 22.7 10–25 B 14.2 12.8
44 3’-GATCGYYYCAGTAG-5’ 4383.74 4383.50 40–70 B2* 22.4 10–25 B 14.3 15.2
45 5’-CTAGCYYYYGTCATC-3’ 4628.82 4628.38 40–95 B2* 16.2 10–25 B 15.3 21.0
46 3’-GATCGYYYYCAGTAG-5’ 4717.89 4718.00 40–80 B2* 17.0 10–25 B 15.6 10.7
47 5’-CTAGCYYYYYGTCATC-3’ 4962.98 4962.63 – – 5–30 B* 24.5 12.0
48 3’-GATCGYYYYYCAGTAG-5’ 5052.04 5051.63 – – 5–30 B* 24.6 14.0
49 5’-CTAGCYYYYYYGTCATC-3’ 5297.13 5296.38 – – 5–40 B* 22.5 20.7
50 3’-GATCGYYYYYYCAGTAG-5’ 5386.19 5385.13 – – 5–40 B* 23.0 14.1
51 5’-CTAGCIYGTCATC-3’ 3958.66 3957.88 40–80 B2* 20.2 10–25 B 20.1 12.7
52 3’-GATCGIYCAGTAG-5’ 4047.72 4046.88 40–80 B2* 22.0 10–25 B 20.6 10.1
53 5’-CTAGCYIGTCATC-3’ 3958.66 3958.00 40–80 B2* 20.6 10–25 B 20.2 19.8


[a] AE=Anion-exchange chromatography: Nucleogen DEAE 60–7, 125 � 4 mm, with Nucleogen-Guard column 30� 4 mm (Machery–Nagel)for HPLC;
solvent A1 =20 mm KH2PO4, pH 6, in H2O/MeCN 8:2, and solvent B1 =20 mm KH2PO4, 1m KCl in H2O/MeCN 8:2; solvent B2 =20 mm KH2PO4, 1 m KCl
in H2O/MeCN 7:3. [b] Mono Q HR 5/5: Pharmacia Biotech for FPLC; solvent A1 and B1. [c] RP = reversed-phase chromatography: Aquapore RP-300,
220 � 6 mm (7 mm) with RP-C18 Newguard (7 mm) (Brownlee Labs); solvent A =0.10 m (Et3NH)OAc in H2O and solvent B=0.10 m (Et3NH)OAc in
H2O/MeCN 1:4. All chromatographic purification were done at a flow rate of 1 mL min�1 and at rt or heated to 60 8C when indicated with *, and com-
pounds were detected by UV at 260 nm.
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NMR experiments : Temperature dependent 1H NMR spectra of the
duplex 5’d(GATGACIGCTAG)-d(CTAGCIGTCATC) were recorded on
a Bruker DRX 500 spectrometer at 500.13 MHz. The residual H2O was
suppressed by CW presaturation. Proton chemical shifts were referenced
to sodium 3-(trimethylsilyl) 2,2,3,3-[D4]propionate (TSP). NMR data
were processed and analyzed using Bruker software (WinNMR, Version
6.0). The duplex was dissolved in 10 mm NaH2PO4, 150 mm NaCl at pH 7
and repeatedly freeze-dried from D2O prior to spectra acquisition. Final
addition of 100 % D2O resulted in a sample-concentration of about 1 mm.


Gel electrophoresis : 20 % Nondenaturing polyacrylamide gels (19:1
mono/bis) were prepared according to standard procedures.[36] DNA sam-
ples (900 pmol) were dried on a Speedvac at low temperature for 2 h,
taken up in the loading buffer (90 mm Tris-borat, 8% saccharose) and
prior to loading on the gel heated up to 90 8C and then slowly cooled to
4 8C. The gels were run at 4 8C and 100 V for 16 h in TBE buffer (90 mm


Tris-borat, pH 7.2). Bands were visualized by UV light.
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Towards Supramolecular Fixation of NOX Gases: Encapsulated Reagents for
Nitrosation


Yanlong Kang, Grigory V. Zyryanov, and Dmitry M. Rudkevich*[a]


Introduction


NOX gases are nitrogen oxides, that is, NO, NO2, N2O3


(NO·NO2), N2O4 (NO2·NO2), and N2O5.
[1] These are toxic at-


mospheric pollutants, originating in large quantities from
fuel combustion and large-scale industrial processes. NOX


gases are involved in the formation of ground-level ozone.
They form toxic chemicals and acid rains in the atmosphere
and also participate in global warming. NOX are active in
various nitrosation processes with biomolecules and tissues,
causing cancers and other diseases.[2] Extensive NOX circula-
tion in the atmosphere, industry, and agriculture necessitates
the development of novel methods for their conversion and
utilization. We apply supramolecular chemistry for sensing
and fixation of environmentally important gases,[3] and we
specifically target NO2/N2O4. Thus, we recently discovered


that simple caged compounds, calix[4]arenes, reversibly in-
teract with NO2/N2O4 and entrap reactive nitrosonium cat-
ions (NO+) within their cavities.[4]


In this paper, we explore the unique opportunity to use
such caged NO+ complexes as nitrosating reagents for or-
ganic synthesis (Figure 1). These are conceptually novel, en-
capsulated reagents. We will show how to convert NO2/N2O4


Abstract: The use of simple calix[4]ar-
enes for chemical conversion of NO2/
N2O4 gases is demonstrated in solution
and in the solid state. Upon reacting
with these gases, calixarenes 1 encapsu-
late nitrosonium (NO+) cations within
their cavities with the formation of
stable calixarene–NO+ complexes 2.
These complexes act as encapsulated
nitrosating reagents; cavity effects con-
trol their reactivity and selectivity.
Complexes 2 were effectively used for
nitrosation of secondary amides 5, in-
cluding chiral derivatives. Unique size–
shape selectivity was observed, allow-
ing for exclusive nitrosation of less


crowded N-Me amides 5 a–e (up to
95 % yields). Bulkier N-Alk (Alk>
Me) substrates 5 did not react due to
the hindered approach to the encapsu-
lated NO+ reagents. Robust, silica gel
based calixarene material 3 was pre-
pared, which reversibly traps NO2/
N2O4 with the formation of NO+-stor-
ing silica gel 4. With material 4, similar
size–shape selectivity was observed for


nitrosation. The N-Me–N-nitroso deriv-
atives 6 d,e were obtained with ~30 %
yields, while bulkier amides were nitro-
sated with much lower yields (<8 %).
Enantiomerically pure encapsulating
reagent 2 d was tested for nitrosation of
racemic amide 5 t, showing modest
but reproducible stereoselectivity and
~15 % ee. Given high affinity to NO+


species, which can be generated by a
number of NOX gases, these supra-
molecular reagents and materials may
be useful for NOX entrapment and sep-
aration in the environment and bio-
medical areas.


Keywords: calixarenes · molecular
recognition · nitrogen oxides ·
structure–activity relationships ·
supramolecular chemistry
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Figure 1. Supramolecular fixation of NOX gases: encapsulated reagents
for nitrosation.
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gases into highly stable and selective nitrosating reagents
and how to use them in synthesis. We will also report on the
preparation of solid-supported encapsulated reagents for ni-
trosation. Finally, we will describe supramolecular properties
of encapsulated reagents, which are responsible for their
unique selectivity.[5]


Results and Discussion


In organic chemistry, nitrosation holds a special place. Al-
kylnitrites, nitrosoamines/amides, and nitrosothiols are used
in medicine as NO-releasing drugs.[6] In synthetic methodol-
ogy, �N=O is an important activating group, allowing for el-
egant transformations of amides to carboxylic acids and
their derivatives.[7] In addition, nitrosation mimics interac-
tions between biological tissues and NOX gases, especially
NO, N2O3, and NO2/N2O4, which generate mutagenic nit-
rosoamines/peptides and also nitrosate and deaminate DNA.[2]


We recently reported that simple tetra-O-alkylcalixarenes,
for example, 1 a,b, react with NO2/N2O4 and entrap highly
reactive NO+ species within their cavities (Scheme 1).[4]


NO+ is generated from N2O4, which is the dimer of NO2


and known to disproportionate to NO+NO3
� .[8] Stable calix-


arene–nitrosonium complexes 2 a,b were quantitatively iso-
lated and fully characterized. The process is reversible. Ad-
dition of H2O or alcohols resulted in dissociation of 2 a,b
and complete recovery of “empty” calixarenes 1 a,b.


In this project, we tested the ability of encapsulated NO+


to act as a nitrosating reagent. Specifically, we prepared
complexes 2 a–d and also silica gel based material 4 and
used them in reactions with variety of secondary amides 5,
including chiral derivatives (Scheme 1). These reactions led
to N-nitrosoamides 6 and exhibited unique selectivity, which
is attributed to supramolecular encapsulation effects. In fur-
ther synthetic applications, N-nitrosoamides can be readily
converted to carboxylic acids and their derivatives.[7]


Encapsulated reagents are closely related to “molecule-
within-molecule” complexes,[9] especially those which rever-
sibly hold and release their guests. For such complexes stabi-
lization of reactive species within the interiors,[10] unusual
chemical reactivity in the inner phase,[11] and catalysis[12]


have been demonstrated. More recently, it was shown that
controlled release of reactants from a self-assembling cap-
sule might lead to autocatalysis.[13] Unusual regioselectivities
with encapsulated substrates were also observed.[14] We


define encapsulated reagents
as reactive species, entrapped
within the cavity/cage, that can
be released to the reaction
mixture under subtle control.
Temperature, solvent polarity,
and the substrate–cavity size–
shape complementarity are the
critical factors responsible for
the reaction progress. As a
consequence, encapsulated re-
agents may influence the reac-
tion kinetics and selectivity,
modify a portion of a molecule
without protecting other reac-
tive sites, and control the direc-
tion/orientation of the ap-
proach of one molecule reacts
with another.


Synthesis : Calix[4]arenes in
their 1,3-alternate conforma-
tion (see for example, 1) are
ideally preorganized to com-
plex NO+ . They possess a cy-
lindrical, p-electron-rich inner
tunnel, defined by two cofacial
pairs of phenol rings, which are
oriented orthogonal along the
cavity axis. According to nu-
merous X-ray studies, this
tunnel is ~5 � in diameter.[15]


Calix[4]arenes 1 a,b were re-
synthesized through the two-


Scheme 1. Calixarene based encapsulating reagents for nitrosation: preparation, immobilization on a solid sup-
port, and reactions.
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step O-alkylation of the parent tetrahidroxycalix[4]arene
with n-propyl- and n-hexylbromide, respectively, using suc-
cessively K2CO3 and then Cs2CO3 in boiling MeCN.[16, 17] The
second alkylation converts the conformation to the 1,3-alter-
nate derivative. Preparation of chiral calixarenes 1 c,d is sim-
ilar (Scheme 2). 1,3-Dialkylated derivatives 7 and 8 were


prepared by treatment of the parent calix[4]arene was alky-
lated with n-hexyl bromide or enantiomerically pure 1-
bromo-2-(S)-(+)-methylbutane, respectively, using K2CO3 in
boiling MeCN. The alkylation of 7 and 8 with 1-bromo-2-
(S)-(+)-methylbutane and Cs2CO3 in boiling MeCN lead to
the formation of the 1,3-alternate conformation.


The synthesis of solid-supported calixarene material 3
begins with recently elaborated derivative 9.[18] This already
possesses a 1,3-alternate conformation and is also function-
alized with a terminal allyl group. The allyl double bond in
9 was hydrosilylated under the standard conditions
(HSi(OEt)3, Karstedt catalyst, toluene, 908C)[19,20] to afford
calixarene 10 in 40 % yield (Scheme 2). Compound 10 then
reacted with silica gel (150 � porosity, Aldrich), which was
pre-activated with hot 18 % aqueous HCl, to form material
3. Finally, a variety of secondary amides 5 were prepared.
For this, standard textbook protocols were effectively used,
which involve the corresponding acid chlorides and amines.


Conversion of NO2/N2O4 into encapsulated nitrosating re-
agents : Currently used nitrosating agents are HNO2 (or
NaNO2/H2SO4), NOCl, N2O3, NO2/N2O4, NO/O2, NO/air,
and NO+BF4


� and other nitrosonium salts.[6,7] They are the
source of nitrosonium ion NO+ , which is an aggressive elec-
trophile and is typically not selective. Nitrosonium com-
plexes 2 b–d were quantitatively prepared upon bubbling
NO2/N2O4 through a solution of calix[4]arenes 1 b–d in
CHCl3 in the presence of Lewis acid SnCl4, followed by pre-


cipitation with dry hexanes. Lewis acids stabilize arene–
NO+ complexes,[8,21] which otherwise rather quickly undergo
nitrosation and, further, nitration and/or oxidation.


Complexes 2 b–d are stable, deeply colored solids. Similar
to the previous studies,[4] they were characterized by UV-
visible, FTIR, and 1H NMR spectroscopy. The UV-visible
spectra showed, in particular, a broad charge-transfer[22]


band at lmax~570–590 nm. The FTIR spectra exhibited char-
acteristic[23] arene–NO+ stretching at n~1934 cm�1. The
1H NMR spectra showed new sets of the calixarene signals,
different from the starting calixarenes 1 (Figure 2). For ex-


ample, the aromatic CH protons of guest-free 1 b were seen
as a singlet at d=6.95 ppm. In nitrosonium complex 2 b, it
was transformed into a singlet at d=7.02 ppm. The methyl-
ene bridge CH2 and the OCH2 protons of 1 b were recorded
as a singlet at d=3.73 ppm and a triplet at d=3.38 ppm, re-
spectively. In complex 2 b, these exchanged places and were
seen at d=3.60 and 3.77 ppm, respectively.


The aromatic protons of chiral calixarene 1 d were record-
ed as two 1:1 singlets at d= 6.97 and 6.95 ppm. In nitrosoni-
um complex 2 d, they were observed as an apparent singlet
at d=7.06 ppm. The methylene bridge CH2 protons of 1 d
were recorded as an AB quartet centered at d=3.72 ppm;
in complex 2 d, it shifted upfield and appeared at d=


3.62 ppm.
Independent sructural evidence for 2 came from the com-


plexation experiments between calixarenes 1 and commer-
cially available NO+SbF6


� salt in CDCl3. The corresponding


Scheme 2. a) n-HexBr, K2CO3, MeCN, reflux, 60 % for 7 and 1-bromo-2-
(S)-(+)-methylbutane, K2CO3, MeCN, reflux, 50% for 8 ; b) n-HexBr,
Cs2CO3, MeCN, reflux, 42% for 7 and 1-bromo-2-(S)-(+)-methylbutane,
Cs2CO3, MeCN, reflux, 15% for 8 ; c) Karstedt cat, HSi(OEt)3, toluene,
reflux, 40 %; d) activated silica gel (150 � porosity), CH2Cl2, RT, 48 h,
10% loading.


Figure 2. Portions of the 1H NMR spectra (500 MHz, CDCl3, 295�1 K)
of: A) Calix[4]arene 1b. B) Calix[4]arene–nitrosonium complex 2 b pre-
pared from 1b, NO2/N2O4, and SnCl4. C) Calix[4]arene 1d. D) Calix[4]-
arene–nitrosonium complex 2 d prepared from 1d, NO2/N2O4, and SnCl4.
Mixtures of 1 and NO2/N2O4 exhibit similar spectra, however nitration
occurs within few hours. Addition of NO+SbF6


� to calixarenes 1 results
in analogous spectral changes. The residual CHCl3 signals are marked ·.
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UV-visible, FTIR, and 1H NMR complexation induced
changes were identical with those of complexes 2 obtained
from NO2/N2O4.


Chemical properties of the encapsulated NO+ are differ-
ent from those in bulk solution and are evidently controlled
by the calixarene cavity. Highly reactive NO+ species are
protected from the bulk environment. Indeed, complexes 2
are stable towards moisture and oxygen, and can be handled
for hours without dry box and inert atmosphere. Such stabil-
ity is remarkable.[23] On the other hand, they can be decom-
posed within seconds by addition of larger amounts of H2O
or alcohols, recovering free calixarenes 1.


When added to secondary amides 5 a–e,t in freshly distil-
led CHCl3 or CH2Cl2, compounds 2 smoothly reacted at
room temperature, yielding 50–95 % of corresponding N-
nitrosoamides 6 a–e,t. Dark-colored solutions of 2 discharged
upon reacting. In the 1H NMR spectra of the reaction mix-
tures, signals for amides 5 a–e,t disappeared and novel, char-
acteristic signals for N-nitrosoamides 6 a–e,t emerged. In the
reaction between 2 b and 5 b–e for example, signals for the
N-nitrosoproducts 6 b–e at d ~3.1 ppm (a triplet for
C(O)CH2 and a singlet for N(NO)-CH3) were clearly detect-
ed already after 30 min (Figure 3). Transformation of com-
plex 2 b into free calixarene 1 b can also be easily followed.
Most remarkable, however, is the selectivity.


Size–shape selectivity : In reaction of reagents 2 b,d with a
variety of amides 5 a–t, only those possessing N-CH3 sub-
stituents were transformed to the corresponding N-nitroso-
amides 6 a–e,t. No reaction occurred for substrates 5 f–s
(Table 1). Accordingly, no color discharge was observed for


these cases. Such delicate selectivity of N-nitrosation was
quite unexpected and may be due to the steric effects. The
unreacted subtrates were those possessing N-Alk groups
bulkier than CH3.


In the currently accepted mechanism,[24, 25] nitrosation of
secondary amides incorporates an electrophilic attack of
NO+ on the nucleophilic carbonyl oxygen of the substrate,
yielding the corresponding O-nitroso species (Figure 4, top).
Rapid deprotonation, rotation around the C�O bond, and
the cis–trans inversion through the nitrogen results in the in-
termediate, in which both the nitrogen lone pair and the
�N=O group are properly oriented for the isomerization to
the N-nitrosoamide.


Dimensions and shapes of the amide Alk and Alk’
become much more crucial when encapsulated reagents 2
are employed. The substrate 5 approaches the cavity 2
facing it with the carbonyl oxygen atom (Figure 4, bottom).
One scenario places the N-Alk alkyl group in a close prox-
imity to the two tBu and two alkoxy groups of the calixar-
ene. For larger Alk, this could be sterically unfavorable, so


Figure 3. 1H NMR analysis of nitrosation reactions (500 MHz, CDCl3,
295�1 K): A) Reaction mixture 1b +5c after ~1 h. B) Guest-free calix-
arene 1b for comparison. The signals for nitrosamide 6 c were assigned
by comparison with the independently prepared sample.


Table 1. Nitrosation of secondary amides 5a–t with encapsulated re-
agents 2 and 4. Yields of N-nitrosoamides 6 a–t.[a]


Entry Reaction Alk Alk’ Yield [%]


1 2b +5a CH3 C2H5 50
2 2b +5b CH3 (CH2)2CH3 68
3 2b +5c CH3 (CH2)3CH3 53
4 2b +5d CH3 (CH2)4CH3 95
5 4+ 5d CH3 (CH2)4CH3 22
6 2b +5e CH3 (CH2)6CH3 63
7 4+ 5e CH3 (CH2)6CH3 30
8 2b +5 f CH3 C(CH3)3


[b]


9 2b +5g C2H5 C2H5
[b]


10 2b +5h C2H5 (CH2)2CH3
[b]


11 2b +5 i C2H5 (CH2)3CH3
[b]


12 2b +5j C2H5 (CH2)4CH3
[b]


13 4+ 5j C2H5 (CH2)4CH3 5
14 4+ 5k C2H5 (CH2)6CH3 4
15 2b +5 l (CH2)2CH3 C2H5


[b]


16 2b +5m (CH2)2CH3 (CH2)2CH3
[b]


17 2b +5n (CH2)2CH3 (CH2)3CH3
[b]


18 2b +5o (CH2)2CH3 (CH2)4CH3
[b]


19 4+ 5o (CH2)2CH3 (CH2)4CH3 8
20 2b +5p CH(CH3)2 (CH2)3CH3


[b]


21 4+ 5q (CH2)2CH3 (CH2)6CH3 4
22 2b +5r C(CH3)3 C(CH3)3


[b]


23 2b +5 s CH2Ph (CH2)3CH3
[b]


24 2c +5 t CH3 CH2CH(CH3)CH2CH3 80[c]


25 2d +5t CH3 CH2CH(CH3)CH2CH3 60[d]


[a] Determined by 1H NMR spectroscopy and averaged after at least two
independent runs. [b] Not detectable by 1H NMR spectroscopy. [c] Yield
~50 % after column chromatography. [d] Yield ~40 % after column chro-
matography.
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that the substrate C=O and the encapsulated NO+ would
not reach each other. The C(O)Alk’ alkyl group of sub-
strates 5 is apparently positioned farther away from the ca-
lixarene substituents and does not significantly interfere,
except in the case with bulky amide 5 f (Table 1).


Once formed, the O-nitroso intermediate leaves the inte-
rior and, as expected, further collapses in bulk solution
(Figure 4, top). Due to the extremely strong binding of NO+


by the calixarene (Kassoc>108
m
�1),[4,22] the rate-limiting for-


mation of the O-nitrosation intermediates should take place
within the cavity, prior to the NO+ dissociation. Otherwise,
all reactions should proceed with the similar rate, and no se-
lectivity should be observed. Currently used nitrosating
agents such as HNO2, NOCl, N2O3, NO2/N2O4, NO/O2, NO/
air, and nitrosonium salts are typically not selective.[26] This
once again emphasizes the role of supramolecular effects in
encapsulating nitrosating reagents.


