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Aryl Malonate Decarboxylase
In their Communication on page 6609 ff., J. Micklefield,
D. Leys et al. describe the first high-resolution X-ray crystal
structure of a cofactor-independent aryl malonate decarbox-
ylase, which reveals the mechanism of this unusual enzyme.
Notably, a dioxyanion hole, a hitherto unidentified struc-
tural motif, is postulated to be critical in the stabilization of
a putative enediolate intermediate formed during decarbox-
ylation.


Carbon Supercapacitors
Supercapacitors are emerging as a novel type of energy-
storage device with the potential to replace batteries in
applications that require high power densities. In their Full
Paper on 6614 ff., Huang et al. propose a heuristic theoreti-
cal model for nanoporous carbon supercapacitors that takes
pore curvature into account as a replacement for the com-
monly used electric double-layer capacitor model.
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Introduction


Much of the current understanding of chemical reactivity is
based on the hypothesis that the ability of molecules to
react rests ultimately on their own structural properties. Al-
though the encounter of two molecules triggers unique fea-
tures which neither molecule possess alone, notably an elec-
tron inflow to the reactive bonds up to a point of saturation,
the notion that molecules contain all the information that
determines their reactivity has shaped our understanding of
chemical reactivity. Conjectures made on the reactivity of
new systems depend largely on our ability to relate rate con-
stants with reaction energies and molecular structure in sim-
ilar systems.
It is one of the fundamental assumptions of our chemical


knowledge that analogous substances react similarly and
that similar changes in structure produce similar changes in
reactivity. While some features are specific for particular re-
actions others are common to series of reactions, which in
some sense constitute a family of reactions. The reactivity
changes in an ideal family of reactions are dominated by the
changes in a single structural factor. Thus, the underlying
approximation is that a family of reactions shares a common
broadly defined reaction coordinate, that best represents the
changes in the critical structural factor and allows for the es-
tablishment of structure–reactivity relationships. In this
work we explore such relationships for reactions involving


bond-breaking–bond-forming at the transition state, which
can be represented as


A þ BC ! AB þ C ðIÞ


where the charges have been omitted. The most representa-
tive examples of such families of reactions are atom, proton
and methyl transfers.
Arrhenius showed in 1889 that a complete theory of reac-


tion rates involves the interpretation of two quantities, a
pre-exponential factor, A, and the energy of activation, Ea.
The pre-exponential factor was formulated in 1935 by
Eyring[1] in terms of a frequency factor multiplied by a ratio
of partition functions, and is conveniently included in the
transition-state theory (TST). However, for reactions be-
tween neutral species, the pre-exponential factor usually ac-
counts for differences in reactivity of less than three orders
of magnitude. In contrast, changes in Ea can easily lead to
variations in rates of about 30 orders of magnitude. The cal-
culation of chemically realistic (better than 1 kcalmol�1) ac-
tivation energies has been the cornerstone of chemical reac-
tivity over the last century.
The methods employed to calculate activation energies


have relied on numerical solutions of the Schrçdinger equa-
tion. The remarkable progress of ab initio calculations has
made it possible to obtain numerical solutions for a wide
range of reactions in the gas phase. This success has over-
shadowed the valuable results of semiempirical methods,
where some information on the reactants and products is
employed to estimate activation energies within a family of
reactions. In the shift of emphasis from the structure–reac-
tivity relationships of semiempirical methods to the numeri-
cal values of ab initio calculations we have tended to lose
the physical perception of chemistry as the science that de-
scribes matter from the point of view of atomic and molecu-
lar properties, and reduce it to electrostatics.
Ideally we would like to calculate accurately the energy


barrier of a bond-breaking–bond-forming reaction such as
(I), just in terms of the electronic and structural properties
of reactants and products, using simple and meaningful rela-
tionships between such properties and the energy barrier
height. Our contribution to the understanding of chemical
reactivity has been focused on the development of a simple
but quantitative model that can relate molecular and elec-
tronic structure with chemical reactivity using the minimum
numerical effort and providing the greatest chemical insight.
“Simple” means mathematical tractable such that the
“moving parts” of the model can be open to inspection, and
calculations can be performed “instantly” for systems of any
size. The “chemical insight” means the use of clear concepts,
rooted in molecular structure and in electronic properties of
the reactive species. In short, we are looking for a model to
deconstruct chemical reactivity in its determining factors.
The usefulness of such a model should be measured by its


ability to calculate accurate reaction barriers, on one hand,
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and by the rational it provides on the success or failure of
widely used physical organic principles, on the other hand.
This work first offers a birdIs eye view of empirical and semi-
empirical relationships widely used to interpret atom,
proton and methyl transfer rates, and then presents the
grounds of a reactivity model that meets the criteria of
“simple” and “quantitative”. More than focusing on the nu-
merical applications of the model, we emphasises the reac-
tivity trends unveiled by the model and the way they are re-
flected by structure–reactivity relationships.


Fundamental Structure–Reactivity Relationships


In the acid–base reaction (II) it appeared reasonable to
Brønsted and Pederson[2] that if the rates k at which proton
is removed by a particular base B� were compared for vari-
ous acids HA


HA þ B� ! A� þ BH ðIIÞ


the base might remove the proton more rapidly from the
stronger acids. In fact, relationships between rate of an
acid–base reaction and equilibrium have been observed in
many cases and frequently obey an equation as the Brønsted
catalysis law [Eq. (1)], in which Gp and a are empirical con-
stants, k is the rate for reaction (II) and K the acid dissocia-
tion equilibrium constant.


k ¼ GpK
a ð1Þ


An equivalent expression can also be obtained for base-cat-
alyzed reactions. Taking into consideration the relationship
between rate constants k and DG� and equilibrium con-
stants K and DG0, the equation of Brønsted takes the form
of Equation (2), showing that, at a constant temperature,
this equation reflects a linear free-energy relationship,
LFER. Following a suggestion of Leffler,[3] chemists have
tried for a number of years to use the Brønsted coefficient,
a=@ACHTUNGTRENNUNG(DG�)/@ACHTUNGTRENNUNG(DG 0), as a measure of the position of the
transition state along the reaction coordinate, since usually
0 < a < 1, with a =0 for reactant-like and a =1 for prod-


uct-like transition states.


DG � ¼ aDG0 þ constant ð2Þ


Bell,[4] Evans and Polanyi[5] correlated energies of activation,
Ea, for several reactions in the vapour phase with heats of
reaction, DH 0, according to Equation (3), in which aBEP and
DE�


0 are constants. This equation is also related to a LFER.
The equation of Bell–Evans–Polanyi (BEP) implies that
exothermic reactions will have lower barriers than the endo-
thermic ones. The view that a transition state has structural
and energy features that are intermediate between those of
starting materials and products is due to Hammond, in
1955,[6] who resurrected the view implied by those three au-
thors. The aim of Hammond was that of mechanistic inter-
pretations, postulating that the changes in structure of the
TS are affected by the manner in which the substituents
affect the energies of intermediates on alternate pathways
from reactants to products. Since then this assumption has
been known as the Hammond postulate.


Ea ¼ aBEPDH 0þ DE�
0 ð3Þ


Evans and Polanyi have also introduced the concepts of
chemical driving force and chemical inertia.[7] By chemical
inertia they meant the work that must be done to produce
reaction, partly in breaking a B�C bond and in placing the
atom A sufficiently close to B. In the present formulation
this can be represented by the intrinsic barrier, DE�


0 . By
chemical driving force they meant the contribution that the
energy of formation of the new bond A�B makes towards
overcoming the inertia, and that is represented by the reac-
tion energy DE0, or DH 0 in Equation (3). Implicit in this
treatment is possibility of separating the thermodynamic
contribution, DE0, and the kinetic contribution, DE�


0 , for the
energy barrier of the reaction DE�. A more general formu-
lation was proposed by Marcus in the 1960s.[8] The equation
of Marcus [Eq. (4)] is a quadratic relationship between the
barrier of reaction and the reaction free energy. A slightly
modified version of Equation (4) was developed for atom
and proton transfers.[9] This modification gives the correct
limit of �DE� =0 when DE0 approaches infinity, and pre-
cludes the onset of an inverted region in atom and proton
transfers.