Solid-supported encapsulating reagents : For application in
organic synthesis, reagents must be readily immobilizable on
solid supports.[27] Among the main advantages of such im-
mobilized, supported reagents are the ease of their separa-
tion from the reaction mixture and also their recycling. For
the case in hand, the simplification of handling toxic/odor-
ous NOX gases is of particular importance. Although a wide
variety of polymers is now commercially available, NO2/
N2O4 (and also other NOX) react with many of them, caus-
ing destruction and aging.[28] As a free radical NO2 readily
attacks double bonds in polybutadienes, polyisoprenes and
their copolymers, ester groups in poly(methyl)methacrylate,
and also amide fragments in polyamides and polyurethanes.
Furthermore, NO+ , generated from various NOX, reacts


with alkenes and other double-
bond-containing structures. In
these studies, we used silica gel
as a solid support. It is robust
and stable.


Commercial silica gel of
higher porosity (150 �, Al-
drich) was activated with 18 %
refluxing HCl and then treated
with calixarene siloxane 10 in
CH2Cl2 to give material 3
(Scheme 2). The presence of
calix[4]arene units in 3 was
confirmed by the appearance
of characteristic absorption
bands in the IR spectrum (see
Experimental Section). From
the (thermogravimetric analy-
sis) TGA and also CHN analy-
ses, the calixarene loading of
~10 % was estimated. Such
rather modest number ap-
peared to be reproducible,
even when larger quantities of
10 were employed, and may be


due to the steric bulkiness of the calixarene fragment.
The dark-blue nitrosonium-storing silica gel 4 was pre-


pared upon bubbling NO2/N2O4 through the suspension of 3
in CH2Cl2 for 5–10 s, followed by filtration and washing with


CH2Cl2 (see Figure 5). Material 4 is quite robust and does
not change the color for several days. For nitrosation, it was
suspended in dry CH2Cl2, an equimolar amount of amides 5
was then added, and the reaction mixture was stirred at
room temperature for 24 h. The reaction�s color disap-
peared, thus visually indicating the reaction progress. Mate-
rial 3 was separated by simple filtration. Yields of nitros-
amides 6 were determined by 1H NMR spectroscopy, inte-
grating signals of the product versus the starting compounds
(Table 1).


The size-shape selectivity trend, observed for the solution
experiments with complexes 2, was clearly seen in this case
as well. After at least three independent runs, the averaged


Figure 4. Top: currently accepted mechanism of N-nitrosation of secondary amides/peptides.[24, 25] Bottom: pro-
posed mechanism of nitrosation with encapsulated calixarene based reagents.


Figure 5. Silica gel supported material 3 (A) and nitrosating material 4
(B), prepared from 3 and NO2/N2O4 in the CH2Cl2 suspension.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1924 – 19321928


D. M. Rudkevich et al.



www.chemeurj.org





yields of N-Me nitrosoamides 6 d,e were established up to
30 %, while bulkier N-Et 6 j,k and N-Pr derivatives 6 o,q
formed in much smaller quantities (�8 %). In control ex-
periments, involving starting silica gel, no visible amounts of
6 e were seen, again emphasizing the role of calixarene
cavity in the described reaction.


In future studies, the calixarene loading must be in-
creased, so the yields can be further improved for selective
nitrosations. Another important issue is the material stabili-
ty and regeneration.[29] Multiple hydroxy groups in silica gels
may react with the stabilizers, that is, Lewis acids, and also
quench NO+ reactive species. Partial nitration of the calixar-
ene units in 3 may occur.[4] Stabilized calixarene silica gels
for nitrosation will be our next targets. In the meantime we
have noticed that the high affinity of 3 and its relatives to
the nitrosonium species may be very useful for entrapment
and utilization of NOX gases in general, especially for syn-
thetic and biomedical purposes.


Probing stereoselectivity : Chiral calixarenes 1 c and d were
prepared, which posses 2-(S)-(+)-methylbutyl fragments at-
tached to one or both calixarene rims, respectively
(Scheme 1). Nitrosonium complexes 2 c,d were then generat-
ed from NO2/N2O4, which may be considered as chiral en-
capsulating reagents. In the preliminary experiments, these
complexes were used in reaction with a racemic secondary
amide. Preference for one enantiomer of the amide over the
other was expected, as the reaction takes place at the chiral
calixarene rim.


When added to a solution of the racemic N-methylamide
of 3-methylvaleric acid (R,S)-5 t (~5–10 equiv excess) in
freshly distilled CH2Cl2, complexes 2 c,d readily react. The
dark-blue color disappeared in 1–2 h, yielding mixtures of
(R)- and (S)-6 t in 60–80 % total yield (1H NMR spectrosco-
py). The products were then purified by column chromatog-
raphy. Initially, the Pirkle shift reagent, (�)-2,2,2-trifluoro-1-
(9-anthryl)ethanol (Acros), was applied to determine the
enantiomeric excess (further, ee). However, no reasonable
separation of diastereomeric solvates was detected by
1H NMR spectroscopy; this is, most probably, due to the in-
sufficient intermolecular interactions. For assignment pur-
poses, the mixture of N-nitrosoderivatives 6 t was then quan-
titatively decomposed back to amides 5 t upon treatment
with trifluoroacetic acid (TFA) (RT, 14 h). In this case, addi-
tion of the Pirkle reagent to a solution of a mixture (R)- and
(S)-5 t in [D6]benzene readily produced two sets of signals
for diastereomeric complexes (Figure 6). These were used to
determine the ee in nitrosation with 2 c,d.


While reaction between reagent 2 c and racemate 5 t did
not result in chiral discrimination, modest but reproducible
~15 % ee of (S)-N-nitrosoamide 6 t versus (R)-N-nitroso-
amide 6 t was obtained (see Experimental Section for fur-
ther details). Geometry of prereactive complexes 2 c·5 t and
2 d·5 t is, most probably, similar to the complex 2 a,b·5 (see
Figure 6C). In the proposed scenario, molecule 5 t ap-
proaches the cavity 2 d facing it with the carbonyl oxygen
atom, thus placing the C(O)CH2CHEtMe group in close


proximity to the calixarene rims� chiral OCH2C*HEtMe
groups. Van der Waals contacts occur, and chiral discrimina-
tion results. In the case of calixarene 2 c, possessing one rim
with a chiral OCH2C*HEtMe fragment and the other with
O(CH2)5CH3 group, the substrate apparently chooses the
latter, less hindered site. Consequently, no stereoselectivity
is observed.


Despite being modest, the stereoselectivity offered by
chiral nitrosating reagent 2 d is novel. Indeed, all currently
employed sources of NO+ are achiral. We are now working
to improve the ee values. For this, further structural modifi-
cation of calixarenes is needed; this includes placement of
the chiral groups much closer to the reaction center.[30] In
the future, thermal decomposition of enantiomerically en-
riched or pure N-nitrosamides could lead to chiral carboxyl-
ic acids and their derivatives. Exploratory, these features
may help to design optically active NO donors.


Figure 6. 1H NMR analysis of nitrosation reactions between chiral com-
plexes 2 c,d and racemic amide 5t. For the enantiomeric excess (ee) deter-
mination, the obtained N-nitroso products (R)-6t and (S)-6t were quanti-
tatively converted back to 5 t with TFA, and the stereoisomers distribu-
tion was analyzed with (�)-2,2,2-trifluoro-1-(9-anthryl)ethanol (Pirkle
shift reagent) (500 MHz, [D6]benzene, 295�1 K): A) Mixture of amides
(R)-5t and (S)-5t, obtained after the reaction with complex 2c ; no ee
was detected. Identical spectrum was obtained for independently synthe-
sized, racemic 5t with the Pirkle reagent. B) Mixture of amides (R)-5 t
and (S)-5 t, obtained after the reaction with 2d ; ~15 % ee was detected,
with the preference for the (S)-configuration. For details, see Experimen-
tal Section. C) Proposed intermediate for chiral reaction between com-
plex 2 d and racemic amide 5 t.
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Conclusions


Novel nitrosating reagents are now available that can be ob-
tained upon fixation of NO2/N2O4 with calix[4]arenes. These
are encapsulated reagents, and their reactivity and selectivi-
ty is controlled by the host cavity. They are stable, mild, and
size–shape selective. The first chiral nitrosating reagents are
also in hand; this opens doors for stereoselective syntheses
of various nitroso derivatives and their transformations. We
are currently testing these encapsulated reagents in opti-
mized syntheses of NO-releasing pharmaceuticals. For this,
further synthetic modifications of the calix[4]arene cage is
required and is currently in progress. Another attractive
avenue is solid-supported encapsulating reagents, which
greatly expand the scope of reactions. Given high affinity to
nitrosonium species, generated by a number of NOX gases,
these supramolecular materials may be very useful for NOX


entrapment and separation in biomedical areas. Our findings
clearly demonstrate that concepts and techniques of supra-
molecular chemistry can be applied for conversion of envi-
ronmentally important gases.[3]


Experimental Section


General : Melting points were determined on a Mel-Temp apparatus
(Laboratory Devices, Inc.) and are uncorrected. 1H, 13C NMR, and
COSY spectra were recorded at 295�1 8C on a JEOL Eclipse 500 MHz
spectrometer. Chemical shifts were measured relative to residual nondeu-
terated solvent resonances. FTIR spectra were recorded on a Bruker
Vector 22 FTIR spectrometer. ESI-MS spectra were obtained on a Finni-
gan LCQ Ion Trap apparatus. MALDI-TOF mass spectra were recorded
on a delayed extraction MALDI-TOF mass spectrophotometer Voyager
DE (Applied Biosystems). HRMS MALDI spectra were obtained on an
Ion Spec Ultima FTMS. Elemental analysis was performed on a Perkin–
Elmer 2400 CHN analyzer. For TGA, TA Instruments TGA 2050 instru-
ment was used.


All experiments with moisture- and/or air-sensitive compounds were run
under a dried nitrogen atmosphere. For column chromatography, silica
gel 60 � (Sorbent Technologies, Inc.; 200–425 mesh) was used. Parent
tetrahydroxycalix[4]arene,[31] calixarene 1b,[17] its complex 2b,[17] and de-
rivatized calixarenes 7[32] and 9[18] were prepared according to the publish-
ed procedures. NO2/N2O4 gas was generated from copper and concentrat-
ed HNO3. Molecular modeling was performed using commercial Macro-
Model 7.1 with Amber* Force Field.


Caution 1: NO2 has an irritating odor and is very toxic!


Caution 2 : N-Nitrosoamides are carcinogens[2] and should be treated with
extreme care!


General procedure for alklylation of 25,26,27,28-tetrahydroxycalix[4]ar-
ene—preparation of 1,3-alternates : An alkylbromide (0.03 mol) was
added to a suspension of tetrahydroxycalix[4]arene (0.01 mol) and
K2CO3 (4.2 g, 0.03 mol) in MeCN (200 mL), and the reaction mixture was
refluxed under nitrogen for 48 h. The precipitate was filtered off, and the
solution was evaporated to dryness. The residue was redissolved in
CH2Cl2 (200 mL), and the solution was washed with water (3 � 150 mL)
and dried over MgSO4. After evaporation, the solid residue was treated
with MeOH (200 mL) to yield the corresponding 5,27-bis(alkyloxy)-
26,28-hydroxycalix[4]arene. An alkylbromide (0.04 mol) was added to a
suspension of this compound (0.01 mol) and Cs2CO3 (50 g, 0.15 mol) in
MeCN (300 mL), and the reaction mixture was refluxed under nitrogen
for 48 h. After cooling, the precipitate was filtered off and treated with a
mixture of water (100 mL) and CH2Cl2 (100 mL). The organic layer was


separated, washed with water (2 � 100 mL), dried over MgSO4, and
evaporated.


5,11,17,23-Tetra-tert-butyl-25,27-bis(n-hexyloxy)-26,28-bis[(S)-(+)-2-
methylbutyloxy]calix[4]arene, 1,3-alternate (1 c): Yield 42%; m.p. 144 8C;
1H NMR (CDCl3): d =6.96, 6.94 (2 � s, 8 H), 3.75 (m, 8 H), 3.35 (m, 4H),
3.26 (t, J =7.0 Hz, 4 H), 1.53 (m, 2 H), 1.28, 1.25 (2 � s, 36H), 1.21 (m,
8H), 1.11 (m, 8H), 1.03 (d, J=5.0 Hz, 4H), 0.86 (t, J=7.0 Hz, 6 H), 0.81
(t, J =7.5 Hz, 6H), 0.48 ppm (d, J=6.5 Hz, 6 H); 13C NMR (CDCl3): d=


155.6, 155.1, 143.2, 143.1, 133.3, 133.0, 132.8, 132.7, 126.4, 126.2, 126.1,
126.0, 76.8, 70.8, 39.3, 39.2, 34.9, 34.0, 33.9, 32.1, 31.8, 31.7, 29.1, 26.5,
25.7, 23.2, 17.3, 14.2, 11.3 ppm; MALDI-MS: m/z calcd for C66H100O4Na:
979.7519; found: 979.7481 [M++Na]; [a]D =3.92 (c =5.0 in CHCl3).


5,11,17,23-Tetra-tert-butyl-25,26,27,28-tetrakis[(S)-(+)-2-methylbutoxy]-
calix[4]arene, 1,3-alternate (1 d): Yield 15%; m.p. 252 8C; 1H NMR
(CDCl3): d=6.97, 6.95 (2 � s, 8 H), 3.72 (ABq, 8 H), 3.28 (2 � dd, 8H), 1.64
(m, 4 H), 1.26 (bs, 36 H), 1.03 (d, J =5.0 Hz, 8 H), 0.84 (t, J =8.0 Hz,
12H), 0.57 ppm (d, J =7.0 Hz, 12 H); 13C NMR (CDCl3): d= 155.9, 142.6,
132.8, 132.6, 127.0, 126.9, 77.5, 34.9, 33.9, 31.7, 26.7, 17.3, 11.3 ppm;
MALDI-MS: m/z calcd for C64H96O4Na: 951.7235; found: 951.7235
[M++Na]; [a]D =5.36 (c =2.7 in CHCl3).


Calixarene siloxane (10): The Karstedt catalyst was added dropwise at
40 8C under nitrogen to a solution of calixarene 9 (0.5 g, 0.61 mmol) in
dry toluene (20 mL), and the mixture was stirred for 1 h, after which
SiH(OEt)3 was added dropwise and the resulting mixture was refluxed at
90 8C for another 24 h. The solvent was evaporated, and the product 10
was purified by column chromatography. Yield 40%; 1H NMR (CDCl3):
d=6.98 (2 � s, 2H), 6.95 (s, 2 H), 6.93 (s, 4H), 3.8 (m, 8 H), 3.75 (m, 6 H),
3.36 (m, 6H), 3.24 (t, J=7.6 Hz, 3 H), 1.47 (m, 2 H), 1.26 (s, 18H), 1.24 (s,
18H), 1.21 (t, J =7.0 Hz, 9H), 1.14 (m, 4H), 0.98 (m, 2H), 0.67 (t, J=


7.5 Hz, 6 H), 0.58 (t, J =7.5 Hz, 3 H), 0.43 ppm (m, 2H); 13C NMR
(CDCl3): d=155.1, 154.9, 154.7, 143.5, 143.4, 143.1, 133.2, 133.0, 126.3,
125.9, 125.8, 73.6, 72.1, 71.7, 58.5, 58.4, 39.2, 39.0, 33.9, 31.7, 31.5, 30.4,
23.2, 22.7, 22.3, 18.4, 10.2, 10.1, 6.4 ppm; FTIR (KBr): ñ=2962, 2901,
2873, 2029, 1597, 1482, 1473, 1360, 1243, 1211, 1123 cm�1; MS ESI TOF:
m/z calcd for C62H94O7Si: 979.6841; 979.6829 [M++H].


Silica gel supported calixarene (3): The suspension of silica gel (150 �)
and 18% aq HCl was refluxed for 9 h, after which the mixture was fil-
tered and washed with deionized water until pH ~4. Thus activated silica
gel was dried under vacuum (0.1 mm Hg) at 100 8C for 48 h. The mixture
of calixarene 10 and the activated silica gel in CH2Cl2 was stirred at room
temperature for 48 h and then filtered. The filtrate was washed succes-
sively with CH2Cl2, acetone, water, THF, and diethyl ether to afford silica
gel supported material 3 as a white powder. FTIR (KBr): ñ= 2965, 2357,
1633, 1470, 1106, 966, 801, 471 cm�1; elemental analysis calcd (%) for
9.5% loading: C 7.82, H 0.94; found: C 7.49, H 1.34; TGA: 10 % weight
lost.


General procedure for the preparation of calixarene–nitrosonium com-
plexes (2): NO2/N2O4 gas was bubbled for 20 s through the solution of
calixarene 1 (1 � 10�5 mol) and SnCl4 (~2.5� 10�5 mol) in dry CHCl3


(1 mL). The solvent was evaporated under the steam of dry nitrogen.
The dark-colored precipitate was redissolved in dry CH2Cl2 (1 mL) and
used for further reactions. Yields 90–95 %.


Complex 2c : 1H NMR (CDCl3): d= 7.06 (s, 4 H), 7.02 (s, 4H), 3.75 (t, J=


8.0 Hz, 4H), 3.58 (m, 12H), 1.96 (m, 2 H), 1.83 (m, 4 H), 1.30 (m, 20 H),
1.33 (s, 18 H), 1.26 (s, 18H), 1.07 (d, J= 5.0 Hz, 6H), 0.99 (t, J =7.0 Hz,
6H), 0.93 ppm (t, J =7.0 Hz, 6 H); UV/Vis (CDCl3): lmax =580 nm; IR
(CDCl3): ñ=1934 cm�1 (NO+).


Complex 2d : 1H NMR (CDCl3): d=7.06 (s, 8H), 3.88 (m, 4H), 3.62
(ABq, 8 H), 3.53 (2 � br d, 4H), 1.96 (m, 4 H), 1.83 (m, 4H), 1.28 (m,
20H), 1.33 (s, 18H), 1.23 (m, 40 H), 1.07 (d, J =6.5 Hz, 12H), 0.99 ppm
(t, J= 7.0 Hz, 12 H); UV/Vis (CDCl3): lmax =590 nm; IR (CDCl3): ñ=


1934 cm�1 (NO+).


Preparation of amides (5 a–t): Amides 5 a–t were synthesized by the text-
book procedure upon mixing equimolar amounts of the corresponding
amines and acid chlorides in H2O/EtOAc (1:1) in the presence of K2CO3,
and purified by recrystallization from MeOH. No traces of the solvent
were present in samples used for nitrosation (1H NMR, CDCl3). The
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spectral data for amides 5a–s were published in the supplementary mate-
rials in associated with reference [5] and elsewhere.[33–44, 7h]


(R,S)-N-Methyl-(2-methyl)valeramide ((R,S)-5 t): Yield =50%; 1H NMR
([D6]benzene): d =5.6 (br s, 1H), 2.42 (d, J=4.5 Hz, 3H), 1.96 (m, 1H),
1.82 (dd, J =14.5 Hz, J= 6.0 Hz, 1H), 1.55 (dd, J=14.5 Hz, J =6.0 Hz,
1H), 1.3 (m, 1 H), 1.1 (m, 1H), 0.87 (d, J =7.0 Hz, 3H), 0.82 ppm (t, J =


7.5 Hz, 3H); 13C NMR: d=173.8, 44.0, 32.3, 29.5, 26.2, 19.2, 11.4 ppm;
EI-MS: m/z calcd for C7H17NO: 129.1; found: 129.0 [M+].


(S)-3-Methylpentyl N-methyl amide ((S)-5 t): The mixture of (S)-3-Meth-
ylpentanoic acid[45] (2 mL) and SOCl2 (15 mL) was refluxed for 4 h.
Excess SOCl2 was evaporated in vacuum and the resulting acid chloride
was redissolved in CH2CL2 (10 mL). This solution was added dropwise to
the mixture of methylamine and Et3N in CH2CL2 (10 mL) at ~0 8C. The
resulting mixture was stirred at RT for 2 h, and then acidified with 10%
aq HCl, washed with water (3 � 15 mL), dried over MgSO4, and evaporat-
ed under reduced pressure. Yield 90%.


General nitrosation procedure with encapsulated reagents : Calixarene–
nitrosonium complex 2 (1 equiv) was added to the solution of amide 5
(~5 equiv) in freshly distilled CH2Cl2 or CHCl3, and the reaction mixture
was stirred at RT for 2–3 h until bleaching. The solvent was evaporated,
and the residue was analyzed by 1H NMR spectroscopy and in some
cases separated by preparative TLC, resulting in N-nitrosoamides as
orange oils. All runs were performed at least in duplicate. The spectral
data for the obtained N-nitroso compounds 6 a–e,t were identical with
those independently obtained from 5a–e,t and NO2/N2O4 in CHCl3 (>
95% yields) following the literature protocols.[46] N-nitrosamides 6 f–s
cannot be obtained from 5 f–s and complexes 2. These were prepared, for
spectral comparison, by employing NO2/N2O4 in CHCl3. The spectral
data for nitrosamides 6 a–s were published in the supplementary materi-
als associated with reference [5] and elsewhere.[47–52, 7h, 26b]


Nitrosation with chiral reagents (2 c,d): The standard nitrosation proce-
dure was applied, after which the reaction mixture was evaporated under
reduced pressure at RT. The residual oil was separated by column chro-
matography with hexanes/CH2Cl2 (2:1) for 2 c+5 t and hexanes/C6H6


(3:1) for 2d+ 5t. Fractions containing N-nitroso-(2-methyl)valeramides
6t were collected and evaporated under reduced pressure at RT. The re-
sulting oil was treated with TFA (20–25 mL) at RT for 14 h, after which
the volatiles were evaporated to give pure N-methyl-(2-methyl)valer-
amides 5 t in 40–50 % yield.


For identification purposes, amide 5 t was separately prepared in both the
enantiomerically pure (S)-form and as a racemate. The 1H NMR signals
were assigned through COSY experiments. The optimal stoichiometry for
the Pirkle reagent was established, which is ~6 equiv in [D6]benzene.
Particularly useful for the ee determination are the methylene CH2C(O)
signals and, to lesser extent, both methyl CH3 groups of 5t. In the ab-
sence of the shift reagent, the diastereotopic methylene CH2C(O) pro-
tons exhibit two sets of doublets (J=14.5 Hz) at d=1.82 and 1.55 ppm.
Addition of the shift reagent to racemic 5t splits the more downfield set
into three doublets at d =1.55, 1.53 and 1.51 ppm in a 1:2:1 ratio. The in-
tensity of the left and right doublets varies with respect to the enantio-
meric ratio. In the 1H NMR spectrum of amides 5t, obtained after the re-
action with 2c, the diastereotopic methylene CH2C(O) protons exhibited,
in particular, three doublets at d =1.55, 1.53 and 1.51 ppm in exact 1:2:1
ratio. No chiral discrimination was seen. In the 1H NMR spectrum of
amides 5 t, obtained after the reaction with 2 d, the same CH2C(O) pro-
tons exhibited the three doublets at in a ~0.85:2:1.15 ratio. The intensity
of the right doublet, assigned to the (S)-enantiomer was higher and
showed good reproducibility in at least three independent experiments.


(R,S)-N-Methyl-N-nitroso-(2-methyl)valeramide ((R,S)-6t): 1H NMR: d=


3.16 (m, 1H), 3.10 (s, 3H), 3.0 (m, 1 H), 2.07 (m, 1 H), 1.43 (m, 1H), 1.30
(m, 1H), 0.98 (d, J=8.0 Hz, 3 H), 0.88 ppm (t, J=8.0 Hz, 3 H); 13C NMR:
d=177.2, 41.5, 32.1, 29.6, 25.7, 19.8, 11.3 ppm; EI-MS: m/z calcd for
C7H14N2O2: 158.1; found: 158.1 [M+].


Nitrosation procedure with silia gel supported reagent (4): The suspen-
sion of material 3 in dry CH2Cl2 NO2/N2O4 was bubbled for ~10 s. The
dark-blue colored solid was filtered off and washed with CH2Cl2 and sus-
pended in CH2Cl2. The corresponding amide 5 (1:1) was added the mix-
ture and stirred at room temperature for 20 h. After filtration, the solvent


was evaporated and the residue was analyzed by 1H NMR spectroscopy
in CDCl3.
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Restricted Rotation in Unbridged Sandwich Complexes: Rotational Behavior
of closo-[Co(h5-NC4H4)(C2B9H11)] Derivatives


Clara ViÇas,[a] Jordi Llop,[a] Francesc Teixidor,*[a] Raikko Kivek�s,[b] and Reijo Sillanp��[c]


Introduction


The scientific literature on the h5-cyclopentadienyl ligand
(Cp) is extraordinarily large; of all its complexes ferrocene
is the best known,[1] having a rich derivative chemistry.[2]


One of the characteristics of ferrocene and its derivatives is
the easy rotation[3] of one ring relative to the other, with
energy barriers of 1–5 kcal mol�1[4] comparable to those of
ethane.[5] To slow down or restrict this facile rotation it is
necessary to generate overcrowding or ring–ring bridging
spacers in the molecule.[6]


Besides Cp and its analogue Cp*, not many h5 anionic li-
gands are available. h5-[C2B9H11]


2�,[7] h5-[NC4H4]
� ions,[8] and


their derivatives are considerably less used.[9] Similarly to
the case of ferrocene, a great number of sandwich com-
plexes [3,3’-M(1,2-C2B9H11)2]


z� (M = transition metal) exist.
Of the three sandwich complexes in Figure 1, [3,3’-Co(1,2-
C2B9H11)2]


� has been the most thoroughly studied; the
number of derivatives and structural data available is sur-
prising.[9d] Three possible orientations of the carborane
cages in the complexes are possible: transoid, cisoid, and
gauche. The limiting cisoid and transoid orientations are the
most commonly encountered, but it is not clear which one is


Abstract: Rotation about the centroid/
metal/centroid axis in ferrocene is
facile; the activation energy is 1–
5 kcal mol�1. The structurally similar
sandwich complexes derived from
closo-[3-Co(h5-NC4H4)-1,2-C2B9H11] (1)
have a different rotational habit. In 1,
the cis rotamer in which the pyrrolyl
nitrogen atom bisects the carboranyl
cluster atoms is 3.5 kcal mol�1 more
stable in energy than the rotamer that
is second lowest in energy. This cis ro-
tamer is wide, spanning 2168, and may
be split into three rotamers of almost
equal energy by substituting the N and
the carboranyl carbon atoms adequate-
ly. To support this statement, closo-[3-
Co(h5-NC4H4)-1,2-(CH3)2-1,2-C2B9H9]
(2), closo-[3-Co(h5-NC4H4)-1,2-(m-
CH2)3-1,2-C2B9H9] (3), 2!BF3, and
3!BF3 have been prepared. Two ro-


tamers are found at low temperature
for 2!BF3 and 3!BF3. Compounds 2,
3, and 1!BF3 behave similarly to 1.
Rotational energy barriers and the rel-
ative populations of the different
energy states are calculated from
1H DNMR spectroscopy (DNMR, dy-
namic NMR). These results agree with
those of semiempirical calculations.
Without exception, the cis rotamer is
energetically the more stable. The
fixed conformation of 1 assists in eluci-
dating the rotational preferences of the
[3,3’-Co(1,2-C2B9H11)2]


� ion in the ab-
sence of steric hindrance; the [3,3’-


Co(1,2-C2B9H11)2]
� ion is commonly ac-


cepted to present a cisoid orientation.
Complex 1 is electronically similar to
the [3,3’-Co(1,2-C2B9H11)2]


� ion. Both
have heteroatoms in the p ligands, and
they have the same electronegativity
difference between the constituent
atoms. This leads to a view of the
[NC4H4]


� as [7,8-C2B9H11]
2� ion, with


no steric implications. Therefore the
[3,3’-Co(1,2-C2B9H11)2]


� ion should be
considered to have a cisoid structure,
and the different rotamers observed to
be the result of steric factors and of the
interaction of the counterion with
either B�H groups and/or ancillary li-
gands. The rotamer adopted is the one
with the atoms holding the negative
charges furthest apart.
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tion analysis · rotation barrier ·
sandwich complexes · structure
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the most preferred: different authors give contradictory in-
terpretations.[9d,10]Steric factors are doubtless very relevant
but the electronic contribution is not negligible, as exempli-
fied by the crystal structure of [Et3NH] [3,3’-Co(1,2-
C2B9H11)2],[11] CoIII, d6, that is cisoid, as compared with
[Cs(dme)4]2[3,3’-Co(1,2-C2B9H11)2],[10b] CoII, d7, that is trans-
oid, or the molecular structures of [3,3’-Ni(1,2-C2B9H11)2]


� ,
NiIII d7, transoid, or [3,3’-Ni(1,2-C2B9H11)2], NiIV d6, ci-
soid.[10c]


The first mixed-sandwich compound incorporating an h5-
pyrrolyl unit and a dicarbollide unit, closo-[3-Co(h5-NC4H4)-
1,2-C2B9H11] (1; see Figure 1), was synthesized and charac-
terized in 1996.[12] Since then, several derivatives of 1 have
been synthesized; the resulting mixed-sandwich compounds
are very stable.[13] For most of the derivatives of 1, it has
been found that the N bisects the Cc···Cc connection in the
dicarbollide. It has a cis disposition of the heteroatoms. This
constancy in the motif is rare in sandwich complexes with
no ligand–ligand bridge.[9d] Therefore the pyrrolyl/dicarbol-
lide combination could introduce novel geometric features
to the sandwich complexes. This, along with the easy prepa-
ration of 1, could open up new possibilities not encountered
in the sandwich compounds commonly available.


Here, we report experiments on the capacity of 1 or its
derivatives to rotate. The existence of two heteroatoms (C)
on the dicarbollide unit and one heteroatom (N) on the pyr-
rolyl moiety led to the hypothesis that ring rotation would
be more restricted than in ferrocene. Further, we show
through the orientation of the ligands in 1 that if electronic
factors alone are considered, the orientation of the ligands
in [3,3’-Co(1,2-C2B9H11)2]


� would be cisoid. To prove it, ex-
periments were designed to lower the rotation rate, to alter
the activation energy, and to equalize the energy of the dif-
ferent rotamers. These experiments require NMR studies at
variable temperature, and the synthesis of new mixed-sand-
wich complexes with steric hindrances at special sites. In this
context, closo-[3-Co(h5-NC4H4)-1,2-(CH3)2-1,2-C2B9H9] (2)
and closo-[3-Co(h5-NC4H4)-1,2-(m-CH2)3-1,2-C2B9H9] (3), as
well as their N!BF3 adducts 2!BF3 and 3!BF3, were syn-


thesized and studied by 1H DNMR spectroscopy. The exper-
imental work was complemented and tested with theoretical
studies providing the energy of the possible conformers.


Results and Discussion


The first indication that 1 could have a more restricted rota-
tional capacity than ferrocene was provided by its molecular
structure obtained by X-ray diffraction, which revealed that
the nitrogen atom was bisecting the two cluster carbon
atoms (Cc). The three heteroatoms, that is, the N in the pyr-
rolyl and the two Cc atoms in the dicarbollide, were in a cis
disposition. Likewise, in the molecular structures[13] of the
similar, but nonsymmetrical, complexes closo-[3-Co(h5-
NC4H4)-1-CH3-2-C4H9-1,2-C2B9H9] and closo-[3-Co(h5-
NC4H4)-1-C6H5-2-C3H5-1,2-C2B9H9], the nitrogen atom was
in a cis disposition, too. The prevalence of the same structur-
al motif in the three structures suggested that the cis rotam-
er was the most stable of all possible rotamers, and for 1 it
was the most symmetrical rotamer accessible.


In solution, the NMR studies support the same conclu-
sions. The room-temperature 1H NMR spectrum of 1 is com-
patible with symmetrical rotamers only, as only two single
resonances in the pyrrolyl region with an area ratio 2:2 are
observed. The 13C{1H} NMR spectrum also presents two sig-
nals for the same moiety. These results are in agreement
with a symmetric rotamer, but a relatively fast rotation of
the pyrrolyl ring compared with the dicarbollide unit could
not be ruled out. The 1H DNMR study of 1 in the range
293–193 K did not provide any signal unfolding; the only ob-
served effect was the linear shift with T�1 of NMR resonan-
ces. An energy profile of 1 as a function of the rotation
angle a (Figure 2) was produced by semiempirical calcula-
tions to complement the experimental NMR data. The angle
a is set to zero when N bisects the Cc···Cc connection. These
calculations have shown that two gross rotamers, A2 and B,
exist (Figure 3). In rotamer A2, as a sum of ai conformations,
the nitrogen atom oscillates between the boron atoms neigh-


Figure 1. Schematic representation of [FeCp2], [3,3’-Co(1,2-C2B9H11)2]
� ,


and [3-Co(h5-NC4H4)-1,2-C2B9H11] (1). The circle represents the metal
ion, Fe in ferrocene and Co for the other two. Lines radiating from the
pentagonal coordinating faces are indicative of the steric repulsion ex-
pected.


Figure 2. Energy profiles for closo-[3-Co(h5-NC4H4)-1,2-C2B9H11] (1)
(continuous line) and 1!BF3 (dotted line) calculated by the ZINDO/1
method.
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boring the carbon atoms of the cluster, staying close to the
Cc···Cc edge, where 1088�a��1088 ; in rotamer B, as a sum
of bi conformations, 1088�a�2528. Rotamer A2 is
3.5 kcal mol�1 more stable than B, with a rotational barrier
of 10 kcal mol�1. This implies that rotamer B, in the temper-
ature range 293–193 K, is not sufficiently populated[14] to be
observed in NMR spectroscopy, and only molecules in ro-
tamer A2 are found. This represents a major difference from
ferrocene, even though the small rotational barrier does not
prevent the pyrrolyl moiety from turning 3608 with respect
to the carboranyl moiety. Then, contrarily to ferrocene,
there is a predominant rotamer A2 in 1 that we have de-
scribed as a gross rotamer, considering that it spans nearly
2168, although its more stable conformation is like those
found by X-ray diffraction. To confirm that the theoretical
predictions matched the experimentation, investigations
aimed to reduce the span of the rotation from 2168 to 728
were undertaken. This situation is represented by A1 or Ag/
Ar in Figure 3. The span of rotation in A1 is 368�a��368
and it is symmetric, in Ag it is 1088�a�368, and in Ar it is
�368�a��1088. Ag or Ar individually is not symmetric but
Ag plus Ar present an apparently symmetric conformation.
They generate a racemic global rotamer. The generation of
Ag/Ar is possible if the cis rotamer A2 is no longer the most
stable.


Destabilization of the cis rotamer :


a) Monosubstitution : In MS (Figure 4), substitution on the
pyrrolyl N atom with BF3 leaves the charge on the complex
unaltered. The fast reaction of 1 with (C2H5)2O!BF3 af-
fords 1!BF3. Its room-temperature 1H NMR spectrum pro-
duced two signals in the pyrrolyl region with an area ratio
of 2:2. Similarly to 1, no signal unfolding was observed in
the temperature range 293–193 K. Consequently, the synthe-


sis of 1!BF3 did not produce remarkable changes from 1 in
solution. The calculated energy profiles for 1 and 1!BF3


are very similar. In 1!BF3 the energy difference between
A2 and B (8 kcal mol�1) and the rotation energy barrier
(13 kcal mol�1) are augmented with respect to 1.


b) Disubstitution : In DS (Figure 4), substituents are intro-
duced on the Cc atoms. With this aim, mixed sandwich com-
pounds closo-[3-Co(h5-NC4H4)-1,2-(CH3)2-1,2-C2B9H9] (2)
and closo-[3-Co(h5-NC4H4)-1,2-(m-CH2)3-1,2-C2B9H9] (3)
were synthesized by the established procedure.[12] Scheme 1 a


shows the synthesis of 3. The room-temperature 11B NMR
spectrum of 3 displays a 1:1:2:2:3 pattern, in agreement with
Cs symmetry, in the d range + 8 to �17, consistently with
derivatives of 1. The 11B NMR spectrum of 2 displays a simi-
lar 1:1:2:2:3 pattern. The room-temperature 1H NMR spec-
tra of 2 and 3 display two signals in the pyrrolyl region with
an area ratio of 2:2 and, as was the case with 1, no 1H NMR
signal unfolding was obtained in 1H DNMR studies. There-
fore, the incorporation of substituents on both cluster


Figure 3. Possible rotamers in which mixed cobalt complexes and their
derivatives are found. For simplicity only the five-member faces are
shown. The pentagons with the two carbon atoms represent the [7,8-
C2B9H11]


2� moiety. The arrows show the amplitude of the relative motion
of the pyrrolyl moiety in each rotamer.


Figure 4. Schematic representation of the substitutions performed.


Scheme 1. a) Synthesis of compound 3 ; b) reaction proposed for the for-
mation of the adduct between 3 and BF3.
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carbon atoms introduces no substantial modifications in the
habit of these complexes in solution. The X-ray structures of
2 and 3 confirmed that in the motif observed, the nitrogen
bisects the Cc···Cc connection. The molecular structures of 2
and 3 (Figures 9 and 10) are described briefly at the end of
this section.


c) Trisubstitution : In TS (Figure 4), substitution on the Cc


atoms and on the N atom leave the charge on the complex
unaltered. In this case, the triangular face CcNCc would be
overcrowded, and high destabilization of conformer A2


could be expected. The 2!BF3 and 3!BF3 adduct com-
plexes were prepared similarly to 1!BF3. The synthesis of
3!BF3 is shown in Scheme 1(b).


The 1H NMR spectrum of 2!BF3 above 265 K (Figure 5)
displays three singlets with area ratio 2:2:6, compatible with


Cs symmetry. The two downfield resonances correspond to
the pyrrolyl ring proton atoms and the third corresponds to
the methyl groups on Cc. The 1H DNMR study in the range
285–185 K proved to be very informative in this case. The
spectrum at 225 K consists of six signals with area ratios
1.4 :2:2:1.4 :4.2 :6. Bold numbers correspond to one set of sig-
nals, plain numbers to the second set. The intensities change
to 2.7:2:2:2.7:6:8.1 at 185 K. Therefore, the two participating


sets of signals are dependent on the temperature, indicating
that two energetically close rotamers co-exist but do not
have precisely the same energy and degeneracy; otherwise
they would always have the same populations. The reso-
nance D (see Figure 5) de-coalesces at 227 K. The signal in-
tensity distribution below 227 K indicates the co-existence
of two rotamers: Ag/Ar


[15] and A1 (see Figure 3). Rotamer
A1 is symmetric, but Ag and Ar are not; however, fast inter-
change between Ag and Ar also produces a symmetry-aver-
aged rotamer. Resonances d’, e’, and f’ correspond to the
Ag/Ar rotamers, as evidenced by the widening of these reso-
nances at 185 K, below which each should split in two to ac-
count for the asymmetry of the Ag or Ar rotamer. If the two
rotamers Ag/Ar and A1 are close in energy and exist in
almost equally probable states, as is the case here, Kc can be
calculated at the coalescence temperature.[16] The frequency
shifts of the signals are shown in Figure 6. Accordingly, DG�


for rotamer exchange can be calculated at the coalescence
temperature from the three distinct sets of coalescence data
D, E, and F (Table 1).[8b] From resonances E and F an aver-
age value, DG� = 12.4�0.2 kcal mol�1, has been calculated.
With the synthesis of the sterically crowded 2!BF3 it has
been possible to differentiate between the two rotamers A1


and Ag/Ar with similar energies down to 227 K, and the
later splitting of one of them into two others at tempera-
tures below 185 K can be envisaged.


Figure 5. 1H NMR spectra of 2!BF3 as a function of temperature. The
resonances (d, e, f) and (d’, e’, f’) belong to the Ag/Ar and A1 rotamers in
Figure 4.


Figure 6. Proton shift before and after coalescence for 2!BF3. Chemical
shifts on the left-hand scale are for resonances E and D. The right-hand
scale is for resonance F.


Table 1. Calculation of rotational barrier for 2!BF3 and 3!BF3.


Compound Signal Coalescence temp.
[K]


Dn


[Hz][a]
DG�


[kcal mol�1]


2!BF3 E 255.0�2 92�1 12.4�0.2
F 240.0�2 16�1 12.4�0.2


3!BF3 D 257.5�2 51�1 13.0�0.2
E 265.0�2 117�1 13.0�0.2


[a] Extrapolated to coalescence temperature.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1933 – 19411936


F. Teixidor et al.



www.chemeurj.org





To assist in the interpretation of these data, calculations
leading to the energy profile for 2!BF3 (Figure 7) have
produced remarkably similar results to those for 3!BF3.
Five minima at 08, 638, 1488, 2128, and 2978 are observed,


but the global minimum is found at 08, corresponding to ro-
tamer A1, very close in energy (<0.3 kcal mol�1) to those at
638 and 2978 corresponding to enantiomeric rotamers Ag


and Ar. The minima at 08 and 638 are separated in 2!BF3


by a barrier of 9 kcal mol�1. Ag and Ar are separated by
5 kcal mol�1 activation energy, which facilitates their rapid
exchange below 185 K. Therefore the 1H DNMR spectra of
2!BF3 (Figure 5) is in full agreement with this energy pro-
file. Rotamers A1 and Ag/Ar exchange rapidly at T>255 K,
producing an averaged A2 rotamer. This exchange is frozen
at T<240 K when rotamers A1, and Ag/Ar co-exist but do
not exchange with each other. At 185 K the enantiomeric
rotamers Ag and Ar still exchange rapidly; to freeze this ex-
change it is necessary to lower the temperature. This explan-
ation permits assignment of the sets of resonances (d, e, f)
to A1 and (d’, e’, f’) to the racemic Ag/Ar.