DG � ¼ DG�
0 ð1þ DG0=4DG�


0 Þ2 ð4Þ


In view of the BEP equation and of the Leffler–Hammond
relationship, many chemists were tempted to believe that in
a series of related reactions the more reactive species are
less selective in their reactivity than less reactive ones. This
“reactivity–selectivity principle” (RSP) can be quantified for
the relative reactivity of two substances A and B that follow
the same type of reaction by two different pathways X and
Y. For example, Figure 1 illustrates the abstraction of pri-
mary versus secondary hydrogen atoms of propane by Cl or


Abstract in Portuguese: O conceito de “Reactividade Qu�mi-
ca” assume que os #tomos e mol%culas contÞm em si toda a
informaÅ¼o necess#ria para descrever a sua evoluÅ¼o no
tempo, quando se transformam de reagentes em produtos.
Este conceito foi ffltil no passado para racionalizar padr/es
de reactividade e prever o comportamento de novos sistemas.
As relaÅ/es de energia livre tiveram um papel central neste
dom�nio. Por%m, os efeitos electr1nicos contrariam frequente-
mente os efeitos energ%ticos e originam “anomalias” ou cor-
relaÅ/es independentes. Este trabalho discute uma quantifica-
Å¼o do conceito de “Reactividade Qu�mica”, dando Þnfase
aos factores moleculares e electr1nicos na Qu�mica.
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Br atoms, which is the classical example of the slowest reac-
tion (abstraction by Br) being the most selective. The selec-
tivity S [Eq. (5)] essentially corresponds to a difference in
energy barriers, S= DG�


Y�DG�
X. Using the data for the H-


atom abstraction from ethane and from a secondary hydro-
gen of propane, we have S(Br)=4.1 kcalmol�1 and S(Cl)=
0.2 kcalmol�1.[10,11] Although such examples support RSP,
Mayr pointed out that they are biased by the nearly barrier-
less nature of the most reactive reactions.[12] The criticism of
Mayr is entirely justified, but it should be tempered by ex-
amples such as the abstraction of primary vs. secondary H-
atoms of alkanes by the methyl group, which exhibit inter-
mediate reactivities and selectivities when compared with Cl
and Br abstractions, and are not barrierless. Using the ab-
stractions from ethane and propane as previously, the selec-
tivity is S ACHTUNGTRENNUNG(CH3)=2.2 kcalmol


�1.[13]


S ¼ logðkX=kYÞ ð5Þ


Free-energy relationships suggest that reactions with strong
driving forces thermodynamically will also proceed rapidly.
However, such an implication does not hold generally. For
elementary reactions, the correct interpretation of reactivity
rests on the values of the intrinsic barriers and their relation
to molecular and electronic structure.
In 1937 Hammett realized that the addition of a substitu-


ent in the aromatic ring has a quantitative effect on the dis-
sociation constant K, and proposed a relationship to account
for such findings[14] [Eq. (6)]. The same kind of expression is
also valid for the rate constants, k, and can be expressed in
terms of free energies of activation [Eq. (7)], in which K0


and DG�
0 correspond to the values of the “parent” or “un-


substituted” compound. The substituent constant s is a mea-
sure of the electronic effect of replacing H by a given sub-
stituent (in the para or meta position) and is, in principle, in-
dependent of the nature of reaction. The reaction constant 1


depends on the nature of the reaction, and is a measure of


the susceptibility of the reaction to the electronic effects of
substituents. Other scales of substituent effects, such as that
of Taft (s*), were developed for aliphatic compounds.


logK ¼ logK0 þ 1s ð6Þ


DG � ¼ DG�
0�2:3RT1s ð7Þ


Equation (6) raises the issue of how electronic effects con-
tribute to the making of reaction barriers. Chemical reac-
tions often involve some charge transfer between reactant
molecules (or between two different parts of one molecule),
and several reactivity indexes express electronic effects. A
particularly fruitful index is the chemical hardness, defined
as one-half of the second derivative of the ground-state elec-
tronic energy E with respect to N electrons of the
system,[15,16] or, using the finite difference approximation,
defined by Equation (8), in which IP is the ionization poten-
tial and EA is the electronic affinity. The curvature of E
versus N plots reflects the resistance of the system to
change its number of electrons. The inverse of the hardness
is the softness, s=1/h. According to KoopmansIs theorem,
the hardness of a spin-paired molecule is half the energy
gap between the HOMO and the LUMO. For a two-partner
electron transfer reaction, the hardness of the initial system
is half the energy difference between the HOMO of the
electron donor and the LUMO of the electron acceptor.[16]


Based on circumstantial evidence and variational principles,
Pearson and Parr proposed a maximum hardness principle
according to which chemical systems tend to become as
hard as possible, or, stated differently, soft molecules are
more reactive than hard molecules.[17–19]


h ¼ ðIp�EAÞ=2 ð8Þ


According to the maximum hardness principle, it should be
possible to relate the barrier height DE� to the hardness h.


Figure 1. Illustration of the reactivity–selectivity principle for competing primary vs secondary H-atom abstraction reactions X and Y in alkanes.
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Shaik and Pross followed an independent approach based
on valence bond (VB) mixing diagrams to arrive at a similar
concept for processes which involve combinations of electro-
phile and nucleophile, or donor and acceptor.[20–22] In the
VB approach the barrier height is express as a fraction f of
the energy gap g between the reactants ground state and the
vertical excited state that possesses the electron pairing
scheme of the product, as shown by Equation (9), in which
B is the quantum mechanical resonance energy of the transi-
tion state. In proton transfers, hydride transfers, SN2 reac-
tions, cation–anion recombinations or electron transfer reac-
tions, g is expressed as the difference between the IP of one
reactant and the EA of the other, that is, as the vertical
charge-transfer energy. For example, the promotion energy
in SN2 reactions is g= IP(ND)�EA(RX)=2h, where IP(ND) is
the ionization potential of the nucleophile and EA(RX) is
the electron affinity of the substrate.[20]


DE � ¼ fg�B ð9Þ


It must be emphasized that neither Shaik nor Pearson and
Parr scaled chemical reactivity exclusively to charge-transfer
interactions. For example, the energy gap of VB diagrams
corresponding to bond-breaking–bond-forming reactions of
predominantly covalent bonds, such as atom abstraction re-
actions, is given by the singlet-triplet excitation energy of
the reactive bond. In addition to the reactivity indexes that
measure resistance to change in the electron density of a
molecule, Pearson gauged the resistance to change in the
nuclear position by the molecular hardness,[23] [Eq. (10)], in
which f is the force constant of the bond


molecular hardness ¼ f ðleqÞ2 ð10Þ


The expression of the relative importance of covalent and
charge-transfer interactions, and the separability of intrinsic
and thermodynamic contributions to the reaction barrier,
delayed the emergence of a simple reactivity model of
broad scope. Our endeavour to discover theoretical princi-
ples for understanding chemical reactivity led us to a model
that integrates all these factors, called Intersecting/Interact-
ing State Model.


Intersecting/Interacting-State Model


The Intersecting/Interacting State Model (ISM) is based on
three fundamental assumptions. The first was borrowed
from the BEBO model of Johnston and Parr,[24] and states
that “…the bond order is preserved along the reaction coor-
dinate…”, as expressed by Equation (11) in which nAB is the
bond order of the new bond formed in the products bond
and nBC is the bond order of the bond that is broken in the
reactants. There are several fundamental studies that sup-
port this approximation.[25–27] Intuitively, we would expect
that, for a symmetrical reaction (reaction energy DV0=0),


the synchronization of the two events would give a transi-
tion state bond order n� =0.5. When the energy of new
bond (VAB) and that of the old bond (VBC) are expressed in
terms of the reaction coordinate n, the energy of the transi-
tion state is just VBC ACHTUNGTRENNUNG(n


�=0.5) = VABACHTUNGTRENNUNG(n
�=0.5) for a symmet-


rical reaction, or more generally VBC(n) = VAB(n) + DV 0.
The practical use of this formulation depends on the relation
between transition-state bond orders and bond extensions,
since the latter are more easily related to the energy of the
system.


n ¼ nAB ¼ 1�nBC ð11Þ


The second assumption of ISM builds on the Pauling rela-
tion between bond lengths and bond orders.[28] This relation
is generalized to transition states in Equation (12), where
a’sc is a “universal” constant. ISM relates transition state
bond lengths (l�) to the corresponding bond orders (n�)
and to the equilibrium bond lengths of reactants and prod-
ucts (lBC,eq and lAB,eq). The bond extension is scaled by the
sum of the equilibrium bond lengths of reactant and prod-
uct, because the transition state has two bonds and a long
bond will extend more than a short one. The value of a’sc
can be obtained from the most exact potential energy sur-
face of a bond-breaking–bond-forming reaction, which is the
H+H2 reaction. For this symmetrical reaction (n


� =0.5),
the ab initio l� is reproduced with a’sc=0.182.