Similar results were obtained with 3!BF3, although the
1H DNMR spectrum of 3!BF3 is more complicated owing
to the spin–spin coupling between methylene groups. To
simplify the study only those signals corresponding to the
pyrrolyl hydrogen atoms have been taken into account
(Figure 8). The variable-temperature spectra can be inter-
preted as for 2!BF3. Two singlets were observed above
265 K, and four singlets below 250 K, with area ratios of
2:5.9 :2:5.9 at 250 K and 1.7:2:2:1.7 at 185 K. The existence
of two rotamers, A1 and Ag/Ar, also explains the resonances
and area ratios obtained. The values of Tc, Kc, and DG� are
summarized in Table 1. Both 2!BF3 and 3!BF3 have simi-
lar DG� values near 13.0 kcal mol�1. For 2!BF3 the two sets
of resonances (d, e) and (d’, e’) were assigned to Ag/Ar and
A1 respectively.


The crystal structures : The expected structures, with the pyr-
rolyl nitrogen placed approximately between the cluster car-
bons, were confirmed. Selected bond lengths and angles are
listed in Table 2, crystallographic data are in Table 3, and 2
and 3 are represented in Figures 9 and 10, respectively. For
both compounds, the pyrrolyl ligand and the coordinated
C2B3 face are not parallel but tilted so that the pyrrolyl ni-
trogen has moved away from the cluster carbons. This is one
of the sources of error in the computational analysis, as both
faces have been assumed parallel to simplify the calcula-


Figure 7. Calculated energy profile for 3!BF3 obtained by the ZINDO/1
method.


Figure 8. 1H NMR spectra of 3!BF3 as a function of temperature. The
resonances (d, e) and (d’, e’) belong to the Ag/Ar and A1 rotamers in
Figure 4.


Table 2. Selected bond lengths [�] and angles [8] for 2 and 3.


2 3


Co3�N13 2.070(3) 2.093(4)
Co3�C1 2.025(3) 2.044(4)
Co3�C2 2.024(3) 2.048(4)
Co3�C15 2.050(3) 2.061(5)
Co3�C16 2.050(3) 2.043(5)
Co3�B8 2.073(4) 2.062(5)
C1�C2 1.669(4) 1.635(6)


C1-Co3-N13 108.45(13) 111.46(18)
C2-Co3-N13 108.65(13) 108.15(18)
C15-Co3-B8 97.26(16) 98.4(2)
C16-Co3-B8 97.16(16) 94.8(2)
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tions. As a result of this tilting, the dihedral angle between
the two coordinated pentagonal faces is 6.4(2)8 for 2 and
8.3(3)8 for 3. These are set to 08, q = 1808, to run the
energy profile calculations. For 2, the pyrrolyl nitrogen is
placed exactly midway between the cluster carbons, and the
bond parameters indicate that the complex assumes non-
crystallographic molecular Cs symmetry within experimental
error. The conformation of 3 deviates significantly from
exact Cs symmetry: the pyrrolyl nitrogen deviates 6.78 from
the central position.


The increased difficulty of rotation from Fe(Cp)2 to [3,3’-
Co(1,2-C2B9H11)2]


� to [3-Co(h5-NC4H4)-1,2-C2B9H11]: Sand-
wich complex 1 is similar to ferrocene and [3,3’-Co(1,2-
C2B9H11)2]


� . On the basis of its geometrical rotamer prefer-
ences in the solid state and solution, some questions on the
rotational habits of the other two can be answered. The dis-
position of the hydrogen atoms on the p faces of the three
sandwich complexes is emphasized in Figure 1. In Cp and in
[NC4H4]


� , the C�H bonds are in the plane of the aromatic
ring, whereas the B�H and C�H bonds are out of this plane
and face the opposite ligand in the dicarbollide. It is then
appropriate to assume that the steric energy will contribute
more to the rotational barriers for the [3,3’-Co(1,2-
C2B9H11)2]


� ion than for the other two complexes. This does
not mean, however, that the electronic contribution is too
weak to discriminate between the different possible rotam-
ers. Could this be estimated independently of the steric con-
tribution? We think that the answer is obtained from the
former experiments with 1. The H···H repulsion energies be-
tween the two mutually rotating ligands are lower in 1 than
in [3,3’-Co(1,2-C2B9H11)2]


� , and can be estimated compara-
bly to those in ferrocene on the basis that H···H distances
are close to 3 � in eclipsed ferrocene and close to 2.7 � in
derivatives of 1, both being longer than the sum of the van -
der Waals radii (2.4 �), whereas H···H distances in eclipsed
[3,3’-Co(1,2-C2B9H11)2]


� would be near 2.1 �. Therefore it
may be assumed that the cis rotamer in 1 is influenced
mainly by electronic factors. Considering that [NC4H4]


� and
[7,8-C2B9H11]


2� are very similar as h5 ligands, and that the
electronegativity difference between the constituent atoms
within each ligand (0.5) is the same,[17] it can then be infer-
red that [NC4H4]


� is like [7,8-C2B9H11]
2� with no steric im-


plications. Accordingly, it seems reasonable that when elec-
tronic factors alone are considered [3,3’-Co(1,2-C2B9H11)2]


�


adopts a cisoid conformation, as does 1. Why is the cis con-
formation so well defined in 1 and its derivatives, while it is
much less so in [3,3’-Co(1,2-C2B9H11)2]


� and in its deriva-
tives? Avoiding the steric energies implicated, one possible
answer lies in the neutral nature of 1 and the anionic nature
of [3,3’-Co(1,2-C2B9H11)2]


� . The semiempirical calculations
on 1 and its derivatives in the gas phase and the energy pro-
files reported here correlate very well with the experimental
data. However in the [3,3’-Co(1,2-C2B9H11)2]


� ion the inter-
action of the counterion with the electron-rich B�H moiet-
ies introduces additional types of forces to which the neat
rotamer must adapt. This explains the dispersity of rotamers


Table 3. Crystallographic data for 2 and 3.


Complex 2 3


empirical formula C8H19B9CoN C9H19B9CoN
formula weight 285.46 287.47
crystal system monoclinic orthorhombic
crystal habit, color prism, red needle, red
space group P21/n (no. 14) P212121 (no. 19)
a [�] 8.5064(8) 11.7484(13)
b [�] 14.2273(14) 15.947(2)
c [�] 12.0139(5) 7.8015(17)
b [8] 92.352(5) 90
V [�3] 1452.7(2) 1461.6(4)
Z 4 4
T [8C] 21 21
l [�] 0.71069 0.71069
1 [g cm�3] 1.305 1.352
m [cm�1] 11.54 11.51
goodness-of-fit[a] on F2 1.020 1.052
R[b] [I>2s(I)] 0.0357 0.0326
Rw


[c] [I>2s(I)] 0.0785 0.0812


[a] S = [�(w(F2
o�F2


c)
2]/(n�p)1/2. [b] R = � j jFo j� jFc j j /� jFo j . [c] Rw =


[�w(jF2
o j� jF2


c j )2/�w jF2
o j 2]1/2.


Figure 9. Molecular structure of closo-[3-Co(h5-NC4H4)-1,2-(CH3)2-1,2-
C2B9H9] (2).


Figure 10. Molecular structure of closo-[3-Co(h5-NC4H4)-1,2-(m-CH2)3-
1,2-C2B9H9] (3).
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found even in the plain [3,3’-Co(1,2-C2B9H11)2]
� ion. If


groups other than H occupy sites in the confronting faces of
the [3,3’-Co(1,2-C2B9H11)2]


� ion, the resulting rotamer is the
combination of the different participating forces, including
the steric repulsions.


The difference in rotational behavior between ferrocene
and 1 can be explained by the pinning effect caused by the
heteroatoms in 1. It would be intriguing to know, however,
why the N and C atoms in 1, or all C atoms in [3,3’-Co(1,2-
C2B9H11)2]


� , prefer to be in a cis or cisoid disposition, since
our ZINDO calculations on the unreported [Fe(NC4H4)2]
have shown that the most stable conformation has both N
atoms occupying a trans disposition. This rotamer is support-
ed by the crystal structure of the related [Fe(C4Me4NBH3)2]
complex,[18] in which both N atoms occupy trans positions.
The trans disposition of the heteroatoms in [Fe(NC4H4)2]
can be easily explained as it attenuates the coulombic repul-
sions that would originate from the negative N if they were
in a cis configuration. In 1 and [3,3’-Co(1,2-C2B9H11)2]


�


there may be a trans influence, in which the more electro-
negative atoms prefer the more electropositive ones to be
trans to them. This concept is supported by the fact that,
once the metal ion is reduced, for example from d6 to d7,
the cisoid arrangement is disfavored with regard to the
transoid.[10c] On reduction of the complex, the extra charge
accumulates on B8�H, producing a situation similar to that
in [Fe(NC4H4)2] (see Figure 11). The charge separation also


supports the cis conformation found for 1. The rotamer
adopted is the one with the atoms holding the negative
charges furthest apart in all three complexes [Fe(NC4H4)2],
in d7 [3,3’-Co(1,2-C2B9H11)2]


2� and [3-Co(h5-NC4H4)-1,2-
C2B9H11] (1).


Conclusion


By combination of 1H DNMR experiments, the synthesis of
closo-[3-Co(h5-NC4H4)-1,2-(CH3)2-1,2-C2B9H9] (2) and closo-
[3-Co(h5-NC4H4)-1,2-(m-CH2)3-1,2-C2B9H9] (3), the forma-
tion of adducts 2!BF3 and 3!BF3, and computational


studies of the relative energy of the different rotamers it has
been possible to demonstrate unambiguously that, contrarily
to ferrocene, closo-[3-Co(h5-NC4H4)-1,2-C2B9H9] (1) exists
as only one rotamer at room and lower temperatures. This
rotamer, A2, has the nitrogen atom bisecting the dicarbollide
Cc···Cc edge; therefore it has a cis configuration and it
matches very well with the molecular structures determined
by X-ray analysis of 1, 2, and 3. Other rotamers of 1 are
very high in energy and inaccessible by common laboratory
reaction setups. Therefore, 1 represents the first sterically
unencumbered sandwich complex with a well-defined con-
formation,[19] practically 100 % populated at room tempera-
ture. Its rigidity, its CoIII/CoII electrochemical behavior, its
N–s coordination capacity, its practical synthesis, and the
possibility of substitution at the a-pyrrolyl carbon atoms
and/or at the dicarbollide cluster atoms makes this com-
pound attractive for molecular engineering or molecular
motor design.[10c]


The stability of rotamer A2 was proven by substitutions
on the pyrrolyl and/or the dicarbollide unit. No modification
of the stability of A2 relative to more energetic rotamers
was obtained, either when the BF3 group was bonded to the
pyrrolyl nitrogen or when substituents were placed on the
cluster carbon atoms. Only when three substituents were
placed on the same triangular face, on the pyrrolyl nitrogen
and on the two carbon cluster atoms, were new racemic ro-
tamers (Ag and Ar) co-existing with rotamer A1 found both
experimentally and by computational methods. It can be
concluded that 1 and its derivatives are found at room tem-
perature in only one rotamer, A2, and by adequate substitu-
tion two other conformers, A1 and Ag/Ar, can be forced to
co-exist with it.


The cis disposition of its heteroatoms prompts comparison
of 1 with two other related sandwich complexes: ferrocene
and [3,3’-Co(1,2-C2B9H11)2]


� . The presence of one heteroa-
tom in 1 pins the pyrrolyl ligand into a fixed conformation;
this is impossible in ferrocene, which consequently has a
lower rotational barrier. The fixed conformation of 1 also
assists in defining the rotational preferences of [3,3’-Co(1,2-
C2B9H11)2]


� in the absence of steric hindrance. The latter is
cisoid, and the diversity of structures found, with many dif-
ferent orientations of the cluster C atoms, should be attrib-
uted to its anionic nature, which requires a cation. Attrac-
tive forces between this cation and B�H groups in the clus-
ter determine the different rotamers found in the solid
phase.


This research also draws attention to the singularity of the
three electronegative atoms in 1 occupying the same region
of space, thence producing a cis rotamer. This has been in-
terpreted as a trans influence originating in the electroposi-
tive character of the boron.


Experimental Section


Instrumentation : Elemental analyses were performed with a Carlo Erba
EA 1108 microanalyzer. IR spectra were recorded with KBr pellets on an


Figure 11. Rotamer stabilization by attenuation of the coulombic repul-
sions: in [Fe(NC4H4)2], in d7 [3,3’-Co(1,2-C2B9H11)2]


2� and in [3-Co(h5-
NC4H4)-1,2-C2B9H11] (1). B8 atoms are indicated in the dicarbollide li-
gands as B.
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FTIR-8300 Shimadzu spectrophotometer. 1H, 1H{11B}, 13C{1H}, 11B, and
11B{1H} NMR spectra were recorded at room temperature with a Bruker
ARX 300 instrument equipped with the appropriate decoupling accesso-
ries. Low-temperature measurements were performed in (CD3)2CO.
Sample temperatures were maintained with a B-VT2000 digital tempera-
ture controller by means of a thermocouple situated in the cooling gas a
few centimeters below the sample, and accurate to within �0.5 8C over
the dynamic temperature range.


Materials : Experiments were carried out under a dry, oxygen-free dini-
trogen atmosphere, using standard Schlenk techniques, with some subse-
quent manipulation in the open atmosphere. THF was freshly distilled
from sodium benzophenone. Other solvents were of reagent grade and
were used without further purification. Pyrrole (Aldrich) was freshly dis-
tilled before use. Hexahydrated cobalt(ii) chloride (Aldrich) was heated
under vacuum overnight to obtain the anhydrous form. Potassium was re-
fluxed in THF before use. (C2H5)2O!BF3 (Fluka) and 1-CH3-1,2-
C2B10H11 and 1,2-C2B10H12 (Katchem) were used as received. 1,2-(CH3)2-
1,2-C2B10H10,


[20] 1,2-(m-CH2)3-1,2-C2B10H10,
[21] and closo-[3-Co(h5-NC4H4)-


1,2-C2B9H11]
[12] (1) were prepared according to literature methods.


Synthesis of closo-[3-Co(h5-NC4H4)-1,2-(CH3)2–1,2-C2B9H9] (2): 1,2-
(CH3)2-1,2-C2B10H10 (0.15 g, 0.87 mmol) was dissolved in a suspension of
K[NC4H4] (1.10 g, 10.4 mmol) in THF (50 mL). After 4 h of refluxing, an-
hydrous CoCl2 (0.57 g, 4.3 mmol) was added. The reaction mixture was
refluxed for 48 h. After cooling, the solvent was removed inder vacuum,
and the resulting solid was extracted with dichloromethane (50 mL). The
suspension was filtered and the resulting dark liquid was evaporated to
1 mL and chromatographed over silica gel using dichloromethane/hexane
(8:2) as mobile phase. A pure orange complex was obtained (Rf(prep) =


0.70). Yield: 0.14 g, 56 %. Elemental analysis calcd (%) for C8B9H19CoN
(226.6): C 33.66, H 6.71, N 4.91; found: C 33.81, H 6.90, N 4.73; IR
(KBr): ñ = 2592, 2559, 2542 cm�1 (B�H); 1H NMR (300 MHz,
(CD3)2CO, 25 8C, TMS): d = 7.0 (s, 2H; N�Cpyr�H), 6.5 (s, 2 H; Cpyr�
Cpyr�H), 2.5 ppm (s, 6H; CH3); 1H{11B} NMR (300 MHz, (CD3)2CO,
25 8C, TMS): d = 7.0 (s, 2 H; N�Cpyr�H), 6.5 (s, 2 H; Cpyr�Cpyr�H), 3.7
(br s, 2H; B�H), 3.2 (br s, 2 H; B�H), 2.5 (s, 6H; CH3), 2.1 (br s, 1 H; B�
H), 1.5 (br s, 2 H; B�H), 1.0 ppm (br s, 2H; B�H); 13C{1H} NMR
(75.5 MHz, (CD3)2CO, 25 8C, TMS): d = 115.4 (s; N�Cpyr), 91.0 (s; Cpyr�
Cpyr), 79.4 (s; Cc), 29.5 ppm (s; CH3); 11B NMR (96.3 MHz, (CD3)2CO,
25 8C, (C2H5)2O!BF3): d = 5.5 (d, 1J(B,H) = 139 Hz, 1 B), 4.1 (d,
1J(B,H) = 140 Hz, 1B), �0.4 (d, 1J(B,H) = 155 Hz, 2 B), �5.8 (d,
1J(B,H) = 144 Hz, 2B), �11.6 ppm (d, 1J(B,H) = 160 Hz, 3 B).


Synthesis of closo-[3-Co(h5-NC4H4)-1,2-(m-CH2)3-1,2-C2B9H9] (3): The
procedure was the same as for 2 but with 1,2-(m-CH2)3-1,2-C2B10H10


(0.16 g, 0.87 mmol) as starting material. Rf(prep) = 0.70. Yield: 0.14 g,
54%. Elemental analysis: calcd (%) for C9B9H19CoN (238.6): C 36.34, H
6.44, N 4.71; found: C 36.60, H 6.30, N 4.81; IR (KBr): ñ = 2596, 2557,
2546 cm�1 (B�H); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d = 6.6 (s,
2H; N�Cpyr�H), 6.3 (s, 2H; Cpyr�Cpyr�H), 2.6 (m, 4H; Cc�CH2�),
2.5 ppm (m, 2 H; CH2); 1H{11B} NMR (300 MHz, CDCl3, 25 8C, TMS): d


= 6.6 (s, 2H; N�Cpyr�H), 6.3 (s, 2H; Cpyr�Cpyr�H), 3.6 (br s, 2H; B�H),
3.2 (br s, 1 H; B�H), 2.6 (m, 4H; Cc�CH2�), 2.5 (m, 2H; CH2), 1.9 (br s,
2H; B�H), 1.6 (br s, 2 H; B�H), 1.2 ppm (br s, 2H; B�H); 13C{1H} NMR
(75.5 MHz, CDCl3, 25 8C, TMS): d = 109.1 (s; N�Cpyr), 83.8 (s; Cpyr �
Cpyr), 34.2 (s; Cc�CH2), 26.1 ppm (s; �CH2�); 11B NMR (96.3 MHz,
CDCl3, 25 8C, (C2H5)2O!BF3): d = 8.2 (d, 1J(B,H) = 157 Hz, 1 B), 7.0
(d, 1J(B,H) = 134 Hz, 1 B), �3.2 (d, 1J(B,H) = 157 Hz, 2B), �6.5 (d,
1J(B,H) = 148 Hz, 2B), �11.6 ppm (d, 1J(B,H) = 161 Hz, 3 B).


Adduct formation monitored by proton and boron NMR spectra : The
three complex–BF3 adducts 1!BF3, 2!BF3, and 3!BF3 were prepared
by adding (C2H5)2O!BF3 (0.1 mmol) to three solutions of 0.1 mmol of
complexes 1–3 (28.5, 29.7, and 25.7 mg respectively) in (CD3)2CO
(1 mL). The cobaltacarborane complexes 1–3 were weighed on a micro-
balance and a measured volume of (CD3)2CO was added. The resulting
bright orange solutions were stirred for 1 min and carefully transferred to
a 5 mm NMR tube, where the 1H DNMR measurements were performed.
Experimental evidence for the formation of the adducts has been pre-
sented earlier.[22]


Computational details : All calculations were performed using the Hyper-
chem 5.0 package (Version 5.0, Hypercube Inc.) installed on a PC Pentiu-
m III 700 MHz computer. Internal coordinates obtained from X-ray dif-
fraction analysis of complexes 1,[12] 2, and 3 were used as starting coordi-
nates. Three geometrical operations were performed before the calcula-
tions were started: 1) the pyrrolyl plane and the pentagonal open face of
the cluster were forced to be parallel; 2) the nitrogen atom was placed
exactly halfway between the Cc atoms; 3) the BF3 boron–nitrogen dis-
tance in 1!BF3, 2!BF3, and 3!BF3 was fixed at 1.598 �.[18]


From the starting position, rotations of 98 were performed (from a = 98
to a = 1808). At each point, a single-point calculation was performed
using the ZINDO/1 semiempirical method. Before the ZINDO calcula-
tions, the cluster carbons, the fluorine atoms, and the exo cluster substitu-
ents were allowed to relax by means of molecular mechanics geometry
optimization. All energy values correspond to free enthalpy referred to
the lowest-energy rotamer.


X-ray diffraction studies


Structure determinations of 2 and 3 : Single-crystal data collections were
performed at room temperature on a Rigaku AFC5S diffractometer
using graphite-monochromated MoKa radiation. A total of 2556 and 1499
unique reflections were collected by w/2q scan mode (2qmax = 50o) for 2
and 3, respectively. Crystallographic data are presented in Table 3.


The structures were solved by direct methods and refined on F2 by the
SHELX-97 program.[23] Non-hydrogen atoms, except boron atoms of 3,
were refined with anisotropic displacement parameters and hydrogen
atoms were placed at calculated positions and treated as riding atoms.


CCDC-177729 and CCDC-177730 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif.
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New Insight into Solvent Effects on the Formal HOOC + HOOC Reaction


Mario C. Foti,*[a] Salvatore Sortino,[b] and K. U. Ingold[c]


Introduction


It has recently been reported that g-terpinene (TH), a mon-
oterpene present in many essential oils,[1] can function as an
effective inhibitor of lipid peroxidation in vitro.[2,3] This is
rather surprising because hydrocarbons, with a few notable


exceptions,[4] are not generally able to break free radical oxi-
dation chains. We have previously reported on the kinetics
of g-terpinene autoxidation and the mechanism by which it
inhibits lipid peroxidation.[5] g-Terpinene undergoes a slow,
spontaneous, aerobic dehydrogenation by a free-radical
chain mechanism. The addition of mm concentrations of the
radical initiator, 2,2’-azobis(isobutyronitrile) (AIBN) strong-
ly accelerates this reaction and the only products are p-
cymene (Cy) and hydrogen peroxide in a 1:1 ratio [Eq. (1)].


Abstract: The 2,2’-azobis(isobutyro-
nitrile)(AIBN)-induced autoxidation of
g-terpinene (TH) at 50 8C produces p-
cymene and hydrogen peroxide in a
radical-chain reaction having HOOC as
one of the chain-carrying radicals. The
kinetics of this reaction in cyclohexane
and tert-butyl alcohol show that chain
termination involves the formal HOOC
+ HOOC self-reaction over a wide
range of g-terpinene, AIBN, and O2


concentrations. However, in aceto-
nitrile this termination process is ac-
companied by termination via the
cross-reaction of the terpinenyl radical,
TC, with the HOOC radical under condi-
tions of relatively high [TH] (140–
1000 mm) and low [O2] (2.0–5.5 mm).
This is because the formal HOOC +


HOOC reaction is comparatively slow
in acetonitrile (2k~8�107


m
�1 s�1),


whereas, this reaction is almost diffu-


sion-controlled in tert-butyl alcohol and
cyclohexane, 2k~6.5 � 108 and 1.3 �109


M�1 s�1, respectively. Three mecha-
nisms for the bimolecular self-reaction
of HOOC radicals are considered: 1) a
head-to-tail hydrogen-atom transfer
from one radical to the other, 2) a
head-to-head reaction to form an inter-
mediate tetroxide, and 3) an electron-
transfer between HOOC and its conju-
gate base, the superoxide radical anion,
O2
�C. The rate constant for reaction by


mechanism (1) is shown to be depend-
ent on the hydrogen bond (HB) ac-
cepting ability of the solvent; that by
mechanism (2) is shown to be too slow
for this process to be of any impor-
tance; and that by mechanism (3) is de-


pendent on the pH of the solvent and
its ability to support ionization. Mecha-
nism (3) was found to be the main ter-
mination process in tert-butyl alcohol
and acetonitrile. In the gas phase, the
rate constant for the HOOC + HOOC
reaction (mechanism (1)) is about 1.8 �
109


m
�1 s�1 but in water at pH�2 where


the ionization of HOOC is completely
suppressed, this rate constant is only
8.6 � 105


m
�1 s�1. The very large retard-


ing effect of water on this reaction has
not previously been explained. We find
that it can be quantitatively accounted
for by using Abraham�s HB acceptor
parameter, bH


2 , for water of 0.38 and an
estimated HB donor parameter, aH


2 , for
HOOC of about 0.87. These Abraham
parameters allow us to predict a rate
constant for the HOOC + HOOC reac-
tion in water at 25 8C of 1.2 � 106


m
�1 s�1


in excellent agreement with experi-
ment.


Keywords: terpinene · autoxida-
tion · radical reactions · radicals ·
solvent effects
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It has been shown by laser flash photolysis of di-tert-butyl
peroxide in acetonitrile containing g-terpinene (TH) at
room temperature that terpinenyl (TC) and terpinenylperoxyl
(TOOC) radicals are formed in the absence and presence of
oxygen, respectively [Eq. (2)].[6,7]


ðCH3Þ3COOCðCH3Þ3 hn�!ðCH3Þ3COC TH�!
ðCH3Þ3COH þ TC O2�!TOOC


ð2Þ


The TOOC radicals decayed with first-order kinetics by a
relatively fast unimolecular elimination of HOOC[5] (k6 =5 �
104


m
�1 s�1, at room temperature) forming p-cymene.[6,7]


Thus, TOOC radicals are intermediates in the autoxidation of
g-terpinene but they are too short-lived (t1/2<13.9 ms) to ab-
stract a hydrogen atom from g-terpinene (at [TH]�1 m).
The chain carrier in the AIBN-initiated autoxidation of g-
terpinene (TH) is therefore HOOC[9] and the reaction mech-
anism has been represented as Equations (3)–(8).[5]


AIBN! O2�! ROOC ðinitiation rate ¼ RiÞ ð3Þ


ROOC þ TH! ROOH þ TC ð4Þ


TC þ O2 Ð TOOC ð5Þ


TOOC ! Cy þ HOOC ð6Þ


HOOC þ TH! TC þ H2O2 ð7Þ


HOOC þ HOOC ! H2O2 þ O2 ð8Þ


Additional work has now revealed that reactions (3)–(8)
do not provide a complete mechanistic description of the
AIBN-initiated autoxidation of g-terpinene under all experi-
mental conditions. We therefore report on these new kinetic
data and will also focus our discussion on the solvent effects
on the rate of chain termination, reaction (8).


Results


The kinetics of the AIBN-initiated autoxidation of g-terpi-
nene (TH) was studied at 50 8C in acetonitrile, cyclohexane,
and tert-butyl alcohol by monitoring the grow-in of the ab-
sorbance at 272 nm due to p-cymene formation (see
[Eq. (1)])[13] A wide range of concentrations was employed,
namely g-terpinene (0.002–1.0 m),[12] AIBN (1–10 mm in ace-
tonitrile and tert-butyl alcohol, 1–5 mm in cyclohexane) and
O2 (2–10 mm). Under all of these conditions, the rate of the
non-AIBN-initiated, “spontaneous” autoxidation of g-terpi-
nene was negligible.[14] The measured rates of p-cymene for-
mation were fitted to the general expression (I).


d½Cy�=dt ½m s�1� ¼ C½AIBN�a ½TH�b ½O2�c ðIÞ


The numerical factor, C, and the exponents a, b and c, are
given in Table 1.


Discussion


Chain-termination in the autoxidation of g-terpinene : Kinet-
ic analysis of reactions (3)—(8) yields the rate expression[15]


II, or equivalently, III.


d½Cy�=dt ¼ Ri
1=2 k7½TH�=ð2k8Þ1=2 ðIIÞ


¼ ð2ekdÞ1=2k7


ð2k8Þ1=2 ½AIBN�1=2½TH� ðIIIÞ


The exponents (see Equation (I)) in Equation (III) are
a=0.5, b=1.0, and c=0, the last meaning that the rate of g-
terpinene autoxidation does not depend on the oxygen con-
centration in solution. These rate expressions (and the ab-
sence of a dependence on the oxygen partial pressure, 150–
760 Torr) are consistent with our original work in cyclohex-
ane and acetonitrile at [TH]<140 mm.[5] They are also con-
sistent with the present work at all AIBN, g-terpinene, and
O2 concentrations explored for the autoxidation of g-terpi-
nene in cyclohexane and tert-butyl alcohol and in acetonitrile
provided [TH]=1–140 mm (see Table 1). However, these
equations do not describe the autoxidation of g-terpinene in
acetonitrile at higher concentrations ([TH]= 140–1000 mm)
and low oxygen concentrations (2 to 5.5 mm), where b, the
kinetic order in [TH], decreased to 0.64, while c, the kinetic
order in [O2], increased from 0 to 0.35 (see Table 1 and
Figure 1). At higher oxygen concentrations (5.5–10 mm), b
increased to 0.80 and c decreased to 0, that is, both b and c
return roughly to “normal” values (see Table 1 and
Figure 1).


A dependence of the rate of autoxidation of an organic
substrate on the oxygen partial pressure necessarily means
that not all the carbon-centered radicals are trapped by
oxygen.[18] In the present case, this means that not all TC rad-
icals are trapped by oxygen despite the high rate constant
for this addition reaction, namely,[6] k5 =1.3 � 109


m
�1 s�1. The


TC radicals must, therefore, be trapped by a second radical.
Since the oxygen pressure dependence manifests itself with
a relatively small change in the experimental conditions the
second radical is much less likely to be another TC[18,19] than
to be an HOOC radical (see reaction (9)).


TC þ HOOC ! Cy þ H2O2 ð9Þ


Table 1. Experimental reaction orders[a] and values[b] of C for the rate
law for reaction (1) at 50 8C in various solvents and different concentra-
tions (mol L�1) of O2 and g-terpinene.[c]


Solvents C � 104 a b c [TH] � 103 [O2]�103


tert-butyl alcohol 1.1 0.42 0.90 0 2–1000 2–10
cyclohexane 0.92 0.52 0.95 0 2–1000 2–10
acetonitrile 4.4 0.52 0.95 0 1–140 2–10
acetonitrile 30 0.50 0.64 0.35 140–1000 2–5.5
acetonitrile 4.0 0.50 0.80 0 140–1000 5.5–10


[a] Error, �10%. [b] Error, ��20 %. [c] Concentration of AIBN had
been varied within 1–10 mm in acetonitrile and tert-butyl alcohol, and 1–
5 mm in cyclohexane.
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The participation of this cross-termination to reactions
(3)—(8) changes the rate expression to Equation (IV).


d½Cy�=dt¼Ri
1=2k7½TH�=


�
2k8
ð1þ k�5=k6Þk7k9½TH�


k5½O2�


�0:5


ðIVÞ


Equation (IV) reduces to Equation (II) (or (III)) at low
[TH] and/or high [O2] (i.e., when 2k8 @ (1 + k�5/
k6)k7k9[TH]/k5[O2]) and to Equation (V) at high [TH] and/
or low [O2] (i.e. , when 2k8 ! (1 + k�5/k6)k7k9[TH]/k5[O2]).


d½Cy�=dt � ð2ekdÞ0:5
�


k5k7


ð1þ k�5=k6Þk9


�0:5


½AIBN�0:5 ½TH�0:5 ½O2�0:5


ðVÞ


The autoxidation of g-terpinene in cyclohexane and tert-
butyl alcohol follows the “usual” kinetic expression, that is,
Equation (II) (or III), under all the experimental conditions
employed. Equation (II) is also followed in acetonitrile at
low [TH]/[O2] ratios but not at high [TH]/[O2] ratios, where
the kinetics approach Equation (V) (see Table 1).


Under conditions where equation II is valid the rate of re-
action 1 is governed by the rate constant ratio, k7/(2k8)


0.5.
This ratio represents the oxidizability of TH and can be cal-
culated from C (Table 1 and from oxidation traces such as
those shown in Figure 2) to be 0.078, 0.11, and 0.31 m


�1/2 s�1/2


in cyclohexane, tert-butyl alcohol and acetonitrile, respec-
tively. Significant solvent effects on the rates of hydrogen
atom abstraction from C�H bonds, for example, from hydro-
carbons, are unknown.[20] The variations in the oxidizability
of g-terpinene in the three solvents must therefore be attrib-
uted to variations in the rate constant for chain termination,
2k8.


There are three possible mechanisms by which the formal
HOOC radicals might self-terminate the autoxidation chains.


First, a head-to-tail reaction in which there is hydrogen-atom
abstraction from one radical by the other [Eq. (10)].[5]


In hydrogen-bond-accepting (HBA) solvents (S) some
HOOC radicals will form hydrogen bonds with the solvent
molecules, S···HOOC. This will prevent two possible head-to-
tail H-atom transfer reactions from occurring [Eq. (11) and
(12)].


S � � �HOOC þ S � � �HOOC no reaction ð11Þ


HOOC þ S � � �HOOC no reaction ð12Þ


Only the third head-to-tail reaction can occur [Eq. (13)]
(see later discussion of the HOOC + HOOC reaction in
water).


S � � �HOOC þ HOOC ! S � � �HOOH þ O2 ð13Þ


On a relative scale, the HBA abilities of solvents can best
be described by the bH


2 parameters given by Abraham
et al.[21] (which range in magnitude from 0.00 for saturated
hydrocarbons to 1.00 for HMPA, the strongest organic
HBA). The bH


2 values for cyclohexane, acetonitrile, and tert-
butyl alcohol are:[21] 0.00, 0.44, and 0.49, respectively. If,
therefore, chain termination occurred solely by reac-
tion (10), the rate of termination would decrease and, hence,
the oxidizability of g-terpinene would increase monotonical-


Figure 1. Rate of p-cymene formation in acetonitrile at 50 8C with [TH]=


0.428 m and [AIBN]=5.09 � 10�3
m at various oxygen concentrations.


Figure 2. Representation of the rate of autoxidation of g-terpinene at
50 8C according to the theoretical rate law given by Equation (II) in ace-
tonitrile (~), tert-butyl alcohol (&), and cyclohexane (*). The slope of the
straight lines yields the value of oxidizability (in m


�1/2 s�1/2 units) of TH in
the three solvents: 0.31 in acetonitrile (R2 =0.99), 0.11 in tert-butyl alco-
hol (R2 =0.99), and 0.078 in cyclohexane (R2 =0.99).
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ly from cyclohexane to acetonitrile to tert-butyl alcohol,
but this is not the case (see, k7/(2k8)


0.5 =0.078, 0.31, and
0.11 m


�1/2 s�1/2, respectively) (see Figure 2).
Second, a head-to-head reaction analogous to the well-


studied bimolecular self reactions of tert-alkylperoxyl radi-
cals such as tert-butylperoxyl [Eq. (14)].


ROOC þ COORÐ ROOOOR! ½ROC COOOR�cage !
½ROCO2


COR�cage ! ROORþO2


ð14Þ


For R= Me3C, the experimental bond dissociation enthal-
pies (BDEs) of the central OO�OO bond and non-central
O�OOO bond are about 8.5 and 17.5 kcal mol�1, respective-
ly, and the overall termination process has an activation en-
thalpy of about 17.5–8.5=9 kcal mol�1 and a rate constant at
30 8C of only about 4 � 102


m
�1 s�1.[22] For R= H, calculations


have been reported which indicate BDEs of 18 and
28 kcal mol�1 at 0 K for the OO�OO and O�OOO bonds,
respectively.[23] Both of these BDEs are obviously too high
by several kcal mol�1. However, their difference is likely to
be fairly reliable which would imply an overall activation
enthalpy for termination by reaction (14) (R=H) of about
10 kcal mol�1 and hence a very low rate constant for this
HOOC + HOOC reaction pathway. Such a very slow termina-
tion step in the autoxidation of g-terpinene can be ruled out
on the basis of the rather large (�107


m
�1 s�1 at 30 8C) rate


constants which have been measured for the same chain ter-
mination reaction in the autoxidation of 1,4-cyclohexadiene
in organic solvents[24] and in water for the HOOC + HOOC
reaction at low pH, namely,[25] 8.6 �105


m
�1 s�1 at room tem-


perature (vide infra).


Third, some contribution from the known and fast (k15 =


1 � 108
m
�1 s�1 in water)[25] cross-reaction between HOOC and


its conjugate base, the superoxide radical anion, O2C� [reac-
tions (15) and (16)].


HOOC þ O2
C� þ Hþ ! H2O2 þ O2 ð15Þ


HOOC Ð Hþ þ O2
C�, pKa ¼ 4:7 ð16Þ


In cyclohexane, where the HOOC radicals are not hydro-
gen-bonded, k7 and 2k8 have been estimated to be 2800 and
1.3 � 109


m
�1 s�1, respectively, at 50 8C.[5] In the other two sol-


vents, most HOOC radicals will be hydrogen-bonded to sol-
vent molecules, but this is unlikely to have much effect on
k7. From the g-terpinene oxidizabilities given above, the rate
constants for chain termination can therefore be calculated
to be 6.5 � 108 and 8.2 �107


m
�1 s�1 in tert-butyl alcohol and


acetonitrile, respectively.
Reduced termination rate constants in tert-butyl alcohol


and acetonitrile relative to cyclohexane are consistent with
the non-occurrence of reactions (11) and (12). However, the
magnitudes of the rate constants in these two HBA solvents
prove that hydrogen bonding is not the whole story. That is,
tert-butyl alcohol is a stronger HBA than acetonitrile (see
bH


2 values given above) and hence the termination rate con-


stant would be expected, at first thought, to be smaller in
tert-butyl alcohol than in acetonitrile, not larger. These ex-
pectations can be quantified by a more detailed approach
which allows the rate constants for the chain terminating
HOOC + HOOC processes, reactions (10) and (13), through
a head-to-tail hydrogen-atom transfer, to be estimated with
reasonable confidence (as is described later for the
HOOC + HOOC reaction in water). The values obtained at
room temperature are about 1.9 � 105


m
�1 s�1 in tert-butyl al-


cohol and about 4.5 � 105
m
�1 s�1 in acetonitrile, values which


probably increase by about a factor of 2 at 50 8C.[26] Al-
though the validity of these two estimated rate constants
cannot be independently checked, the same procedure ap-
plied to water yields a rate constant in excellent agreement
with the value measured at room temperature and low pH
where reaction (15) has been completely suppressed (see
below). The rate constants calculated in this way for reac-
tion (13) in tert-butyl alcohol and acetonitrile are orders of
magnitude smaller than the values calculated for chain-ter-
mination from the g-terpinene oxidizabilities in these two
solvents, namely 6.5 � 108 and 8.2 � 107


m
�1 s�1, respectively.


This must mean that there is considerable ionization of
HOOC (pKa 4.7, reaction (16)) both in tert-butyl alcohol and
acetonitrile, and hence a significant contribution to chain
termination from reaction (15). This is consistent with the
fact that phenols with pKa values of about 10 are partially
ionized in alcohols[27,28] and that a compound with an a–g-
keto–enol moiety (pKa 7.9) is not only partially ionized in
alcohols but is also partially ionized in ethyl acetate (e=6.0)
though not in 1,4-dioxane (e=2.2).[29] That the much stron-
ger acid, HOOC, should be partially ionized in tert-butyl alco-
hol (e= 17.7) and acetonitrile (e= 35.9) is therefore to be ex-
pected. The eightfold larger rate constant for chain termina-
tion in tert-butyl alcohol than in acetonitrile can be attribut-
ed to the better abilities of hydroxylic solvents to support
ionization of Brønsted acids.


The partial ionization of phenols in alcohols dramatically
accelerated the rates of their reactions with the stable free
radical, 2,2-diphenyl-1-picrylhydrazyl, dpphC, because elec-
tron transfer from phenoxide anions to dpphC is very much
faster than hydrogen-atom transfer from the neutral phe-
nols.[27–29] The already high rate constants in alcoholic sol-
vents could be dramatically increased by the addition of
small quantities of a strong base such as sodium methox-
ide.[27, 29] However, all dpphC rate enhancements in alcohols
could be completely eliminated by the addition of acetic
acid[27–29] (pKa 4.75). In the present case, the addition of
150 mL of KOH-saturated tert-butyl alcohol to g-terpinene/
AIBN in 2 mL tert-butyl alcohol produced an 11-fold reduc-
tion in rate with the oxidizability dropping to 0.01 m


�1/2 s�1/2.
This means, of course, that the chain termination rate con-
stant had increased by a factor of (11)2, that is, by a factor of
121, owing to a shift in equilibrium (16) towards superoxide
and the enhanced importance of the fast reaction (15).[30]


Similar, but less dramatic results were obtained in aceto-
nitrile where the addition of 100 mL of KOH-saturated
CH3CN to g-terpinene/AIBN in 2 mL CH3CN reduced the
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rate by a factor of 2, implying a fourfold increase in the ter-
mination rate constant. The rate of autoxidation of g-ter-
pinene was not increased by the addition of acetic acid (up
to 1 m),[31] a result that we attribute to the very similar pKa


values of this acid and the HOOC radical. Unfortunately, the
addition of the much stronger acid, CF3COOH, caused a
rapid increase in the 272 nm absorbance of the g-terpinene
solution even in the absence of AIBN[32] because it isomer-
ized g-terpinene (via carbocation intermediates) to conjugat-
ed dienes (reaction (17)), which absorb strongly in the ultra-
violet.[33]


To conclude this section, the oxygen pressure dependence
on reaction (1) was observed only in acetonitrile and only
when [TH]>140 mm and [O2]<5.5 mm. This result is consis-
tent with the relatively low rate constant (8 �107


m
�1 s�1)[5]


found for chain termination in this solvent at low [TH] and
high [O2], where termination involves reactions (10), (13),
and (15). Because these chain termination processes taken
together are relatively slow, the diffusion-controlled TC +


HOOC cross-termination (reaction (9)) can become signifi-
cant under appropriate experimental conditions.