[29] For exo-
thermic reactions it was possible to show that the sum of the
bond extensions, d, takes approximately the form of Equa-
tion (13) in which W is a constant for a family of reac-
tions.[30, 31] The Frontispiece illustrates the role of d. Accord-
ing to Equation (13), the reduced bond lengths, d=d/
(lBC,eq+lAB,eq), of isothermic reactions should be 0.25. The
data in the Supporting Information show that the average
reduced bond length of eight H-atom abstraction reactions
with jDV0 j<3 kcalmol�1 is d=0.24, with a standard devia-
tion of 0.02. Equation (13) also predicts an increase of d
with (DV 0)2. It is difficult to find a series of closely related
reactants that vary substantially in DV0 and have reliable
transition-state bond lengths, to test this equation. However,
the H-atom transfers represented in Figure 2 show that the
reduced bond lengths approximately follow the quadratic re-
lationship of Equation (13) even though they do not qualify
as “one” family of reactions.


l�AB�lAB,eq ¼ �a0sc ðlAB,eqþlBC,eqÞ lnðn�Þ ð12aÞ


l�BC�lBC,eq ¼ �a0sc ðlAB,eqþlBC,eqÞ lnð1�n�Þ ð12bÞ


d ¼ jl�AB�lAB,eqj þ jl�BC�lBC,eqj


¼ 2 a0scðlAB,eqþlBC,eqÞ ½lnð2ÞþðDV 0=2WÞ2

ð13Þ


The reasonable agreement between the bond extensions of
ISM and ab initio methods, make Equation (12) attractive
to calculate transition state structures. From such structures
and the (harmonic or Morse) functions relating the potential
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energies of BC and AB to the respective bond lengths, it is
possible to calculate the energy of the transition state. How-
ever, before pursuing this route, we need to consider the
possibility of an additional interaction between A, B and C
at the transition state to formulate the last assumption of
ISM.
The last assumption concerns the method to account for


the electronic stabilization when A and B�C interact at the
transition state, A···B···C. Systems (e.g., atoms or molecules)
coming together must attain a common electronic chemical
potential at equilibrium. The chemical potential (mel) is the
partial derivative of the ground-state electronic energy E
with respect to N electrons of the system. It is identical to
the negative of the electronegativity (cM), as defined by
Mulliken, when a finite-difference approximation is em-
ployed to express the chemical potential, mel=� ACHTUNGTRENNUNG(IP+EA)/
2.[15] The chemical potential, being synonymous with electro-
negativity, characterizes the tendency of electrons to escape
from the equilibrium system. When A and B�C are brought
together, electrons will flow from the species of lower cM to
that of higher cM, following the principle of electronegativity
equalization. Whereas the electronegativities drive the elec-
tron transfer, hardness acts as a resistance. Thus, we may ex-
press the lowering of the total binding energy of the transi-
tion state in terms of the maximal flow of electrons from A
or from C which saturates A···B···C. Parr has shown that,
within the framework of a valence-state parabola model,
this is given by[32] Equation (14) in which we introduce the
variable m for consistency with our earlier nomenclature.


DNmax ¼ �mel=hel ¼ ðIp þ EAÞ=ðIp�EAÞ ¼ m ð14Þ


The energy lowering due to partial electron transfer is only
a part of the energy change associated with the formation of


the transition state.[33] A pervasive contribution is due to the
covalent bonding interaction present in A···B···C, but this
has already been taken into account by the conservation of
the bond order. Clearly, the electrophilicity index m is a
measure of the extra electronic stabilization of the transition
state. It increases with the propensity of the “ligands” A and
C to participate in partial electron transfer with the transi-
tion state (low IP and/or high EA), but otherwise leads to no
stabilization (high IP and/or low EA). The barrier of a chemi-
cal reaction is due to the chemical hardness (resistance to
change in the electron distribution) and to molecular hard-
ness (resistance to change in the nuclear positions).[18] We
formulate the last assumption of ISM expressing the molec-
ular and chemical hardnesses together in the making of the
reaction barrier, and tempering the latter by the chemical
potential, as shown in Equations (15), in which the reactive
bonds are modelled by harmonic oscillators. This, with
Equation (12), suffices to calculate barrier heights when the
equilibrium bond lengths, force constants, ionization poten-
tials and electronic affinities of reactants and products are
known.


V�
BC ¼ 0:5 f BC=m2ðl�BC�lBC,eqÞ2 ð15aÞ


V�
AB ¼ 0:5 fAB=m2ðl�AB�lAB,eqÞ2 ð15bÞ


The transfer of hydrogen, proton or hydride in any of their
isotopic forms is subject to significant tunnelling corrections,
which can only be calculated when the whole reaction
energy profile is known. For such cases, it is necessary to
make an interpolation between the classical potential-
energy curves of reactant B�C bond and product A�B
bond. The simplest, linear interpolation along the reaction
coordinate expressed in terms of the bond order coordinate
is given by Equation (16), in which DV 0 is the classical
energy of the reaction (DV 0 = De,BC�De,AB), and the poten-
tials VBC and VAB are conveniently represented by Morse po-
tentials, V=DeACHTUNGTRENNUNG{1�exp[�b ACHTUNGTRENNUNG(l�leq)]}2, where the bond exten-
sions take the form of Equation (12). From the relation be-
tween the force constant, the electronic dissociation energy
and the spectroscopic constant of a bond, f=2Deb


2, the in-
clusion of the electrophilicity index in the Morse curve cor-
responds to the replacement of b by b/m. The reaction coor-
dinate can be further sophisticated to include zero-point
energy corrections and the change of m from unity in the re-
actants, to the value given by Equation (14) at the transition
state, and back to unity in the products.[34]


Vel ¼ ð1�nÞVBC þ nVAB þ nDV 0 ð16Þ


One of the most important perturbations in the reaction co-
ordinate of Equation (16) is the occurrence of hydrogen
bonding. When B is a hydrogen atom or a proton and the
transfer occurs between electronegative atoms, two com-
plexes separated by an internal barrier are present in the re-
action coordinate. The energy, bond lengths and frequency


Figure 2. Relation between the reduced semi-sum of ISM and ab initio
transition-state bond extensions, and the square of the reaction energy of
H-atom transfers. The error bars are a measure of the difference between
the two methods. The ab initio transition-state bond lengths of the H+


AsH3 hydrogen abstraction seem to be overestimated. The data and ref-
erences to the literature are available in Supporting Information.
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of a H-bond are related by the Lippincott–Schroeder poten-
tial.[35] The full description of the energy profile now re-
quires information on at least one of these properties. With
one of them, the other two can then be calculated, as well
as the bond order of the H-bond. The presence of an H-
bond in the ISM reaction coordinate is regarded an incipient
hydrogen (or proton) transfer, with a H···A bond order
greater than zero, that is, the reaction coordinate is ad-
vanced with respect to the isolated reactants, and the reac-
tion barrier may be reduced.[36]


Barrier Heights, Rate Constants and Activation
Energies


Using the three assumptions of ISM, scaling of the bond
lengths with a’sc=0.182 and using the Lippincott–Schoeder
potential for H-bonded systems, we have calculated the clas-
sical barrier heights of 51 systems. Figure 3 compares the
barrier heights of H-atom and proton transfers calculated by
high-level ab initio methods and by ISM, together with the
recently published barriers heights of representative methyl
transfers.


The ultimate goal of any reactivity model is to predict the
rate constant, k(T), of an elementary reaction in any reac-
tion conditions with the level of accuracy of experimental
techniques. Equation (16) allows one to estimate the classi-
cal reaction energy profile along the whole reaction coordi-
nate. Zero-point energy effects can also be incorporated in
the reaction energy profile in order to estimate a vibration-
ally adiabatic barrier, DV�


ad. Stretching and bending vibra-
tional frequencies of the transition state are estimated from


the Wilson equation for the symmetric and antisymmetric
stretching frequencies for a linear triatomic system; the anti-
symmetric stretching is transformed in the reaction coordi-
nate and an empirical correlation between stretching and
bending frequencies in triatomic molecules is employed to
estimate the bending frequencies. Figure 4 compares the
rates calculated for nearly 100 H-atom abstractions, proton
transfers and methyl transfers with the experimental data,
both in the gas phase and solution. TST is employed for
such calculations, which incorporate tunnelling corrections,
solvent effects and specific hydrogen bonding using the Lip-
pincott–Schroeder potential.


The activation energy is a phenomenological quantity, re-
lated to the internal energy of activation, which, in turn, can
be related to classical barrier height (DV�), to the difference
in zero-point energies of transition state and reactants, and
to the difference in internal energies between the transition
state and the reactants. The comparison between Ea and bar-
rier heights is further complicated by the presence of tunnel-
ling, which increases the temperature dependence of the ob-
served Ea. All these effects were taken into account in the
calculation of the reaction rates presented in Figure 4, al-
though for the purpose of a simple calculation of activation
energies, it is more convenient to re-scale ISM to the activa-
tion energy of the H+H2 reaction, rather than to its transi-
tion-state geometry, and use the new scaling to calculate the
activation energies of other H-atom transfers. The scaling to
Ea=7.5 kcalmol


�1 given by the relative rates measured by
Quickert and Le Roy[41] converted to absolute rate constants
using the expression of Michael,[42] gives a’=0.156.[43] With
this scaling it is very simple to calculate other activation en-
ergies. Figure 5 shows the comparison between experimental


Figure 3. Correlation between barriers heights calculated by ISM and ab
initio methods (correlation coefficient: 0.973). *: classical barriers of H-
atom transfers;[37] ~: barriers heights of H-atom and proton transfers in
H-bonded systems;[36] &: classical barriers of methyl transfers
(1 kcalmol�1 was added to the G2 barrier to compare with the classical
barrier of ISM).[38] The line is the ideal correlation. Data and references
to the literature are available as Supporting Information.


Figure 4. Correlation between experimental and ISM calculated rates of
H-atom, proton and methyl transfers (correlation coefficient: 0.987). *:
H-atom abstractions from Table 4 of ref. [37]; &: H-atom abstractions in
H-bonded systems from ref. [36]; ~: intramolecular H-atom and proton
transfers from ref. [39] and proton transfers from Table 3 of ref. [34] loz-
enges: methyl transfers from Figure 6 of ref. [38]; *: enzyme catalyzed
H-atom transfers from ref. [40]. The line refers to the ideal correlation.
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and calculated activation energies of 100 H-atom transfers.
The correlation coefficient is 0.965 and the average error is
less than 1 kcalmol�1, much better than may initially be an-
ticipated for such a simple model. Again, the comparison
with the experiment shows that ISM takes into account the
parameters that control the reactivity of this class of reac-
tions.


A Rational for Structure–Reactivity Relationship


The transition-state structures and energies of “small” sys-
tems in Figures 2 and 3 calculated with ISM are in excellent
agreement with those of the best available ab initio calcula-
tions. The agreement between calculated and experimental
rates for a very wide range of reactions in Figures 4 and 5 is
impressive and unprecedented for absolute rate calculations.
However, we prefer to emphasize the new physical insights
provided by ISM, which relate molecular structure to chemi-
cal reactivity.


ISM organizes the structures of the transition state follow-
ing two previously unsuspected guidelines: the transition-
state bond extensions are proportional to the equilibrium
bond lengths and their sum tends to increase with the exo-
thermicity of the reactions. Indeed, as the reactions become
more exothermic, n� tends to zero and the product bond ex-
tension tends to infinity. This corollary, exposed in Figure 2,
has profound consequences in structure–reactivity relation-
ships, because it predicts from a strictly theoretical point of
view that “intrinsic” barriers tend to increase with the exo-
thermicity of the reactions.
In Table 1 we assembled sets of systems where, other re-


activity factors being almost equal, the variation of one
factor dominates. Let us first consider thermoneutral H-ab-
stractions such as H+H2 and CH3+CH4. Table 1 reveals
that the only relevant difference between the two systems is
the sum of the equilibrium bond lengths: in the second
system this structural factor is about 47% larger and the
energy barrier is 66% higher. Other structural factors, such
as the pyramidization of the carbon atom, can be excluded
because there is not a systematic difference between ISM
and ab initio barriers heights in the series: H+H2 H+CH4,
CH3+CH4 and CH3CH2+CH3CH3. Thus shorter bonds can
act as a kind of driving force for chemical reactions; this is
particularly relevant for reactions where H2 is involved. The
same effect is also observed in the reaction H+HCl and
Cl+CH4, which have reaction energies of �1.0 and
+1.7 kcalmol�1, respectively. However, the barriers of the
reactions involving hydrogen transfer to chorine are much
smaller than those involving hydrogen transfer to carbon. In
this case, the major difference is in the electronic m parame-
ter. The reactions with the higher m values have lower
energy barriers. This reveals that the electrophilicity index
also has a profound effect on intrinsic barriers. The methyl
group transfers of the type X�+CH3X provide a paradig-
matic example of another reactivity factor. Along the series
X=Cl, Br, I, the value of m is approximately constant while
lAB,eq increases and the force constant of the C�X bond de-
creases. The compensation between the increase in the bond
length and the increase of the force constant keeps the reac-
tion barriers approximately constant along this group of the


Figure 5. Experimental and calculated activation energies of H-abstrac-
tion reactions and proton transfers, from ref. [37].


Table 1. Effect of structural and electronic parameters on the energy barrier of thermoneutral or nearly thermoneutral reactions.


Reaction lAB,eq+ lBC,eq [X] De [kcalmol
�1] b [X�1] m DV �


cl [kcalmol
�1]


ISM ab initio


H+H2!H2+H 1.483 104.2 1.935 1 10.1 9.9[a]


H+CH4!H2+CH3C 1.828 1 12.9 14.7[b]


CH3C+CH4!CH4+CH3C 2.174 104.9 1.823 1 16.8 17.5[c]


C2H5C+C2H6!C2H6+C2H5C 2.188 101.1 1.883 1 17.2 16.7[c]


H+HCl!H2+Cl 2.016 103.2 1.867 1.773 5.1 5.7[c]


Cl+CH4!HCl+CH3C 2.362 103.2 1.823 1.773 6.5 7.6[d]


Cl�+CH3Cl!ClCH3+Cl� 3.570 83.7 1.575 1.773 13.4
Br�+CH3Br!BrCH3+Br� 3.866 72.1 1.537 1.796 12.6
I�+CH3I!ICH3+ I� 4.264 57.6 1.536 1.828 11.7
CH3CH2


�+CH3CH2CH3!CH3CH2CH3+CH3CH2� 3.064 88.5 1.811 0.938 49.6
CH3NH


�+CH3NHCH3!CH3NHCH3+CH3NH� 2.910 82.2 1.999 1.161 33.1
CH3O


�+CH3OCH3!CH3OCH3+CH3O� 2.832 82.9 2.094 2.094 25.9


[a] Ref. [44]. [b] Ref. [45]. [c] Ref. [46]. [d] Ref. [47].
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Periodic Table. The same does not happen along the period
X=N, C, O, F and the reactivity is again dominated by the
increase in m. Figure 6 illustrates the effect of these reactivi-
ty parameters on the barrier height using harmonic oscilla-
tors.


The increase of the intrinsic barrier with the reaction
energy, illustrated in Figure 6d by a larger d for the more
exothermic reaction, decreases the change of the transition
state structure with the change in reaction energy. For suffi-
ciently exothermic reactions Hammond postulate will be fol-
lowed and eventually the transition state structure will
closely resemble the reactants structure, whereas for suffi-
ciently endothermic reactions the transition state structure
will approach that of the products. However, the increase of
DG�


0 with DG0 makes the Brønsted relation valid for a
wider range of pKa values, and the curvature of Brønsted
plots expected from Marcus equation can only be observed
when very different acidities are probed. Moreover, if the
curvature eventually observed is employed to calculate the
intrinsic barrier, this will be overestimated.
A more serious limitation to Hammond postulate arises


when the reactant and product curves are very asymmetric,
as shown in Figure 6b. This is the case of reactions where a
bond with much higher, or much lower, force constant is
formed in the course of the reaction. For example, the H-
atom abstractions CH3+C2H6 and CH3O+C2H6 are both
weakly exothermic, DV 0=�3.8 and �3.1 kcalmol�1, but the
first has an almost symmetrical transition state (n� =0.46)
whereas the transition state of the second one is product-


like (n� =0.22). The latter reaction is an example of a pro-
nounced anti-Hammond behaviour that is explained by the
high force constant of the OH bond in methanol.
Electronic effects may exert a strong influence in the bar-


rier, as shown in Figure 6c, and under certain circumstances
electronic effects may dominate over thermodynamic ef-
fects. This has been widely recognized but has been lacking
a simple and quantitative expression, now found in ISM.
Electronic effects associated with electrophilicity index m
are more accentuated when m is close to unity. Typical ex-
amples are carbon acids such as nitroalkanes. The value of
m was estimated to decrease from m=1.095 for nitrome-
thane to m=1 for 2-nitropropane, mostly due to the de-
crease in the electronic affinity originated by the electron-
donating groups (s*<0), and increase the deprotonation
barrier more than the decrease in pKa can decrease that bar-
rier.[34]


Finally, selectivity can also be interpreted on the same
grounds. In general, the free-energy dependence makes the
Leffler–Hammond relationship work, and selectivity de-
creases with reactivity up to the limit when the most reac-
tive reaction becomes barrierless. However, in cation-anion
recombinations the nucleophilic parameter N+ proposed by
Ritchie is correlated with the electrophilicity index, showing
that the reactivity of these systems is controlled by electron-
ic parameters and RSP breaks down.[48]