Role of intermolecular hydrogen bonding in the HOOC+
HOOC reaction in water: The rate constant for the HOOC +


HOOC reaction in the gas phase at 25 8C and 1 atm pressure
of an inert gas is about 3 �10�12 cm3 molecule�1 s�1,[34] that is,
about 1.8 � 109


m
�1 s�1. The chain-carrying peroxyl radical in


the autoxidation of 1,4-cyclohexadiene is the HOOC radical
and in the non-HBA solvent, n-decane (bH


2 =0.00), at 30 8C
the rate constant for the chain terminating HOOC + HOOC
reaction is 1.34 �109


m
�1 s�1,[10] a value close to that found in


the gas phase and close to the diffusion-controlled limit. In
water, the formal HOOC + HOOC reaction rate constant
shows an interesting pH-dependence increasing from
<1 m


�1 s�1 at pH 13 to a maximum of 3 �107
m
�1 s�1 at pH 4.7


and then falling to 8.6 �105
m
�1 s�1 from pH 2 to pH 0.[25]


These changes have been explained on the basis of the rela-
tive concentration of HOOC and its conjugate base, O2C� , at
the different pH values ([Eq. (16)]). At high pH only O2C� is
present and, if these radical anions do react with one anoth-
er, the reaction is exceedingly slow (2k<0.35 m


�1 s�1).[25] As
the pH is reduced from 13, the cross-reaction (15)
(HOOC + O2C�) becomes increasingly important (k15 =1 �
108


m
�1 s�1)[25] and the measured rate constant reaches its


maximum value at pH 4.7, the pKa value of HOOC. At pH 2
and lower, only HOOC is present and the true HOOC +


HOOC reaction is rather slow (8.6 � 105
m
�1 s�1). This picture


explains the observed pH-dependence of the formal


HOOC + HOOC reaction but it does not explain why the
true HOOC + HOOC reaction is so slow in water. To our
knowledge, this subject has not been previously addressed.
We show that the slow HOOC + HOOC reaction can be ac-
counted for both qualitatively and quantitatively in terms of
hydrogen bond formation involving HOOC as the hydrogen
bond donor and H2O as the hydrogen bond acceptor
([Eq. (18) and (19)]).


H2O þ HOOC Ð H2O � � �HOOC ð18Þ


H2O � � �HOOC þ HOOC ! H2O þ H2O2 þ O2 ð19Þ


The rate constant, k19, can be predicted[35] using the well-
established equation (VI),[20c,40] which quantifies the kinetic
solvent effects (KSEs) on the hydrogen-atom transfer from
phenols and other substrates, XH, to any free radical (YC),
where k0


XH/YC is the rate constant in a saturated hydrocarbon
solvent (bH


2 =0.00), kS
XH/Y· is the measured rate constant in


an HBA solvent, S, aH
2 is the HB donating ability of XH[37]


and bH
2 the HB accepting ability of S.[21]


log kS
XH=YC ¼ log k0


XH=YC�8:3aH
2 bH


2 ðVIÞ


The formal HOOC + HOOC reaction in water at pH�2
occurs solely by reaction (19) and its rate constant can be
calculated by using the measured rate constant for reac-
tion (8) in n-decane (divided by 2),[39] namely[24] 2k8/2=


1.34 � 109/2=6.7 �108
m
�1 s�1, the known[21] bH


2 for water of
0.38 provided an aH


2 value for the HOOC radical can be esti-
mated. This estimate was made using the pKa values and aH


2


values for three strong, monohydroxylic, acids (i.e., not car-
boxylic acids). These three compounds, their pKa values,[41]


and aH
2


[37] values were: 3-cyanophenol, 8.57, 0.77; 3-nitrophe-
nol, 8.36, 0.79 and 4-nitrophenol, 7.15, 0.824. A linear ex-
trapolation of a plot of these pKa values versus aH


2 values to
the pKa of HOOC (4.7) yields an aH


2 value for HOOC of 0.87,
a value which appears reasonable since even the very strong
acid, CCl3CO2H (pKa =0.51) has an aH


2 value of only 0.95.[42]


At all events, applying an aH
2 value of 0.87 to Equation (VI)


yields an estimated rate constant k19
calcd of 1.2 � 106


m
�1 s�1, in


excellent agreement with the experimental value k19 =0.86 �
106


m
�1 s�1).[25] This agreement further confirms our earlier


conclusions[20c] that KSEs in free radical hydrogen-atom ab-
straction reactions can be quantitatively accounted for by
using the aH


2 and bH
2 parameters developed by Abraham


et al. and extends the scope of Equation (VI) in the predic-
tion of KSEs on hydrogen-atom transfers between radicals.


Experimental Section


Materials and instruments : g-Terpinene (95 %) was purchased from
Fluka, distilled at reduced pressure and stored under nitrogen at �20 8C.
AIBN, from Merck (98 %), was recrystallized from methanol and stored
at �20 8C. All solvents (Aldrich) were of HPLC grade and were used as
received. The kinetics were monitored on a Perkin-Elmer Lambda 25
UV/VIS double ray spectrophotometer; the GC-MS analyses were car-
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ried out on a Hewlett-Packard 5890 instrument interfaced to a Hewlett-
Packard 5971 A Mass Selective Detector (DB-5 capillary column, 30 m�
0.25 mm, film thickness 0.25 mm). Finally, HPLC-UV-DAD analyses of
solutions containing g-terpinene and CF3COOH were done on a Waters
Instrument model 1525 connected with Waters model 996 PDA detector
(column: Phenomenex Luna, C18 250 � 4.6 mm (5 mm) at 20 8C using as
eluent system H2O/CH3CN).


Peroxidation of g-terpinene : Solutions of g-terpinene and AIBN at vari-
ous concentrations in the solvent in use were mixed 1:1 (v/v) in a UV
cuvette saturated with O2/N2 mixtures (prepared with a gas mixer
system), hermetically sealed, and quickly heated to 50 8C. Thereafter, the
cell compartment was maintained at 50 8C and the absorbance at 272 nm
was monitored over time as previously described.[5] Excellent straight
lines (R2 =0.97–0.99) of absorbance versus time were usually obtained,
whose slopes (divided by the value of e272) gave the initial rate of reac-
tion, d[Cy]/dt in m s�1 units. UV cells of 1, 0.5, and 0.1 cm optical path
were used according to the initial absorbance of the solution.[12] The reac-
tion orders for AIBN, g-terpinene, and O2 were obtained by changing the
concentration of the pertinent species while keeping the others constant.
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Stereoselective Allyl Amine Synthesis through Enantioselective Addition of
Diethylzinc and [1,3]-Chirality Transfer: Synthesis of Lentiginosine and
Polyoxamic Acid Derivative


Yoshiyasu Ichikawa,*[a] Takashi Ito,[b] and Minoru Isobe[b]


Introduction


As part of our research program aimed at the development
of [3.3] sigmatropic rearrangements of allyl cyanates for the
synthesis of natural products,[1] we recently proposed an ap-
proach for stereoselective allyl amine synthesis as shown in
Figure 1.[2] An enantioselective addition of diethylzinc
(Et2Zn) to a,b-unsaturated aldehyde A would furnish allyl
alcohol B with predictable stereoselectivity. This allyl alco-
hol B would then be transformed into allyl cyanate C, which
would undergo a concerted [3.3] bond reorganization to
afford allyl isocyanate D with a high degree of [1,3]-chirality
transfer.[3] Treatment of the resultant allyl isocyanate D with
alcohol would provide the corresponding carbamate E. It
should be noted that it is possible to chose the most appro-
priate carbamate as a protecting group for allyl amine.[4]


Further manipulation—ring-closing methathesis (RCM) of
F, for example—would offer the nitrogen-containing hetero-
cycle G, whereas oxidative cleavage of the double bond in E
could furnish the nonproteinogenic amino acid H.


In this synthetic protocol, when the R1 group in A has
stereogenic centers, a matched-mismatched problem might


be expected to arise during the synthesis of the allyl alcohol
(A!B).[5] In fact, it is well known that the stereochemical
outcome of asymmetric synthesis will often be to some
extent dependent on the relationship between the absolute
configuration of the chiral ligand and that of the substrate.
We envisioned that such a problem could be circumvented
in our case, because enantioselective addition of Et2Zn
would be carried out at the remote position, where the
effect of the R1 group should become negligible. Moreover,
since the transfer of chirality through allyl cyanate-to-isocya-
nate rearrangement (C!D) is quite reliable, due to its con-
certed six-membered transition state, we might accomplish
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Abstract: A new synthetic method for the preparation of allyl amines has been de-
veloped. The key steps of this method are enantioselective addition of diethylzinc
and [1,3]-chirality transfer through the [3.3] sigmatropic rearrangement of allyl cy-
anates. Stereocontrolled syntheses of lentiginosine (1) and polyoxamic acid deriva-
tive 2 from a common intermediate 7 derived from d-tartaric acid (8), have been
accomplished.


Figure 1. A plan for stereoselective allyl amine synthesis.
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the construction of a stereogenic center bearing an N-sub-
stituent in proximity to the R1 group.


To demonstrate the efficiency of this stereoselective allyl
amine synthesis, we planned to synthesize lentiginosine (1)
and the polyoxamic acid derivative 2 (Figure 2). Lentigino-


sine was isolated in 1990 from the leaves of Austragalus len-
tiginosus, and this dihydroxylated indolizine alkaloid is a
strong inhibitor of the fungal a-glucosidase amyloglucosi-
dase, an enzyme that hydrolyzes 1,4- and 1,6-a-glucosidic
linkages.[6] Polyoxamic acid (3) is known to be a structural
constituent of polyoxins,[7] a class of peptidyl-nucleoside an-
tifungal antibiotics.[8] This unusual amino acid has three con-
tiguous stereocenters, and the polyoxamic acid derivative 2
is an intermediate for the synthesis of polyoxin J (4).[9] Here
we describe syntheses of lentiginosine (1) and the polyoxa-
mic acid derivative 2 by the stereoselective allyl amine syn-
thesis represented in Figure 1.


Results and Discussion


Synthetic plan : Our synthetic analysis demonstrating how
the two target molecules, lentiginosine (1) and the polyox-
amic acid derivative 2, could be prepared from a common
intermediate 7 derived from d-tartaric acid (8) is shown in
Figure 3.[10] It should be noted that the stereogenic center of
the nitrogen-bearing carbon in the intermediate 5 for lenti-
ginosine is the opposite of that in 6 for the polyoxamic acid
derivative 2. Consequently, this synthetic plan offers an ap-
propriate situation to test our expectation that the nitrogen-
bearing stereocenter could be constructed diastereoselec-
tively at the position adjacent to the other stereogenic cen-
ters.


Stereoselective synthesis of allyl amine intermediates : Our
initial efforts focused on the enantioselective addition of
Et2Zn to the a,b-unsaturated aldehyde 9 in the presence of


diphenyl(1-methylpyrrolidin-2-yl)methanol (DPMPM), first
reported by Soai,[11] and the results are depicted in Figure 4.
Treatment of the aldehyde 9[12] with Et2Zn in the presence


of a catalytic amount of (R)-DPMPM (6 mol %) in cyclo-
hexane at 0 8C for 7 h provided the allyl alcohol 10 in 91 %
yield with a high 93:7 diastereoselectivity (entry A, deter-
mined by 1H NMR).


The structure for 10 was initially assigned by the Soai em-
pirical rule and finally confirmed by Mosher–Kusumi MTPA
ester analysis, which has been widely used to determine the
absolute configurations of secondary alcohols (Figure 5).[13]


Thus, the secondary alcohol 10 was transformed into the cor-
responding (S)- and (R)-MTPA esters 12, and their chemical
shift differences (Dd values: Dd = dS�dR) were calculat-
ed.[13] The protons with positive Dd values are placed on the
right side in the configurational correlation model and those


Figure 2. Two target molecules: lentiginosine (1) and the polyoxamic acid
derivative 2.


Figure 3. Retrosynthetic analysis of 1 with a common intermediate.


Figure 4. Enantioselective addition of Et2Zn to aldehyde 9.
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with negative Dd on the left side. This procedure elucidated
the absolute stereochemistry of secondary alcohol 10 as the
S configuration.


With 6 mol % of (S)-DPMPM as catalyst, enantioselective
addition of Et2Zn to aldehyde 9 proceeded smoothly with
good face selectivity to furnish predominantly the product
11 (93:7, 1H NMR) in 87 % yield (entry B; see Figure 4).
Since the yields and selectivities in entries A and B are com-
parable, it is evident that the stereochemical outcome of this
Soai protocol is independent of the relationship between the
respective absolute configurations of aldehyde 9 and
DPMPM and that reagent control is dominant in this reac-
tion.


Having obtained two allyl alcohols, we next turned our at-
tention to the preparation of allyl amine intermediates by
way of the allyl cyanate-to-isocyanate rearrangement
(Scheme 1). Treatment of allyl alcohol 10[14] with trichloro-
acetyl isocyanate, followed by hydrolysis with potassium car-
bonate in aqueous methanol, gave the carbamate 13. Dehy-
dration of 13 with triphenylphosphine, carbon tetrabromide,
and triethylamine at �20 8C gave the allyl cyanate 14, which
underwent a [3.3] sigmatropic
rearrangement to afford the
allyl isocyanate 15. Since isola-
tion of 15 by aqueous workup is
difficult, due to the hydrolysis
of the isocyanate group, the re-
action mixture was treated in
situ with 2,2,2-trichloroethanol.
The trichloroethoxy (Troc) car-
bamate 16 was isolated after


workup and chromatographic purification in a good 82 %
yield from allyl alcohol 10.


The stereochemical outcome of this [1,3]-chirality transfer
process was determined by the Kusumi MTPA-amide
method (Figure 6).[15] Thus, the Troc-carbamate 16 was


transformed into the corresponding (S)- and (R)-MTPA
amides 17, and analysis of their Dd values in terms of the
configurational correlation model depicted in Figure 5 con-
firmed the asymmetric carbon bearing the nitrogen substitu-
ent to have the S configuration. Figure 7 shows the cyclic
transition state through which the allyl cyanate-to-isocya-
nate rearrangement may pass. The stereochemistry of the
newly formed stereogenic center in 15 is consistent with the
concerted six-membered cyclic transition state B!C in


Figure 5. Mosher–Kusumi MTPA ester analysis: configurational correla-
tion model and Dd values for the Mosher ester derivative 12 (Dd =


dS�dR).


Scheme 1. Synthesis of allyl amine intermediate 16 for lentiginosine.


Figure 6. Kusumi MTPA amide analysis of 17.


Figure 7. The cyclic six-membered transition state C through which the allyl cyanate-to-isocyanate rearrange-
ment A!D may pass.
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which the ethyl group adopts a pseudoequatorial orienta-
tion.[16]


For the synthesis of the polyoxamic acid derivative, it was
necessary to prepare the diastereomer of 16, namely 18,
which was also accomplished by a procedure similar to that
shown in Scheme 1. Accordingly, [1,3]-chirality transfer in
allyl alcohol 11 was achieved through the [3.3] sigmatropic
rearrangement of the allyl cyanate to afford ally carbamate
18 in 83 % overall yield (Scheme 2).


Synthesis of lentiginosine : Having established an efficient
route for the preparation of allyl amine intermediate 16,
which possesses the three stereogenic centers necessary for
lentiginosine synthesis, we next turned to the construction of
the lactam ring through RCM (Scheme 3). Deprotection of


16 with zinc and acetic acid in THF, followed by treatment
of the resulting amine with but-3-enoyl chloride, furnished
amide 19 as an oil. A ruthenium-catalyzed RCM in the pres-
ence of 10 mol % of Grubbs� catalysis (Grubbs I; benzyl-
idene-bis(tricyclohexylphosphine)dichlororuthenium)[17] in
benzene at 60 8C afforded the unsaturated lactam 20 in 73 %
yield.


At this stage we felt it was unfortunate that there had
been no opportunity to separate the minor isomer arising
from enantioselective addition of Et2Zn over the steps from
allyl alcohol 10. To solve this problem, we elected to pre-
pare the o-nitrobenzenesulfonamide derivative, in view of
the pronounced tendency of such derivatives to crystallize
(Scheme 4). Thus, the o-nosyl amide 21 was prepared by de-
protection of 16 and subsequent treatment of the resultant


amine with o-nitrobenzenesulfonyl chloride and triethyl-
amine. Fortunately, diastereomerically pure 21 was obtained
in 86 % yield after recrystallization from a mixture of
AcOEt and hexane, and the minor isomer could readily be
removed at this stage. Following the Fukuyama method for
the synthesis of secondary amines,[18] the o-nosyl amide 21
was treated with 3-buten-1-ol under Mitsunobu conditions
(PPh3, DEAD, benzene) to furnish the 1,7-diene 22 in 89 %
yield. A ruthenium-catalyzed RCM of 22 in the presence of
Grubbs I catalysis (7 mol %) in benzene at 60 8C for 90 min
successfully constructed the tetrahydropyridine ring to
afford the cyclized product 23 in good yield (92 %). The
higher yield in this RCM reaction relative to that shown in
Scheme 3 may be explained by the buttressing effect of the
o-nitrobenzenesulfonyl group.[19]


The next task was the preparation of the dihydroxylated
five-membered ring of the lentiginosine framework
(Scheme 5). Removal of the silyl protecting group in 23 with


Scheme 3. Synthesis of the unsaturated lactam 20 by RCM.


Scheme 4. Synthesis of the nosyl intermediate 22 and its cyclization by
RCM to give 23.


Scheme 5. Synthesis of lentiginosine (1).


Scheme 2. Preparation of the allyl amine intermediate 18 for the poly-
oxamic acid derivative.
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tetra-n-butylammonium fluoride, followed by tosylation of
the resulting primary alcohol 24, furnished the tosylate 25 in
83 % yield over two steps. Since removal of the o-nosyl
group in 25 gave no cyclized product,[20] the acetonide group
used for diol protection in 25 was transformed into a bis-
(methoxymethyl) (MOM) system by acid-catalyzed hydroly-
sis of the acetonide group with HCl (3 n) in aqueous THF,
followed by MOM protection of the resulting diol with di-
methoxymethane in the presence of phosphorous pentox-
ide[21] to afford 26 in 74 % yield over the two steps. Removal
of the o-nosyl group (26!27) with concomitant construction
of a pyrrolidine ring (27!28) was achieved by treatment of
26 with thiophenol and cesium carbonate in acetonitrile,
giving the cyclized product 28 in 85 % yield. Catalytic hydro-
genation of alkene 28 with platinum in ethanol afforded the
indolizine 29 in 85 % yield. Finally, removal of the two
MOM groups in 29 with HCl (3 n) in hot aqueous MeOH
(55 8C), followed by treatment with ion-exchange resin (Am-
berlite IRA 410), furnished an 82 % yield of lentiginosine
(1), the 1H and 13C NMR spectroscopic properties of which
were in good agreement with those previously reported by
Greene.[6l]


Synthesis of polyoxamic acid : The synthesis of the polyox-
amic acid derivative 2 started with removal of the Troc
group in 18 with zinc and acetic acid in THF (Scheme 6).


Reprotection of the resulting amine with di-tert-butyl dicar-
bonate and triethylamine provided the Boc-carbamate 30 in
88 % yield. Oxidative cleavage of the double bond in 30 was
carried out by ozonolysis, and the aldehyde produced was
immediately subjected to sodium chlorite oxidation to fur-
nish the protected polyoxamic acid 31 in 85 % yield (two
steps). Treatment of this acid 31 with diazomethane in meth-
anol provided the methyl ester 32 in 97 % yield. Removal of
the silyl group in 32 by Ghosh�s procedure with tetrabuty-
lammonium fluoride and carbamoylation of 33 by treatment
with trichloroacetyl isocyanate and aluminium oxide[22] fur-
nished the Boc-protected carbamoylpolyoxamic acid ester 2
in 86 % yield.


Conclusion


We have established a highly efficient synthetic method for
allyl amines by a sequence of steps involving enantioselec-
tive addition of Et2Zn and [3.3] sigmatropic rearrangement
of allyl cyanates. As demonstrated in the synthesis of lentigi-
nosine (1) and the polyoxamic acid 2, the asymmetric center
bearing the nitrogen substituent could be constructed with-
out the problems of substrate/reagent matching and mis-
matching. Further applications of this method to the synthe-
sis of natural products are under investigation in our group.


Experimental Section


Melting points were recorded on a micro melting point apparatus and
are not corrected. Optical rotations are given in units of 10�1deg cm2 g�1.
Infrared spectra are reported as wavenumbers (cm�1). 1H NMR data are
reported as follows: chemical shift (d), integration, multiplicity (s = sin-
glet, d = doublet, t = triplet, q = quartet, br = broadened, m = mul-
tiplet), coupling constants (J, given in Hz). 13C NMR chemical shifts (d)
are recorded in parts per million (ppm) relative to CDCl3 (d = 77.0),
CD3OD (d = 49.0), or tBuOH (d = 30.29, in D2O) as internal standards.
High-resolution mass spectra (HRMS) are reported in m/z. Reactions
were run under nitrogen when sensitive to moisture or oxygen. Dichloro-
methane was dried over molecular sieves (3 �). Pyridine and triethyl-
amine were stocked over anhydrous KOH. All other commercially avail-
able reagents were used as received.


(2E,4S,5S)-6-[(tert-Butyldimethylsilyl)oxy]-4,5-(isopropylidenedioxy)hex-
2-enal (9): IBX (o-iodoxybenzoic acid, 250 mg) was added portionwise at
0 8C to a solution of allyl alcohol 7 (208 mg, 0.69 mmol) in DMSO
(7.0 mL). After stirring at room temperature for 4 h, the reaction mixture
was diluted with hexane and ether. The resulting suspension was poured
into ice-cooled water and then filtered through a pad of Hyflo Super
Cell. The separated aqueous layer was extracted with Et2O, and the com-
bined organic layer was washed with brine, dried over anhydrous
Na2SO4, and then concentrated under reduced pressure. The resulting
residue was purified by silica gel chromatography (AcOEt/hexane 1:30)
to afford aldehyde 9 (187 mg, 90 %) as a colorless oil : [a]28


D �3.2 (c =


1.10, CHCl3); 1H NMR (CDCl3, 400 MHz): d = 0.08 (s, 3H), 0.09 (s,
3H), 0.91 (s, 9H), 1.43 (s, 3H), 1.45 (s, 3 H), 3.72–3.90 (m, 3H), 4.63
(ddd, J = 8, 5, 1.5 Hz, 1H), 6.39 (ddd, J = 15.5, 8, 1.5 Hz, 1H), 6.83 (dd,
J = 15.5, 5 Hz, 1 H), 9.59 ppm (d, J = 8 Hz, 1H); 13C NMR (CDCl3,
100 MHz): d = �5.5, �5.4, 18.3, 25.8, 26.7, 26.9, 63.0, 78.1, 80.7, 110.2,
131.9, 153.3, 193.1 ppm; IR (KBr): ñ = 2932, 1699, 1096 cm�1; elemental
analysis calcd (%) for C15H28O4Si: C 59.96, H 9.39; found: C 59.93, H
9.26.