Conclusion


ISM unveils the role of the most important reactivity in-
dexes that control the rates of fundamental chemical reac-
tions, namely, atom transfers, proton transfers and SN2 reac-
tions. The reactivity tends to increase as the reactive bonds
become shorter, the bonds weaken, hydrogen bonding
occurs, and charge shift is facilitated. The free-energy de-
pendence of the rates is modulated by the increase of the
“intrinsic” barrier with the exothermicity. This leads to a
wider application of linear free-energy relationships, such as
the BEP or the Brønsted relationship, in energy ranges
where a quadratic (Marcus-type) dependence could already
be expected.
ISM can be applied to complex systems, such as atom and


proton transfers in enzymes, without any further approxima-
tions or computational labour. It is an efficient and reliable
reactivity model, particularly well suited to design produc-
tive experiments. However, rather than contemplating what
has been achieved with ISM, we wish to emphasise the
sound theoretical basis it offers to interpret the success, and
failure, of structure–reactivity relationships.
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Figure 6. Illustration of how the barrier heights depend on each of the re-
activity indexes of ISM. a) Sum of the bond extensions, d= (l�BC�lBC,eq)+
(l�AB�lAB,eq). b) Force constants, fBC and fAB. c) Electrophilicity index, m.
d) Reaction energy, DV0.
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Self-Aggregation Tendency of Zirconocenium Ion Pairs Which Model
Polymer-Chain-Carrying Species in Aromatic and Aliphatic Solvents with
Low Polarity


Luca Rocchigiani, Cristiano Zuccaccia, Daniele Zuccaccia, and Alceo Macchioni*[a]


Olefin polymerizations catalyzed by cationic Group IV
metallocenes[1] are usually carried out in solvents with very
low polarity such as toluene, benzene, hexanes and isoparaf-
fins. It is now generally accepted that the counteranion
plays a fundamental role in the catalytic process,[2–4] and,
consequently, it is not possible to exclude the ion pair in its
entirety from consideration. On the contrary, there is still an
unresolved controversy whether aggregates higher than ion
pairs, particularly ion quadruples, can be formed in appreci-
able amounts under catalytic conditions[5] and take part in
the process.[6]


In 1999, Beck, Geyer and Brintzinger reported the first
diffusion NMR evidence for the formation of ion quadruples
from zirconocenium ion pairs in [D6]benzene at millimolar
levels.[5a] Successively, in collaboration with Marks and co-
workers, we showed[5c] that ion pairs bearing weakly coordi-
nating anions [MeB ACHTUNGTRENNUNG(C6F5)3


�] in the first coordination sphere,
that is, ISIPs (Inner Sphere Ion Pairs),[2c] do not exhibit any
tendency to associate. In ion pairs with more weakly coordi-
nating anions [such as B ACHTUNGTRENNUNG(C6F5)4


�], the counterion usually re-
sides in the second coordination sphere leading to OSIPs
(Outer Sphere Ion Pairs)[2c] that have a marked tendency to
self-aggregate. Despite this, OSIPs also generate a negligible
percentage of ion quadruples at catalytic concentration
values (<10�4


m) in [D6]benzene.[5c–d]


One aspect that seems to be a general characteristic is the
direct correlation between the charge separation and the
tendency of ion pairs to form ion quadruples is that the
higher the charge separation in the ion pairs, the higher


their tendency is to form ion quadruples.[7,8] As a conse-
quence, the ongoing search for large counteranions with a
dispersed charge, which are less and less coordinating,[9] on
the one hand, reduces the possibility that the anion com-
petes with the substrate for the coordination at the metal,
while, on the other hand, it increases the charge separation
and the possibility of forming ion quadruples. Clearly, also
an enhanced dimension of the cation may contribute to
reduce the ion-pair strength thereby increasing the charge
separation and the tendency to form ion quadruples.


During the polymerization process, a rapid growth of the
polymer chain occurs that necessarily unwinds in the prox-
imity of the catalytic site. This could lead to the removal of
the counterion, an enlarged charge separation and a higher
tendency to form ion quadruples. An increase of the dipole
moment as a function of the isotactic propylene chain length
in a silicon-bridged zirconocene ion pairs was predicted by
Klesing and Bettonville through DFT calculations.[10]


With the aim of obtaining information about the position
of the counterion during the growth of the polymer chain
and the tendency of ion pairs bearing a polymer chain to
self-aggregate, we decided to synthesize model zirconoceni-
um ion pairs with alkylic chains of variable length and inves-
tigate them through advanced NMR techniques. The pres-
ence of long chains made zirconocenium ion pairs soluble in
aliphatic solvents with relative permittivity (er) values lower
than benzene. This provided the unique possibility to ex-
plore their self-aggregation tendency in a reaction medium
that is closer to that used in industrial plants (normally iso-
paraffins).


The introduction of a suitable aliphatic chain in zirconium
ion pairs was achieved by the reaction of the ISIP [Cp2Zrd+


Me···MeBd�
ACHTUNGTRENNUNG(C6F5)3] (1) with tertiary amines (Scheme 1). Ini-


tially, the amine displaces the counteranion from the first
coordination sphere, forming the transient species I that
spontaneously transforms into 2–4 ISIPs (Supporting Infor-
mation) through methane evolution (Scheme 1).[11] From the
reactions of the ISIPs 2–4 with THF, OSIPs 5–7 were ob-
tained, which contain the alkyl chains R1 and R2 that mime
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the polymer chain growing at the metal site (Supporting In-
formation).


In ISIPs 2–4 and OSIPs 5–7 the N-functionality is orient-
ed inside toward MeBACHTUNGTRENNUNG(C6F5)3


� or THF,[11] respectively, as in-
dicated by 1H-NOESY and 19F,1H-HOESY NMR spectra
(Supporting Information). The latter allow the relative
cation/counterion orientation within ion pairs to be deter-
mined.[12] The 19F,1H-HOESY spectrum recorded for com-
pound 6 in [D6]benzene is illustrated as an example in
Figure 1.


In addition to a strong intramolecular NOE interaction
between B-Me and o-F nuclei, NOE interionic interactions
between o-F, m-F and, in some cases, p-F nuclei and Cp
(with higher intensity with the Cpu moiety where N-Me
points), THF and N-Me protons are observed. The central
protons of the aliphatic chain overlap with the b protons of
THF. A quantification of the NOE contacts indicates that
they only interact weakly with the o-F and m-F nuclei of the
counterion. These observations and the absence of NOE be-
tween the anion and the protons of the cyclometalated
carbon suggest that the counterion is located between the
Cps and THF as shown in Figure 1. It is import to note that
the same relative anion–cation orientation is observed for
all OSIPs 5–7 independent of the aliphatic chain length.


The self-aggregation tendency of ISIPs 2–4 and OSIPs 5–7
was investigated by means of PGSE (pulsed field gradient
spin-echo) diffusion NMR spectroscopy.[13] PGSE NMR
allows the translational self-diffusion coefficient (Dt) to be
determined; the latter is related to the hydrodynamic radius
(rH) of the diffusing particle through the Stokes–Einstein
equation.[14] In order to obtain accurate hydrodynamic di-
mensions of the diffusing species, the Dt data were treated
as described in our recent paper.[14] The hydrodynamic
volume (VH) of the aggregates was determined by rH assum-
ing that they had a spherical shape. Finally, the aggregation
number (N), defined as the ratio of the experimental hydro-
dynamic volume of cation or anion and the hydrodynamic
volume of the ion pair (VH), was derived. V IP0


H for 2–4 was
assumed to be equal to VH extrapolated at infinite dilution.
For 5–7 V IP0


H was evaluated by adding the measured VH of
free THF to the V IP0


H of the parent ISIP (Supporting Infor-
mation).


Diffusional and hydrodynamic data are reported in
Table 1. The graphical trends of N versus the concentration
(c) in [D6]benzene are shown in Figure 2. The value of N de-
viates very little from 1 for 2–4 over the entire concentra-
tion range, consequently, the latter are mainly present as
single ion pairs. On the contrary, N increases rapidly as the
concentration of the 5–7 increases; nevertheless, the trends
of N do not substantially depend on the aliphatic chain
length. OSIPs with longer chains are more soluble and ex-
hibit the highest N values at elevated concentrations
(Figure 2) but a single N versus c “master” trend describes
their self-aggregation tendency. Importantly, the value of N
approaches 1 for all OSIPs at low concentration values (ca.
10�5


m) (Table 1); this indicates that the presence of ion
quadruples is negligible.[5c–d]


A coherent picture is derived from the NOE and PGSE
measurements in [D6]benzene: since the position of the
counterion, particularly its distance from the metal site, is
affected little by the chain length, OSIPs roughly have the
same dipolar moment and, consequently, the same self-ag-
gregation tendency.


Scheme 1. Syntheses of ISIPs 2–4 and OSIPs 5–7.


Figure 1. 19F,1H-HOESY NMR spectrum of OSIP 6 recorded in
[D6]benzene at 298 K.
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The enhanced solubility of OSIPs with long chains
prompted us to explore their self-aggregation tendency in
solvents with er values lower than that of benzene. This
aspect is important since in industrial plants olefin polymeri-
zations are often carried out in isoparaffins having an er


close to 2,[15] which is slightly lower than that of [D6]benzene
(er = 2.24). OSIP 7 bearing two aliphatic C18 chains was solu-
ble enough in [D12]cyclohexane (er =2.04, practically identi-
cal to that of several isoparaffins)[15] to allow a PGSE study
as a function of the concentration. Diffusional and hydrody-
namic data are reported in Table 1. OSIP 7 exhibits a self-
aggregation tendency that is enormously higher in
[D12]cyclohexane than in [D6]benzene (Figure 3). While for


a 1.1 mm solution of 7 in [D6]benzene N is equal to 1.8, at
almost the same concentration (1.6 mm) in [D12]cyclohexane,
N amounts to 11.7. At the highest concentration in
[D12]cyclohexane, aggregates containing an average of 75
ion pairs are present while, at the lowest concentration
(0.05 mm), N is 2.7 (Table 1); thus, ion quadruples and even
higher aggregates are surely present. Although 6 was not
soluble enough in [D12]cyclohexane to allow a complete
PGSE study as a function of the concentration, its saturated
solution (0.04 mm) was measured. The N value (2.1, Table 1)
fits perfectly in the N versus c trend of 7 indicating that the
chain length also does not affect the self-aggregation ten-
dency of OSIPs in [D12]cyclohexane.


The standard free energy (DG0) for the self-aggregation
process of ion pairs was estimated by elaborating the N
versus c data according to the isodesmic model of indefinite
association called Equal K (EK, K=equilibrium con-
stant).[16] Plotting N ACHTUNGTRENNUNG(N�1) versus c generates a linear trend
the slope of which is equal to K (Supporting Informa-


Table 1. Diffusion coefficient (Dt in 10�10 m2 s�1), hydrodynamic radius
(rH in M), hydrodynamic volume (VH in M3) and aggregation number (N)
at various concentrations (c in 10�3


m) for ISIPs and OSIPs in
[D6]benzene (er = 2.28) and [D12]cyclohexane (er =2.04).


Compound c D rH VH N


[D6]benzene
2 0.9 6.31 5.82 825 1.0
V IP0


H =829 M3 2.7 6.14 5.88 851 1.0
6.4 6.08 5.91 864 1.0
13.6 5.76 6.20 998 1.2


3 0.6 5.27 6.75 1290 1.0
V IP0


H =1284 M3 2.7 5.15 6.95 1410 1.1
7.4 5.07 6.92 1390 1.1
13.4 4.85 7.18 1550 1.2


4 0.6 4.40 7.94 2100 1.0
V IP0


H =2088 M3 1.1 4.37 7.94 2100 1.0
2.6 4.26 7.98 2130 1.0
25.0 3.82 8.39 2470 1.2


5 0.1 5.91 6.06 932 1.0
V IP0


H =899 M3 0.2 5.76 6.18 988 1.1
0.4 5.15 6.78 1300 1.5
1.0[a] 4.81 7.23 1580 1.8


6 0.1 4.72 7.34 1660 1.2
V IP0


H =1354 M3 0.3 4.26 7.81 1990 1.4
0.6 4.29 8.04 2180 1.6
1.6 3.82 8.90 2950 2.2
1.8 3.79 8.95 3000 2.2
3.9 3.39 9.89 4050 3.0
6.2 3.07 10.7 5190 3.8
8.5[a] 2.82 11.6 6570 4.9


7 0.1 4.14 8.28 2380 1.1
V IP0


H =2158 M3 0.5 3.76 8.91 2960 1.4
1.1 3.45 9.73 3860 1.8
3.0 3.01 10.9 5420 2.5
6.6 2.69 12.3 7795 3.6
7.1 2.55 12.5 8160 3.8
11.7 2.26 14.0 11 600 5.4


ACHTUNGTRENNUNG[D12]cyclohexane
6 0.04[a] 0.27 8.82 2870 2.1


7 0.05 0.21 11.2 5910 2.7
0.90 0.15 15.4 15 400 7.1
1.60 0.13 18.2 25 200 11.7
2.47 0.12 19.8 32 700 15.2
4.75 0.10 22.8 49 800 23.1
11.8 0.08 28.3 94 700 43.9
19.0 0.07 32.3 14 1000 63.3
23.2 0.06 33.8 16 2000 75.0


[a] Saturated solution.


Figure 2. Trends of the aggregation number (N) as a function of the con-
centration (c) in [D6]benzene showing the markedly different self-aggre-
gating behavior of ISIPs and OSIPs.


Figure 3. Trends of the aggregation number (N) as a function of the con-
centration (c) for OSIP 7 showing its markedly different tendency to self-
aggregate in [D6]benzene (&) and [D12]cyclohexane (*).
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tion).[14,17] The K and DG0 values for the self-aggregation
process of 5–7 OSIPs in [D6]benzene and 7 in
[D12]cyclohexane are reported in Table 2. In agreement with


the above qualitative considerations, K and DG0 for 5–7 in
[D6]benzene are the same within the experimental error
(Table 2). In contrast, there is a considerable increase of K
and jDG0 j for 7 OSIP on passing from [D6]benzene to
[D12]cyclohexane (Table 2). It can be estimated that with a
K=1.11 N 105


m
�1 there is a notable concentration of ion


quadruples and higher aggregates (up to 40 %) even at con-
centrations between 10�5 and 10�6


m.
In conclusion, we have shown that the presence of an ali-


phatic chain of variable length, that mimics the growth of a
polymer chain, does not alter the intrinsic tendency of a zir-
conocenium ion pair to self-aggregate. This is substantially
due to the fact that anion position is not affected by the
length of the chain. The presence of the aliphatic chain al-
lowed an unprecedented investigation of the tendency of zir-
conocenium ion pairs to self-aggregate in cyclohexane
having an er value less than benzene and similar to those of
isoparaffins used in industrial plants. Although the variation
of er is marginal, the results of the PGSE measurements in-
dicate that the tendency to self-aggregate results enhanced
enormously to the point that the percentage of ion quadru-
ples is noticeable even at the concentration level used in the
olefin polymerizations. Hence, ion quadruples are thermody-
namically accessible species in aliphatic solvents with low
polarity; further studies will have to be conducted in order
to establish their kinetic relevance.
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Table 2. Thermodynamic parameters for the self-aggregation of 5–7 in
[D6]benzene and 7 in [D12]cyclohexane.


Compound K [m�1] DG0 [kJ mol�1]


[D6]benzene
5 1482�200 �18.09�0.30
6 1492�30 �18.10�0.05
7 1479�42 �18.08�0.07
ACHTUNGTRENNUNG[D12]cyclohexane
7 111200�8500 �28.79�0.20
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Highly Enantioselective Synthesis of N,N-Dialkylbenzamides with Aryl–
Carbonyl Axial Chirality by Rhodium-Catalyzed [2+2+2] Cycloaddition


Takeshi Suda,[a] Keiichi Noguchi,[b] Masao Hirano,[a] and Ken Tanaka*[a]


2,6-Disubstituted N,N-dialkylbenzamides are known to
exist as atropisomers due to the high rotational barrier
around the aryl–carbonyl single bond.[1] Their interesting
atropisomerism[1] and considerable utility as chiral re-
agents[2] have prompted organic chemists to explore their
asymmetric synthesis.[3–7] Kinetic resolution by Sharpless di-
hydroxylation,[3] and dynamic kinetic resolution of racemic
2-formylnaphthamides by the reaction with a chiral diamine
or an amino alcohol[4] and the proline-catalyzed aldol reac-
tion[5] have been employed as resolution methods. The ste-
reoselective alkylation of an enantiopure planar chiral (2-
methyl-N,N-diethylbenzamide)chromium complex was re-
ported as a diastereoselective method,[6] and the enantio-
ACHTUNGTRENNUNGselective deprotonation of a (2,6-dimethyl-N,N-diethylbenz-
ACHTUNGTRENNUNGamide)chromium complex[6] and N,N-dialkyl-1-naphth-
ACHTUNGTRENNUNGamides (Scheme 1)[7] with a stoichiometric amount of chiral
lithium amide followed by alkylation has been used as an
enantio ACHTUNGTRENNUNGselective method. However, the straightforward cata-
lytic enantioselective method has not been realized to date.
Furthermore, N,N-dialkylbenzamides bearing a sterically de-
manding ortho substituent, which possess highly stable axial
chirality, are difficult to prepare by existing methods. Re-
cently, we reported the enantioselective synthesis of axially
chiral compounds by cationic rhodium(I)/modified-binap-
catalyzed [2+2+2] cycloadditions.[8,9] Herein, we report the
first catalytic enantioselective construction of the aryl–car-
bonyl axial chirality of N,N-dialkylbenzamides in high yields


with outstanding enantiomeric excesses (>99% ee) by aro-
matization through a cationic rhodium(I)/segphos- or binap-
catalyzed [2+2+2] cycloaddition of 1,6-diynes with N,N-
dialkylalkynyl ACHTUNGTRENNUNGamides (Scheme 1).