(3S,4E,6S,7S)-8-[(tert-Butyldimethylsilyl)oxy]-6,7-(isopropylidenedioxy)-
oct-4-en-3-ol (10): A solution of (S)-(+)-DPMPM (122 mg, 0.46 mmol)
and aldehyde 9 (2.30 g, 7.65 mmol) dissolved in cyclohexane (26.0 mL)
was heated at reflux for 30 min under nitrogen atmosphere, and was then
cooled to 0 8C. Diethylzinc (1.02 m solution in hexane, 16.5 mL,
16.8 mmol) was added, and the mixture was stirred at 0 8C for 7 h. The
reaction mixture was diluted with Et2O and then poured into aqueous
KHSO4 solution (1 m), and the separated aqueous layer was extracted
with Et2O. The combined organic layer was washed with water, saturated
aqueous NaHCO3, and brine, dried over anhydrous Na2SO4, and then
concentrated under reduced pressure. The resulting residue was purified
by silica gel chromatography (AcOEt/hexane 1:20) to afford allyl alcohol
10 (2.31 g, 91 %) as a colorless oil : [a]27


D +1.71 (c = 0.99, CHCl3); 1H
NMR (CDCl3, 400 MHz): d = 0.07 (s, 3H), 0.08 (s, 3H), 0.90 (s, 9H),
0.94 (t, J = 7 Hz, 3H), 1.41 (s, 3 H), 1.42 (s, 3 H), 1.52–1.61 (m, 2H),
3.68–3.81 (m, 3H), 4.02–4.12 (m, 1H), 4.36 (t, J = 7 Hz, 1 H), 5.72 (ddd,
J = 15.5, 7, 1 Hz, 1 H), 5.84 ppm (dd, J = 15.5, 6 Hz, 1H); 13C NMR
(CDCl3, 100 MHz): d = �5.5, �5.3, 9.6, 18.3, 25.9, 26.9, 27.1, 29.9, 62.4,


Scheme 6. Synthesis of the polyoxamic acid derivative 2.
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73.2, 78.3, 81.5, 109.0, 127.9, 136.8 ppm; IR (KBr): ñ = 3431, 2959, 2932,
1254, 1092 cm�1.


(3R,4E,6S,7S)-8-[(tert-Butyldimethylsilyl)oxy]-6,7-(isopropylidenedioxy)-
oct-4-en-3-ol (11): A solution of (R)-(�)-DPMPM (83 mg, 0.31 mmol)
and aldehyde 9 (1.56 g, 5.19 mmol) dissolved in cyclohexane (18.0 mL)
was heated at reflux for 30 min under nitrogen, and was then cooled to
0 8C. Diethylzinc (1.02 m solution in hexane, 11.2 mL, 11.42 mmol) was
added dropwise, and the solution was stirred at 0 8C for 4 h. The reaction
mixture was diluted with Et2O and poured into aqueous KHSO4 solution
(1 m). The separated aqueous layer was extracted with Et2O, and the
combined organic layer was washed with water, saturated aqueous
NaHCO3, and brine, dried over anhydrous Na2SO4, and then concentrat-
ed under reduced pressure. The resulting residue was purified by silica
gel chromatography (AcOEt/hexane 1:20) to afford allyl alcohol 11
(1.50 g, 87%) as a colorless oil: [a]24


D �10.7 (c = 0.45, CHCl3); 1H NMR
(CDCl3, 400 MHz): d = 0.06 (s, 3H), 0.07 (s, 3 H), 0.90 (s, 9H), 0.93 (t, J
= 7.5 Hz, 3H), 1.41 (s, 3H), 1.43 (s, 3H), 1.50–1.63 (m, 2H), 3.68–3.80
(m, 3 H), 4.06 (q, J = 6.0 Hz, 1 H), 4.36 (t, J = 7.0 Hz, 1 H), 5.70 (ddd, J
= 15.5, 7.0, 1.0 Hz, 1H), 5.83 ppm (ddd, J = 15.5, 6.0, 0.5 Hz, 1H); 13C
NMR (100 MHz): d = �5.5, �5.3, 9.7, 18.3, 25.9, 26.9, 27.1, 29.9, 62.4,
73.5, 78.3, 81.5, 109.1, 128.1, 136.9 ppm; IR (KBr): ñ = 3409, 2931,
1252 cm�1.


(3E,5S,6S,7S)-8-[(tert-Butyldimethylsilyl)oxy]-6,7-(isopropylidenedioxy)-
5-[(2,2,2-trichloroethoxycarbonyl)amino]-oct-3-ene (16): Trichloro-
acetyl isocyanate (650 mL, 5.46 mmol) was added at 0 8C to a solution of
the allyl alcohol 10 (903 mg, 2.73 mmol) in CH2Cl2 (12.0 mL). After stir-
ring at 0 8C for 20 min, the reaction mixture was concentrated under re-
duced pressure, and the resulting residue was dissolved in MeOH
(7.0 mL). Water (11.0 mL) and potassium carbonate (2.26 g, 16.4 mmol)
were added to the reaction mixture at 0 8C, and the cooling bath was re-
moved. After the mixture had been stirred at room temperature for 7 h,
the separated aqueous layer was extracted with CH2Cl2. The combined
organic layer was washed with aqueous KHSO4 (1 m), water, saturated
aqueous NaHCO3, and brine, dried over anhydrous Na2SO4, and then
concentrated under reduced pressure. The resulting residue was purified
by silica gel chromatography (AcOEt/hexane 1:4) to afford allyl carba-
mate 13 (972 mg, 95 %) as a colorless oil.


Carbon tetrabromide (316 mg, 0.95 mmol) in CH2Cl2 (2.0 mL) was added
at �20 8C under nitrogen to the allyl carbamate 13 (91 mg, 0.24 mmol),
triphenylphosphine (223 mg, 0.85 mmol), and triethylamine (185 mL,
1.32 mmol) in CH2Cl2 (3.0 mL). The reaction mixture was allowed to
warm to 0 8C over 20 min and was then treated with 2,2,2-trichloroetha-
nol (260 mL, 2.68 mmol). After the mixture had been stirred at 0 8C for
1 h, the cooling bath was removed. After the mixture had then been stir-
red at room temperature for 2 h, ether and aqueous KHSO4 (1 m) were
added, and the separated aqueous layer was extracted with Et2O. The
combined organic layer was washed with water, saturated aqueous
NaHCO3, and brine, dried over anhydrous Na2SO4, and then concentrat-
ed under reduced pressure. The resulting residue was purified by silica
gel chromatography (AcOEt/hexane 1:20) to afford Troc-carbamate 16
(106 mg, 86 %) as a colorless oil: [a]28


D �12.2 (c = 1.17, CHCl3); 1H
NMR (CDCl3, 400 MHz): d = 0.08 (s, 6H), 0.91 (s, 9H), 1.00 (t, J =


7.5 Hz, 3 H), 1.39 (s, 6H), 2.08 (dq, J = 7.5, 6.5 Hz, 2H), 3.68 (dd, J =


10, 6 Hz, 1H), 3.80 (dd, J = 10, 4.5 Hz, 1 H), 3.84–3.91 (m, 1H), 4.02 (dd,
J = 7.5, 4 Hz, 1 H), 4.24–4.31 (m, 1H), 4.72 (2 H, s), 5.43 (br d, J =


7.5 Hz, 1H), 5.49 (dd, J = 15.5, 7.5 Hz, 1H), 5.78 ppm (dt, J = 15.5,
6.5 Hz, 1 H); 13C NMR (CDCl3, 100 MHz): d = �5.4, 13.3, 18.4, 25.3,
25.9, 26.9, 27.1, 54.9, 63.9, 74.6, 78.0, 80.7, 95.6, 109.5, 123.9, 137.0,
153.8 ppm; IR (KBr): ñ = 3321, 2933, 1745, 1509, 1252, 1092 cm�1.


(3R,4E,6S,7S)-3-[(Aminocarbonyl)oxy]-8-[(tert-butyldimethylsilyl)oxy]-
6,7-(isopropylidenedioxy)-oct-4-ene (18): Trichloroacetyl isocyanate
(96 mL, 0.80 mmol) was added at 0 8C to a solution of the allyl alcohol 11
(133 mg, 0.40 mmol) in CH2Cl2 (7.0 mL). After stirring at 0 8C for 20 min,
the solution was concentrated under reduced pressure, and the resulting
residue was dissolved in MeOH (3.0 mL). Water (3.0 mL) and potassium
carbonate (388 mg, 2.8 mmol) were added at 0 8C, and the stirring was
continued at room temperature for 6 h. The separated aqueous layer was
extracted with Et2O, and the combined organic layer was washed with


aqueous KHSO4 (1 m), water, saturated aqueous NaHCO3, and brine, and
dried over anhydrous Na2SO4. Concentration under reduced pressure
provided the residue, which was purified by silica gel chromatography
(AcOEt/hexane 1:5) to afford allyl carbamate (147 mg, 97 %) as a color-
less oil.


Carbon tetrabromide (502 mg, 1.51 mmol) in CH2Cl2 (2.0 mL) was added
at �10 8C under nitrogen to a solution of the allyl carbamate (147 mg,
0.39 mmol), triphenylphosphine (356 mg, 1.36 mmol), and triethylamine
(352 mL, 2.52 mmol) in CH2Cl2 (5.0 mL). The reaction mixture was stirred
at �10 8C for 20 min, and was then treated with 2,2,2-trichloroethanol
(1.50 mL, 15.6 mmol). After the solution had been allowed to warm to
room temperature, the stirring was continued for 8 h. The mixture was di-
luted with Et2O and aqueous KHSO4 (1 m), and the separated aqueous
layer was extracted with Et2O. The combined organic layer was washed
with water, saturated aqueous NaHCO3, and brine, and was dried over
anhydrous Na2SO4. Concentration under reduced pressure afforded the
residue which was purified by silica gel chromatography (AcOEt/hexane
1:20) to afford Troc-carbamate 18 (168 mg, 86 %) as a colorless oil: [a]22


D


+2.9 (c = 1.51, CHCl3); 1H NMR (CDCl3, 400 MHz): d = 0.10 (s, 6 H),
0.91 (s, 9H), 0.99 (t, J = 7.5 Hz, 3 H), 1.38 (s, 3 H), 1.42 (s, 3 H), 2.03–
2.13 (m, 2 H), 3.69 (dd, J = 11.5, 7.0 Hz, 1 H), 3.78–3.90 (m, 1H), 3.84
(dd, J = 11.5, 7.5 Hz, 1 H), 4.01 (dd, J = 7.5, 2.5 Hz, 1 H), 4.38–4.45 (m,
1H), 4.72 (d, J = 11.5 Hz, 1 H), 4.76 (d, J = 11.5 Hz, 1H), 5.48 (ddt, J =


15.5, 6.0, 1.5 Hz, 1 H), 5.71 (br d, J = 9.0 Hz, 1 H), 5.75 ppm (dtd, J =


15.5, 6.5, 1.0 Hz, 1H); 13C NMR (CDCl3, 100 MHz): d = �5.4, 13.3, 18.4,
25.3, 25.3, 25.9, 26.9, 27.0, 52.5, 63.5, 74.5, 81.0, 95.7, 109.1, 125.6, 134.8,
154.2 ppm; IR (KBr): ñ = 3337, 2932, 1748, 1508, 1252, 1081 cm�1.


(3E,5S,6S,7S)-8-[(tert-Butyldimethylsilyl)oxy]-6,7-(isopropylidenedioxy)-
5-[(2-nitrobenzenesulfonyl)amino]-oct-3-ene (21): Zinc powder (750 mg,
11.4 mmol) was added at room temperature to a solution of Troc-carba-
mate 16 (340 mg, 0.67 mmol) and AcOH (270 mL, 4.7 mmol) in THF
(17.0 mL). After vigorous stirring for 4 h, the resulting suspension was di-
luted with AcOEt, and filtered through a pad of Hyflo Super Cell


�


. The
filtrate was concentrated, and the resulting residue was dissolved in
CH2Cl2. This solution was washed with saturated aqueous NaHCO3,
water, and brine, dried over anhydrous Na2SO4, and then concentrated
under reduced pressure. The resulting crude amine was dissolved in
CH2Cl2 (18.0 mL), and saturated aqueous NaHCO3 (17.0 mL) and 2-ni-
trobenzenesulfonyl chloride (450 mg, 2.02 mmol) were added at 0 8C.
After vigorous stirring at 0 8C for 2 h, the organic layer was separated
and the aqueous layer was extracted with AcOEt. N,N-Dimethyl-1,3-pro-
panediamine (0.19 mL, 1.51 mmol) was added at 0 8C to the combined or-
ganic layer to quench excess 2-nitrobenzenesulfonyl chloride. The so-
lution was washed with water and brine, dried over anhydrous Na2SO4,
and then concentrated to give a residue, which was purified by recrystalli-
zation (AcOEt and hexane) to afford o-nosylamide 21 (285 mg, 86%) as
colorless needles: mp 67–68 8C; [a]28


D +114.2 (c = 1.50, CHCl3); 1H
NMR (CDCl3, 400 MHz): d = 0.08 (s, 3H), 0.09 (s, 3H), 0.71 (t, J =


7.5 Hz, 3 H), 0.92 (s, 9 H), 1.32 (s, 3 H), 1.34 (s, 3H), 1.72–1.84 (m, 2H),
3.65–3.83 (m, 3 H), 4.05 (dd, J = 7.5, 3.5 Hz, 1H), 4.12 (td, J = 9.0,
3.5 Hz, 1 H), 5.22 (ddt, J = 15.5, 9.0, 1.5 Hz, 1 H), 5.48 (dt, J = 15.5,
6.0 Hz, 1 H), 5.82 (d, J = 9.0 Hz, 1H), 7.65–8.08 ppm (m, 4H); 13C NMR
(CDCl3, 100 MHz): d = �5.5, �5.4, 12.8, 18.3, 24.9, 25.9, 26.8, 26.9, 58.5,
63.8, 77.5, 81.0, 109.4, 123.0, 125.2, 131.3, 132.5, 133.1, 135.5, 138.2,
147.8 ppm; IR (KBr): ñ = 3363, 2933, 1542, 1363, 1172, 1084, 743 cm�1;
elemental analysis calcd (%) for C23H38N2O7SSi: C 53.67, H 7.44, N 5.44;
found: C 53.69, H 7.49, N 5.36.


(3E,5S,6S,7S)-8-[(tert-Butyldimethylsilyl)oxy]-6,7-(isopropylidenedioxy)-
5-[(2-nitrobenzenesulfonyl)(pent-3-enyl)amino]-oct-3-ene (22): Diethyl
azodicarboxylate (40 % toluene solution, 1.40 mL, 0.36 mmol) was added
dropwise at 0 8C to a solution of the o-nosylamide 21 (372 mg,
0.72 mmol), but-3-en-1-ol (217 mL, 2.53 mmol), and triphenylphosphine
(950 mg, 3.61 mmol) in benzene. After having been stirred at room tem-
perature for 7 h, the resulting mixture was concentrated under reduced
pressure to afford the residue, which was purified by silica gel chroma-
tography (AcOEt/hexane 1:7) to furnish the alkene 22 (367 mg, 89 %) as
a colorless oil: [a]27


D +20.7 (c = 2.92, CHCl3); 1H NMR (CDCl3,
400 MHz): d = 0.09 (s, 3H), 0.09 (s, 3 H), 0.90 (s, 9H), 0.90 (t, J =
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7.0 Hz, 3H), 1.36 (s, 3H), 1.37 (s, 3H), 1.98 (dq, J = 12.0, 7.0 Hz, 2H),
2.45 (td, J = 8.0, 7.0 Hz, 2 H), 3.38 (dt, J = 15.5, 8.0 Hz, 1H), 3.52 (dt, J
= 15.5, 8.0 Hz, 1 H), 3.73 (td, J = 8.5, 4.0 Hz, 1H), 3.77–3.81 (m, 2H),
4.13 (dd, J = 8.5, 2.0 Hz, 1 H), 4.44 (dd, J = 7.5, 2.0 Hz, 1 H), 4.98–5.08
(m, 2H), 5.51–5.65 (m, 2H), 5.73 (ddt, J = 12.0, 10.0, 7.0 Hz, 1H), 7.57–
7.99 ppm (m, 4H); 13C NMR (CDCl3, 100 MHz): d = �5.5, �5.4, 13.1,
18.4, 25.5, 25.9, 26.9, 35.3, 45.4, 60.3, 63.3, 79.2, 81.1, 109.5, 116.7, 120.8,
124.0, 130.6, 131.3, 133.2, 134.1, 135.0, 139.5, 148.4 ppm; IR (KBr): ñ =


2933, 1547, 1373, 1171, 778 cm�1; elemental analysis calcd (%) for
C27H44N2O7SSi: C 57.01, H 7.80, N 4.93; found: C 56.92, H 7.77, N 5.12.


(2S)-(1’S,2’S)-3’-[(tert-Butyldimethylsilyl)oxy]-[1’,2’-(isopropylidenedi-
oxy)propyl]-N-(2-nitrobenzenesulfonyl)-3,4-dehydro-piperidine (23): A
dry Schlenk flask was charged with 22 (211 mg, 0.37 mmol) and benzene
(19.0 mL) and the solution was degassed by three freeze-thaw cycles.
After the Schlenk flask had been cooled to �78 8C, benzylidenebis(tricy-
clohexylphosphine)dichlororuthenium (21 mg, 0.026 mmol) was placed
on the resulting solidified mixture. The Schlenk flask was evacuated and
then heated at 60 8C for 90 min. After cooling to room temperature, the
reaction mixture was concentrated under reduced pressure. The resulting
residue was purified by silica gel chromatography (AcOEt/hexane 1:10)
to afford cyclized lactam 23 (175 mg, 92%) as a colorless oil: [a]26


D


�193.5 (c = 1.30, CHCl3); 1H NMR (CDCl3, 400 MHz): d = 0.08 (s,
6H), 0.90 (s, 9H), 1.38 (s, 3H), 1.40 (s, 3 H), 1.85–2.01 (m, 2H), 3.41
(ddd, J = 15.0, 11.0, 5.5 Hz, 1 H), 3.97 (dd, J = 15.0, 5.5 Hz, 1H), 4.04–
4.10 (m, 1 H), 4.14 (dd, J = 7.0, 6.5 Hz, 1 H), 4.47–4.52 (m, 1H), 5.79–
5.92 (m, 2H), 7.55–8.00 ppm (m, 4H); 13C NMR (CDCl3, 100 MHz): d =


�5.5, �5.4, 18.3, 23.1, 25.9, 27.1, 27.2, 40.1, 55.7, 63.0, 79.2, 79.7, 109.3,
124.0, 124.6, 126.6, 130.3, 131.5, 133.5, 134.2, 148.2 ppm; IR (KBr): ñ =


2932, 1547, 1373, 1171, 747 cm�1; elemental analysis calcd (%) for
C23H36N2O7SSi: C 53.88, H 7.08, N 5.46; found: C 53.83, H 6.90, N 5.22.


(2S)-(1’S,2’S)-3’-Hydroxy-[1’,2’-(isopropylidenedioxy)-propyl]-N-(2-nitro-
benzenesulfonyl)-3,4-dehydro-piperidine (24): A solution of tetrabutyl-
ammonium fluoride (1 m solution in THF, 360 mL, 0.36 mmol) was added
to a solution of silyl ether 23 (134 mg, 10.3 mmol) in CH3CN (5.0 mL).
The reaction mixture was stirred at room temperature for 6 h and was
then concentrated under reduced pressure. Purification of the resulting
residue by silica gel chromatography (AcOEt/hexane 1:1) afforded alco-
hol 24 (94 mg, 91%) as a colorless oil: [a]23


D �301.2 (c = 0.94, CHCl3);
1H NMR (CDCl3, 400 MHz): d = 1.42 (s, 3H), 1.43 (s, 3 H), 1.87–2.03
(m, 2H; H-2), 3.29–3.39 (m, 1H), 3.72 (ddd, J = 12.0, 8.0, 4.0 Hz, 1 H),
3.88 (dt, J = 12.0, 4.0 Hz, 1H), 4.06 (t, J = 7.5 Hz, 1H), 4.19 (dt, J =


7.5, 3.5 Hz, 1H), 4.44–4.50 (m, 1H), 5.79–5.86 (m, 1 H), 5.91 (dq, J =


10.5, 2.0 Hz, 1 H), 7.57–8.02 ppm (m, 4H); 13C NMR (CDCl3, 100 MHz):
d = 22.8, 27.0, 27.1, 39.9, 55.8, 62.3, 78.5, 79.7, 109.5, 124.1, 124.9, 126.3,
130.4, 131.6, 133.7, 133.8, 148.1 ppm; IR (KBr): ñ = 3447, 1545, 1373,
1168, 748 cm�1; HRMS (FAB): found: 399.1232 [M+H]+ ; C17H23O7N2S
calcd 399.1226; elemental analysis calcd (%) for C17H22N2O7S: C 51.25, H
5.57, N 7.03; found: C 51.27, H 5.42, N 6.98.