We first investigated a rhodium-catalyzed [2+2+2] cyclo-
addition of malonate-derived 1,6-diyne 1 a with N,N-diiso-
propylalkynylamide 2 a bearing a sterically demanding 2-me-
thoxypropyl group at an alkyne terminus by employing vari-
ous axially chiral biarylbisphosphine ligands (Table 1). We
were pleased to find that the reactions proceeded to give
the desired axially chiral benzamide (�)-3 aa with excellent
ee, and high yield of 3 aa was achieved by using binap or
segphos as a ligand (Table 1, entries 1 and 4). When a solu-
tion of 1 a in CH2Cl2 was added to a solution of 2 a and Rh
catalyst in CH2Cl2, the yields of 3 aa were improved further
(Table 1, entries 5 and 6).


Thus, the scope of this cycloaddition was examined with
respect to N,N-dialkylalkynylamides (Table 2, entries 1–7).
Not only sterically demanding diisopropylamide (2 a,
Table 2, entry 1) but also diethylamide (2 b, Table 2,
entry 2), dimethylamide (2 c, Table 2, entry 3), and 1-piperi-
dinylamide (2 d, Table 2, entry 4) furnished the correspond-
ing benzamides with stable axial chirality in high yields with
excellent ee values. Furthermore, the reactions of not only
2-methoxypropyl (2 a) but also tertiary (2 e, Table 2,
entry 5),[10] secondary (2 f, Table 2, entry 6), and primary
(2 g, Table 2, entry 7) alkyl-substituted alkynylamides gave
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Scheme 1. Enantioselective synthesis of N,N-dialkylbenzamides with
aryl–carbonyl axial chirality.
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the corresponding benzamides with stable axial chirality in
high yields with excellent ee values. In the case of the alky-
nylamides 2 a-e bearing tertiary substituents at an alkyne
terminus, segphos is a suitable ligand (Table 2, entries 1–5).
On the other hand, binap is a suitable ligand for the alkynyl-
ACHTUNGTRENNUNGamides 2 f and 2 g bearing a secondary or primary substitu-
ent at an alkyne terminus (Table 2, entries 6 and 7).


The generality of this cycloaddition was subsequently ex-
amined with respect to 1,6-diynes. Thus, tosylamide- (1 b,
Table 2, entry 8) and ether-linked (1 c, Table 2, entry 9)[10]


1,6-diynes could participate in this reaction to give the cor-
responding axially chiral benzamides in high yields with ex-
cellent ee values. The methyl group at the ortho position of
N,N-dialkylbenzamides is necessary to construct the stable
axial chirality. Although the reaction of terminal 1,6-diyne
1 d with 2 a furnished the corresponding benzamide 3 da in
good yield, 3 da does not possess stable axial chirality at
room temperature despite of the sterically demanding sub-
stituents on the nitrogen atom and at the ortho position
(Scheme 2).[11] Next, the reaction of a N,N-dialkylalkynylamide bearing a


2-substituted phenyl group at an alkyne terminus with a 1,6-
diyne was examined, which would construct both aryl–car-
bonyl and aryl–aryl axial chiralities in a single step
(Scheme 3).[12] We were pleased to find that alkynylamide
2 h bearing a o-tolyl group at an alkyne terminus reacted
with 1,6-diyne 1 c in the presence of the RhI+/(S)-binap cata-
lyst to give the corresponding axially chiral biarylbenzamide
(�)-3 ch in high yield with excellent enantio- and diastereo-
selectivity.[10] Similarly, the reaction of 2-bromo-substituted
alkynylamide 2 i also provided the corresponding axially


Table 1. Screening of ligands for Rh-catalyzed enantioselective synthesis
of axially chiral N,N-dialkylbenzamide 3aa.[a]


Entry Ligand Time [h] Yield [%][b] ee [%]


1 (S)-binap 1 80 >99
2 (S)-tol-binap 5 70 >99
3 (S)-H8-binap 1 59 98
4 (S)-segphos 1 82 >99
5[c] (S)-binap 1 84 >99
6[c] (S)-segphos 3 90 >99


[a] [Rh ACHTUNGTRENNUNG(cod)2]BF4 (0.0050 mmol), ligand (0.0050 mmol), 1a (0.10 mmol),
2a (0.11 mmol, 1.1 equiv), and CH2Cl2 (1.5 mL) were used. A solution of
1a and 2 a was added to a solution of Rh catalyst. [b] Yield of isolated
product. [c] A solution of 1a was added to a solution of 2 a and Rh cata-
lyst.


Table 2. RhI+/segphos- or binap-catalyzed enantioselective synthesis of
axially chiral N,N-dialkylbenzamides 3.[a]


Entry Diyne 1 Monoyne 2 Product 3/ Yield [%][b] ,ee [%]


1 1 a (E=CO2Bn) 2a (R= iPr) (�)-3 aa 92,>99
2 1 a (E=CO2Bn) 2b (R=Et) (�)-3 ab 94,>99
3 1 a (E=CO2Bn) 2c (R=Me) (+)-3 ac 90,>99


4 1 a (E=CO2Bn) 2d (�)-3 ad 98,>99


5[c] 1 a (E=CO2Bn) 2e (�)-3 ae 90,>99


6[d] 1 a (E=CO2Bn) 2 f (+)-3 af >99,>99


7[d] 1 a (E=CO2Bn) 2g (+)-3 ag 96,>99


8[e] 1 b (Z=NTs) 2a (�)-3 ba 85,>99
9[c] 1 c (Z=O) 2a (�)-3 ca 81,>99


[a] Reactions were conducted by using [RhACHTUNGTRENNUNG(cod)2]BF4 (0.0075 mmol),
(S)-segphos (0.0075 mmol), 1 (0.15 mmol), 2 (0.165 mmol, 1.1 equiv), and
CH2Cl2 (2.0 mL) at room temperature for 1 h. [b] Yield of isolated prod-
uct. [c] 2 : 2 equiv. [d] Ligand: (S)-binap. [e] CH2Cl2: 1.5 mL.


Scheme 2. RhI+/segphos-catalyzed reaction of terminal 1,6-diyne 1d with
monoyne 2a.
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chiral biarylbenzamide (�)-3 ci with excellent enantio- and
diastereoselectivity.[10] The absolute configuration of (�)-3 ci
was determined to be (S,S) by the anomalous dispersion
method (Figure 1).[13]


Finally, the rate of racemization of these new axially
chiral N,N-dialkylbenzamides was investigated at 80 8C in
(CH2Cl)2 (Table 3).[14, 15] The effect of the substituents on the
nitrogen center was examined, which revealed that the rates
of racemization of N,N-dimethylamide (3 ac, Table 3,
entry 3) and 1-piperidinylamide (3 ad, Table 3, entry 4) are
higher than those of N,N-diisopropylamide (3 aa, Table 3,
entry 1) and N,N-diethylamide (3 ab, Table 3, entry 2). The
effect of the ortho substituents was also examined, which re-
vealed that ortho-(2-methoxypropyl)benzamide (3 aa,
Table 3, entry 1) and ortho-(tert-butyl)benzamide (3 ae,
Table 3, entry 5) possess highly stable axial chirality, whereas


ortho-(isopropyl)benzamide (3 af, Table 3, entry 6) was grad-
ually racemized and ortho- ACHTUNGTRENNUNG(n-butyl)benzamide (3 ag,
Table 3, entry 7) was completely racemized after 24 h. Thus,
the substituents on the nitrogen center and at the ortho posi-
tion of N,N-dialkylbenzamides significantly affect the ther-
mal stability of axially chirality.


In conclusion, we have developed the first catalytic enan-
tioselective synthesis of axially chiral N,N-dialkylbenzamides
in high yields with outstanding ee values (>99% ee) by a
cationic rhodium(I)/segphos- or binap-catalyzed [2+2+2] cy-
cloaddition of 1,6-diynes with N,N-dialkylalkynylamides.
Furthermore, the use of N,N-dialkylalkynylamides bearing a
2-substituted phenyl group at an alkyne terminus successful-
ly constructed both aryl–carbonyl and aryl–aryl axial chirali-
ties with excellent enantio- and diastereoselectivity. Utiliza-
tion of these new axially chiral N,N-dialkylbenzamides for
chiral reagents is currently underway in our laboratory.