(2S)-{(1’S,2’S)-1’,2’-(Isopropylidenedioxy)-3’-[(p-toluenesulfonyl)oxy]-
propyl}-N-(2-nitrobenzenesulfonyl)-3,4-dehydropiperidine (25): A so-
lution of alcohol 24 (175 mg, 0.44 mmol) and Et3N (1.1 mL, 7.92 mmol)
in CH2Cl2 (12.0 mL) was treated at 0 8C with p-toluenesulfonyl chloride
(755 mg, 3.96 mmol). After the mixture had been stirred at room temper-
ature for 4 h, N,N-dimethyl-1,3-propanediamine (550 mL, 4.4 mmol) was
added to quench the excess p-toluenesulfonyl chloride. The mixture was
diluted with ether and poured into water. The aqueous layer was extract-
ed with AcOEt. The combined organic extract was washed with aqueous
KHSO4 (1 m), water, saturated aqueous NaHCO3, and brine, and dried
over anhydrous Na2SO4. Concentration under reduced pressure provided
a residue, which was purified by silica gel chromatography (AcOEt/
hexane 1:2) to furnish the tosylate 25 (221 mg, 91 %) as a colorless oil:
[a]26


D �172.6 (c = 1.33, CHCl3); 1H NMR (CDCl3, 400 MHz): d = 1.35
(s, 3 H), 1.39 (s, 3 H), 1.83–1.90 (m, 2H), 2.45 (s, 3H), 3.20–3.31 (m, 1H),
3.88–3.95 (m, 1H), 4.06 (t, J = 7.5 Hz, 1H), 4.19 (d, J = 3.5 Hz, 2H),
4.26 (td, J = 7.5, 3.5 Hz, 1H), 4.39–4.44 (m, 1 H), 5.77–5.89 (m, 2H),
7.33–8.00 ppm (m, 8H); 13C NMR (CDCl3, 100 MHz): d = 21.6, 22.7,
26.8, 27.0, 39.9, 55.7, 69.0, 77.0, 78.2, 110.2, 124.1, 124.6, 126.6, 128.1,
129.9, 130.4, 131.7, 132.6, 133.6, 133.8, 145.0, 148.1 ppm; IR (KBr): ñ =


1546, 1372, 1178, 853, 747 cm�1; elemental analysis calcd (%) for
C24H28N2O9S2: C 52.16, H 5.11, N 5.07; found: C 52.15, H 5.21, N 5.11.


(2S)-{(1’S,2’S)-1’,2’-Dihydroxy-3’-[(p-toluenesulfonyl)oxy]propyl}-N-(2-ni-
trobenzenesulfonyl)-3,4-dehydropiperidine (26): A solution of acetonide
25 (340 mg, 0.62 mmol) in a mixture of THF (15.0 mL) and HCl (3 n,
10.0 mL) was heated at 50 8C for 5 h. The reaction mixture was concen-
trated, and the resultant aqueous layer was extracted with AcOEt. The
combined extract was washed with water, saturated aqueous NaHCO3,
and brine, and was dried over anhydrous Na2SO4. After concentration
under reduced pressure, purification of the resulting oil by silica gel chro-
matography (AcOEt/hexane 1:1) furnished the corresponding diol
(289 mg, 92%).


A portion of the resulting diol (146 mg, 0.29 mmol) in dimethoxymethane
(25.0 mL) was stirred at room temperature for 1.5 h in the presence of
solid phosphorus pentoxide (ca. 20 mg). The reaction mixture was diluted
with Et2O and poured into water. The separated aqueous layer was ex-
tracted with AcOEt, and the combined organic extract was washed with
saturated aqueous NaHCO3 and brine, and dried over anhydrous
Na2SO4. After concentration under reduced pressure, the resulting resi-
due was purified by silica gel chromatography (AcOEt/hexane 1:2) to
give bis-methoxymethyl ether 26 (137 mg, 80 %) as a white crystalline
solid: Mp 115–118 8C; [a]23


D �152.1 (c = 1.02, CHCl3); 1H NMR (CDCl3,
400 MHz): d = 1.85–2.04 (m, 2 H), 2.46 (s, 3H), 3.34 (s, 3H), 3.35 (s,
3H), 3.82 (dd, J = 6.0, 4.0 Hz, 1H), 4.23 (dd, J = 10.0, 6.0 Hz, 1 H), 4.29
(dd, J = 10.0, 6.0 Hz, 1H), 4.62–4.73 (m, 5H), 5.73–5.79 (m, 1 H), 5.79–
5.85 (m, 1H), 7.34–7.99 ppm (m, 8H); 13C NMR (CDCl3, 100 MHz): d =


21.6, 23.0, 39.8, 53.5, 55.9, 56.6, 68.6, 75.8, 80.1, 98.1, 98.5, 123.9, 124.3,
127.0, 128.0, 129.9, 130.4, 131.6, 132.7, 133.6, 133.6, 145.1, 148.1 ppm; IR
(KBr): ñ = 1545, 1362, 1178, 747 cm�1; elemental analysis calcd (%) for
C17H34O4Si: C 49.99, H 5.37, N 4.66; found: C 50.00, H 5.11, N 4.65.


(1S,2S,8 aS)-1,2-Bis(methoxymethoxy)-1,2,3,5,6,8 a-hexahydro-indolizine
(28): Thiophenol (16 mL, 0.16 mmol) was added to a suspension of 26
(32 mg, 0.053 mmol) and cesium carbonate (52 mg, 0.16 mmol) in aceto-
nitrile (8.0 mL). After being stirred at room temperature for 1.5 h, the re-
action mixture was filtered through a pad of Hyflo Super Cell


�


, and the
filtrate was concentrated under reduced pressure. The resulting residue
was purified by silica gel chromatography (dichloromethane/methanol,
30:1) to afford cyclized product 28 (11 mg, 85%) as a colorless oil: [a]26


D


�51.7 (c = 1.08, CHCl3); 1H NMR (CDCl3, 300 MHz): d = 1.90–2.04
(m, 1 H), 2.24–2.42 (m, 1 H), 2.69 (ddd, J = 12.0, 10.0, 5.0 Hz, 1 H), 2.92–
3.04 (m, 3 H), 3.08–3.16 (m, 1H), 3.38 (s, 3H), 3.40 (s, 3 H), 3.84 (dd, J =


6.0, 3.0 Hz, 1 H), 4.14 (ddd, J = 6.0, 4.5, 3.0 Hz, 1H), 4.64–4.80 ppm (m,
4H); 13C NMR (CDCl3, 75 MHz): d = 22.8, 46.7, 55.4, 55.5, 56.5, 64.3,
81.6, 86.8, 95.9, 96.1, 126.1, 126.5 ppm; IR (KBr): ñ = 1152, 1106,
1043 cm�1; HRMS (FAB): found: 244.1571 [M+H]+ C12H22NO4 calcd
244.1549.


(1S,2S,8 aS)-1,2-Bis(methoxymethoxy)indolizidine (29): A mixture of
alkene 28 (14 mg, 0.058 mmol) and platinum on activated carbon (6 mg)
in ethanol (6.0 mL) was vigorously stirred under hydrogen atmosphere
for 2 h. The mixture was filtered through a pad of Hyflo Super Cell, and
concentrated under reduced pressure. The residue was purified by silica
gel chromatography (dichloromethane/methanol 40:1) to afford indolizi-
dine 29 (12 mg, 85%) as a colorless oil: [a]24


D �30.0 (c = 0.73, CHCl3)
(lit.[6e] [a]20


D �31, c = 1.52, CHCl3); 1H NMR (CDCl3, 300 MHz): d =


1.12–1.48 (m, 2 H), 1.54–2.02 (m, 5H), 1.90–2.02 (m, 1H), 2.38–2.46 (dd,
J = 10.5, 5.5 Hz, 1H), 2.98–3.07 (m, 2H), 3.39 (s, 6 H), 3.77 (dd, J = 8.0,
2.0 Hz, 1H), 4.01 (dd, J = 5.5, 2.0 Hz, 1 H), 4.63–4.82 ppm (m, 4H); 13C
NMR (CDCl3, 75 MHz): d = 24.0, 24.7, 29.0, 53.3, 55.4, 55.5, 59.7, 68.8,
79.6, 87.6, 95.3, 95.9 ppm; IR (KBr): ñ = 2936, 1152, 1107, 1041 cm�1;
HRMS (FAB): found: 246.1728 [M+H]+ ; C12H24NO4 calcd 246.1705.


Lentiginosine (1): A solution of indolizidine 29 (19 mg, 0.077 mmol) was
dissolved in a mixture of methanol (6.0 mL) and HCl (3 n, 2.0 mL). After
stirring at 55 8C for 5 h, the solution was concentrated under reduced
pressure. The resulting hydrochloride was purified by silica gel chroma-
tography (CH2Cl2/CH3OH/28 % aq. NH3 85:14:1) to afford the residue,
which was passed through an ion-exchange column of IRA-410 (H2O) to
furnish lentiginosine (1; 10 mg, 82%) as a white solid: [a]27


D +1.06 (c =


0.47, MeOH) (lit.[6e] [a]20
D +2.8, c = 0.28, MeOH) (lit.[ 6f] [a]25


D + 3.2, c =
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0.27, MeOH) (lit.[6l] [a]24
D +3.1, c = 0.31, MeOH); 1H NMR (CDCl3,


300 MHz): d = 1.14–1.34 (m, 2H), 1.38–1.69 (m, 2H), 1.74–1.97 (m, 2H),
1.88–1.97 (m, 2 H), 2.04 (td, J = 11.0, 3.0 Hz, 1H), 2.61 (dd, J = 11.0,
7.5 Hz, 1H), 2.82 (dd, J = 11.0, 2.0 Hz, 1H), 2.93 (br d, J = 11.0 Hz,
1H), 3.64 (dd, J = 9.0, 4.0 Hz, 1 H), 4.06 ppm (ddd, J = 8.0, 4.0, 2.0 Hz,
1H); 13C NMR (CDCl3, 75 MHz): d = 22.8, 23.8, 27.4, 52.4, 60.1, 68.3,
75.5, 82.8 ppm; IR (KBr): ñ = 3309 cm�1; HRMS (FAB): found:
158.1210 [M+H]+ ; C8H15N1O2 calcd 158.1181.


(3E,5R,6S,7S)-5-[(tert-Butoxycarbonyl)amino]-8-[(tert-butyldimethyl-
silyl)oxy]-6,7-(isopropylidenedioxy)-oct-3-ene (30): Zinc powder (863 mg,
13.2 mmol) was added at room temperature to a solution of allyl carba-
mate 18 (392 mg, 0.78 mmol) and AcOH (310 mL, 5.43 mmol) in THF
(15.0 mL). After being stirred vigorously for 6 h, the suspension was di-
luted with AcOEt and was then filtered through a pad of Hyflo Super
Cell. The filtrate was concentrated under reduced pressure to afford the
crude allyl amine, which was dissolved in THF (20.0 mL). The solution
was treated with Et3N (140 mL, 1.01 mmol) and Boc2O (230 mL,
1.01 mmol) at room temperature. After being stirred at room tempera-
ture for one day, the solution was concentrated under reduced pressure,
and the resulting residue was purified by silica gel chromatography
(AcOEt/hexane 1:8) to afford Boc-carbamate 30 (293 mg, 88%) as a col-
orless oil: [a]26


D +1.3 (c = 1.03, CHCl3); 1H NMR (CDCl3, 400 MHz): d


= 0.09 (s, 6H), 0.91 (s, 9H), 0.99 (t, J = 7.5 Hz, 3H), 1.37 (s, 3H), 1.41
(s, 3H), 1.44 (s, 9 H), 2.02–2.12 (m, 2H), 3.68–3.76 (m, 1H), 3.77–3.87 (m,
2H), 3.95–4.02 (m, 1 H), 4.29 (br s, 1 H), 5.18 (br s, 1 H), 5.45 (dtd, J =


15.5, 6.0, 1.0 Hz, 1H), 5.68 ppm (dtd, J = 15.5, 7.0, 0.5 Hz, 1H); 13C
NMR (CDCl3, 100 MHz): d = �5.5, �5.4, 13.4, 18.4, 25.3, 25.4, 26.0,
26.9, 27.0, 28.4, 63.3, 77.5, 79.3, 80.7, 108.9, 126.5, 134.0, 155.5 ppm; IR
(KBr): ñ = 2932, 1718, 1368, 1253, 1170 cm�1; elemental analysis calcd
(%) for C17H34O4Si: C 61.50, H 10.09, N 3.26; found: C 61.51, H 10.28, N
3.11.


2-N-[(tert-Butoxycarbonyl)amino]-5-O-(tert-butyldimethylsilyl)-2-deoxy-
3,4-O-isopropylidene-l-xylonic acid (31): A solution of the alkene 30
(227 mg, 0.53 mmol) in methanol (15.0 mL) was cooled to �78 8C. Ozone
was passed through the solution until starting material had been con-
sumed (TLC analysis). The resulting blue solution was purged with
oxygen for 10 min, and dimethyl sulfide (270 mL, 3.70 mmol) was then
added. After the mixture had been stirred at �78 8C for 10 min, saturated
aqueous NaHCO3 was added. The separated aqueous layer was extracted
with CH2Cl2, and the combined organic extracts were washed with brine,
dried over anhydrous Na2SO4, and then concentrated under reduced
pressure.


The resulting residue, dissolved in a mixture of tBuOH (20.0 mL) and
H2O (4.0 mL), was treated with Na2HPO4 (375 mg, 2.64 mmol), 2-methyl-
but-2-ene (1 drop), and NaClO2 (143 mg, 1.58 mmol). After stirring at
room temperature for 70 min, the mixture was poured into aqueous
KHSO4 (1 m). The aqueous layer was extracted with CH2Cl2, and the
combined organic extract was washed with brine and dried over anhy-
drous Na2SO4. Concentration under reduced pressure, followed by purifi-
cation by silica gel chromatography (AcOEt/hexane/acetic acid 16:83:1),
afforded carboxylic acid 31 (189 mg, 85%), which was further purified by
recrystallization to yield an analytically pure sample as a white crystalline
solid: m.p. 133–135 8C; [a]27


D +4.1 (c = 1.04, CHCl3); 1H NMR (C6D6,
400 MHz): d = 0.06 (s, 3H), 0.07 (s, 3 H), 0.97 (s, 9H), 1.25 (s, 3 H), 1.27
(s, 3H), 1.39 (s, 9 H), 3.70 (dd, J = 10.5, 5.5 Hz, 1 H), 3.79 (dd, J = 10.5,
4.0 Hz, 1H), 4.07–4.14 (m, 1H), 10.40 ppm (br s, 1H); 13C NMR (C6D6,
100 MHz): d = �5.4, 18.5, 26.1, 26.9, 27.0, 28.3, 53.9, 63.2, 77.6, 78.7,
80.1, 109.7, 156.4, 175.4 ppm; IR (KBr): ñ = 3399, 2932, 1749, 1718, 1165,
1090 cm�1; elemental analysis calcd (%) for C17H34O4Si: C 54.39, H 8.89,
N 3.34; found: C 54.42, H 8.65, N 3.12.


Methyl 2-N-[(tert-butoxycarbonyl)amino]-5-O-(tert-butyldimethylsilyl)-2-
deoxy-3,4-O-isopropylidene-l-xylonate (32): A solution of carboxylic
acid 31 (39 mg, 0.093 mol), dissolved in Et2O (3.0 mL) and cooled to
0 8C, was treated with an ethereal solution of diazomethane until a
yellow-colored solution persisted. The excess diazomethane was
quenched by dropwise addition of acetic acid until the color dissipated.
The resulting reaction mixture was concentrated under reduced pressure
to give a residue, which was purified by silica gel chromatography


(AcOEt/hexane 1:10) to afford methyl ester 32 (39 mg, 97%) as a color-
less oil: [a]27


D + 0.26 (c = 1.14, CHCl3); 1H NMR (C6D6, 400 MHz): d =


0.06 (s, 3 H), 0.07 (s, 3H), 0.97 (s, 9H), 1.25 (s, 3H), 1.30 (s, 3 H), 1.41 (s,
9H), 3.21 (s, 3 H), 3.71 (dd, J = 11.0, 5.5 Hz, 1H), 3.80 (dd, J = 11.0,
4.0 Hz, 1H), 4.15 (ddd, J = 8.0, 5.5, 4.0 Hz, 1 H), 4.66 (dd, J = 8.0,
1.0 Hz, 1H), 4.86 (dd, J = 9.5, 1.0 Hz, 1 H), 5.10 ppm (br d, J = 9.5 Hz,
1H); 13C NMR (C6D6, 100 MHz): d = �5.4, �5.4, 18.5, 26.1, 26.9, 27.2,
28.3, 52.0, 54.1, 63.3, 77.5, 79.0, 79.8, 109.6, 156.2, 171.0 ppm; IR (KBr): ñ


= 3448, 2933, 1757, 1720, 1253, 1165 cm�1; HRMS (FAB): found:
434.2525 [M+H]+ ; C20H40NO7Si calcd 434.2574.


Methyl 2-N-[(tert-butoxycarbonyl)amino]-2-deoxy-3,4-O-isopropylidene-
l-xylonate (33): A solution of methyl ester 32 (17 mg, 0.039 mmol), dis-
solved in acetic acid (0.90 mL), THF (0.30 mL), and H2O (0.30 mL), was
stirred at room temperature for 2 days. THF was removed under reduced
pressure, and the aqueous layer was extracted with AcOEt. The com-
bined organic extract was washed with saturated aqueous NaHCO3 and
brine, and dried over anhydrous Na2SO4. Concentration under reduced
pressure, followed by purification by silica gel chromatography (AcOEt/
hexane 1:1), furnished alcohol 33 (11 mg, 88 %) as a colorless oil: [a]27


D +


14.9 (c = 0.94, CHCl3); 1H NMR (CDCl3, 400 MHz): d = 1.40 (s, 3H),
1.41 (s, 3H), 1.46 (s, 9 H), 2.34 (br, 1 H), 3.91 (dt, J = 8.0, 4.0 Hz, 1H),
4.37 (dd, J = 8.5, 1.5 Hz, 1H), 4.46 (dd, J = 9.0, 1.5 Hz, 1H), 5.41 ppm
(br d, J = 9.0 Hz, 1H); 13C NMR (CDCl3, 100 MHz): d = 26.8, 27.0,
28.3, 52.8, 53.1, 61.5, 76.9, 77.8, 80.5, 109.6, 156.1, 170.6 ppm; IR (KBr): ñ


= 3447, 2985, 1751, 1717, 1508, 1370, 1250, 1165 cm�1; HRMS (FAB):
found: 320.1688 [M+H]+ ; C14H26NO7 calcd 320.1709.


Methyl 5-O-(aminocarbonyl)-2-[N-tert-butoxycarbonyl]amino]-2-deoxy-
3,4-O-isopropylidene-l-xylonate (2): Trichloroacetyl isocyanate (12 mL,
0.10 mmol) was added at 0 8C to a solution of alcohol 33 (16 mg,
0.050 mmol) in CH2Cl2 (3.0 mL). After the mixture had been stirred at
0 8C for 5 min, Al2O3 (400 mg) was added. The solvent was removed
under reduced pressure, and the resulting solid was allowed to stand for
2 h and was then eluted with AcOEt. The eluent was concentrated and
purified by silica gel chromatography (AcOEt/hexane, 2:1) to afford car-
bamate 2 (15 mg, 86 %) as a colorless oil: [a]23


D �2.2 (c = 0.54, CH2Cl2)
(lit.[9] [a]23


D �2.8, c = 0.84, CH2Cl2); 1H NMR (CDCl3, 400 MHz): d =


1.39 (s, 3H), 1.42 (s, 3H), 1.46 (s, 9H), 3.80 (s, 3 H), 4.02 (dt, J = 8.5,
5.0 Hz, 1H), 4.24–4.27 (m, 2 H), 4.29 (dd, J = 8.5, 1.5 Hz, 1H), 4.51 (dd,
J = 9.5, 1.5 Hz, 1H), 4.87 (br s, 2H), 5.30 ppm (br d, J = 9.5 Hz, 1H);
13C NMR (CDCl3, 100 MHz): d = 26.8, 26.8, 28.3, 52.8, 53.1, 64.1, 74.9,
78.3, 80.5, 110.1, 155.9, 156.1, 170.6 ppm; IR (KBr): ñ = 3448, 3365, 1719,
1370, 1251, 1166, 1071 cm�1. HRMS (FAB): found: 363.1721 [M+H]+ ;
C15H27N2O8 calcd 363.1767.
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