Experimental Section


Typical procedure for Rh-catalyzed [2+2+2] cycloaddition (Table 2,
entry 1): A solution of (S)-segphos (4.6 mg, 0.0075 mmol) in CH2Cl2
(0.5 mL) was added to a solution of [Rh ACHTUNGTRENNUNG(cod)2]BF4 (3.0 mg, 0.0075 mmol)
in CH2Cl2 (0.5 mL) at room temperature, and the mixture was stirred for
5 min. The resulting solution was stirred under H2 (1 atm) at room tem-
perature for 1 h, concentrated to dryness, and dissolved in CH2Cl2
(0.5 mL). To this solution was added a solution of 2 a (37.2 mg,
0.165 mmol) in CH2Cl2 (0.5 mL). Then a solution of 1 a (58.3 mg,
0.15 mmol) in CH2Cl2 (1.0 mL) was added dropwise over 5 min at room
temperature. The solution was stirred at room temperature for 1 h. The
resulting solution was concentrated and purified by silica gel chromatog-
raphy (hexane/EtOAc=5:1–2:1), which furnished (�)-3 aa (85.1 mg,
0.139 mmol, 92% yield,>99% ee) as a pale yellow oil.
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H2 Adsorption in Metal-Organic Frameworks:
Dispersion or Electrostatic Interactions?


Agnieszka Kuc,[a, b] Thomas Heine,*[b] Gotthard Seifert,[a] and H0lio A. Duarte[c]


Materials to store molecular hydrogen for mobile applica-
tions have been intensively studied over the past years. In
summary, two storage mechanisms have been proposed:
chemisorption (e.g. metal hydrides,[1,2] aminoboranes[3]), and
physisorption in nanoporous materials.[4–6] In contrast to
most hydride storage media, materials physisorbing H2 offer
reversible (un)loading processes without intensive external
heating or cooling. As H2 is a nonpolar molecule, the two
principal contributions to the adsorption energy are weak
London (dispersion) interactions (LDI) and interactions due
to the electrostatic potential of the host material. LDI
depend on the polarisability of the host material and on the
distance between H2 and the host surface. Therefore, sys-
tems designed for H2 storage should be highly polarisable
and have a large specific surface area with favourable pore
sizes of ~0.6 nm.[6–8] Graphitic (sp2) carbon structures (gra-
phene slit pores,[8] carbon nanotubes,[9] fullerenes[10] and
more advanced materials (C60 intercalated graphite,[11] hon-
eycomb graphite[12,13] etc.)) belong to this group.


However, with none of them the 2010 goal of the US De-
partment of Energy (6 wt.% of stored H2 and 45 gL�1 volu-
metric density)[14] could be reached for moderate pressure
and ambient temperature.[15,16] Higher H2 adsorption capaci-
ties might be possible if attractive electrostatic interactions
are introduced by a non-negligible charge separation in the
host. One of the most promising materials with these prop-


erties are metal-organic frameworks (MOFs, see Fig-
ure 1a),[17,18] a family of nanoporous materials that are built
of well-defined building blocks, polar metal oxide centers
(connectors) and nonpolar organic linkers containing aro-
matic carbons. As it is possible to tailor their chemical com-
position and pore size distribution, many potential applica-
tions have been proposed for MOFs, among them H2 stor-
age.[19–21]


It has been shown experimentally that some MOFs show
indeed excellent storage capacities for H2.


[21,22] It is, howev-
er, unclear, which underlying mechanism is responsible for
this property. To tune the capability of MOFs to store H2


the fundamental interactions leading to the adsorption have
to be well understood. So far, it is not clear which interac-
tion (LDI or electrostatics, for certain connectors possibly
even chemisorption) is responsible for the H2 adsorption in
MOFs. Experimental evidence[21–24] emphasizes that the
strongest H2 adsorption sites are close to the metal oxide
connectors, which is interpreted such that M�O (M=Zn,
Cu, Mg, etc.) dipoles are most effective in polarizing the gas
molecules and lead to strong interactions.[21–24] There is no
consensus in the interpretation of the adsorption mecha-
nism; the quantification of the adsorption energy depends
on various variables and is matter of discussion, but low-
energy adsorption sites have been identified in agreement
between experiment and theory.[24] It is important to obtain
the host–guest potential theoretically, as it cannot be ac-
cessed experimentally due to the complex nature of the in-
teraction. Also, the theoretical determination is not straight-
forward: So far, severe approximations had to be made in
all theoretical approaches, and no final conclusion on the in-
teraction mechanism could be drawn from their results:
Either, an extended model for the MOF/H2 system was
made, but the interaction energy has been calculated using
density-functional theory (DFT)[24–30] which is well-known to
fail to describe LDI.[31–33]


The second approach is to reduce the MOF structure to
model clusters (MOF connectors and linkers); however, the
host–guest interaction is treated at higher computational
level, most commonly using MP2 theory, as it is the compu-
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tationally most inexpensive ab initio method which includes
LDI.[34–39] Even for the model calculations with ab initio
methods, reported adsorption energies are not in agreement.
In consensus, the interaction energy of H2 with the organic
linkers has been determined to be 3.5–5 kJmol�1,[26,35,37, 40]


but values reported for the interaction energy of H2 with the
zinc oxide based IRMOF-1 connector vary between 2 and
7 kJmol�1.[34,37]


The aim of this work is to qualitatively understand the
role of the fundamental non-bonding interactions between
H2 and MOFs, LDI and electrostatic interactions between
the polar host and the quadrupole moment and induced
dipole moment of H2. Furthermore, we want to resolve the
discrepancy of the results found in the literature. The results
will allow a more detailed understanding in the host–guest
interactions of MOF–H2 systems and possibly suggest better
strategies to optimize the H2 storage capacity in MOFs. We
have chosen the most widely investigated MOF, IRMOF-
1,[18] as a benchmark system.


Figure 1 shows the model structures used to represent the
building blocks of the IRMOF-1 crystal, the Zn4OACHTUNGTRENNUNG(HCO2)6


(Figure 1b) molecule as a connector and benzene-1,4-dicar-
boxylate, C6H4ACHTUNGTRENNUNG(COOH)2 (Figure 1c) as a linker. The impor-
tant high-symmetry adsorption sites, known from neutron
scattering experiments,[23,24] are indicated in Figure 1a. All
model structures have been optimized at the B3LYP/6-
31G(d) level as implemented in Gaussian03;[41–44] the Carte-
sian coordinates are given in Table S1a–c in the Supporting
Information.


The interaction of H2 with polyaromatic hydrocarbons has
been studied intensively,[7,45,46] and there is general agree-
ment that correct interaction energies can only be obtained
if calculations include explicit treatment of correlation, for
example, on the basis of second order Møller–Plesset (MP2)
perturbation theory, employ at least moderately large basis
sets and are corrected for basis set superposition errors
(BSSE).[47] As discussed in SI, these findings apply also for
MOF linkers, which can be treated with good accuracy at
the MP2/cc-pvTZ level, while the application of HF or DFT


(LDA, PBE or B3LYP func-
tionals) is not sufficient for this
type of interaction (see Fig-
ure S2, Supporting Informa-
tion).


The interaction of H2 with
the metal oxide part is, howev-
er, less precisely investigated.
The computational protocol to
treat the interaction between
MOF connectors and H2 has
been developed as discussed in
the Supporting Information,
see text and Figures S1–S3,
and will be part of a more de-
tailed publication.[48]


A major question to be an-
swered in this work is to attri-


bute the interaction energy of MOFs to LDI and to electro-
static interactions. The LDI between two separated particles
is essentially the intermolecular correlation energy. As Har-
tree–Fock (HF) does not include electron correlation, but
correctly accounts for electrostatics (including dipole inter-
actions induced by charge distributions) and Pauli repulsion,
the LDI can be estimated by comparing HF and MP2 inter-
molecular interaction energies.


The interaction energies of H2 with various adsorption
site models of IRMOF-1 (I to VII from Figure 2) as function
of the H2–host distance are shown in Figure 3. The H2–
linker interaction (Figure 3a) is very similar to that of H2


with benzene.[7,46] The intermolecular distance is 3.2 O, the
strongest interaction is 3.5 kJmol�1 and found if H2 points to
the ring center of the linker in perpendicular orientation (I).
For orientations of H2 parallel to the ring (II, III), the inter-
action is 1 kJmol�1 weaker, but the intermolecular distance
(see Figure 3 and S4) is about the same. As there is no at-
traction found at the HF level (Figure 3c) this interaction is
purely LDI. There are more adsorption sites of H2 at the
linker (see, e.g., the e site in Figure 1), but they show a sig-
nificantly lower interaction energies (1.4 kJmol�1, see
Table S2). However, as many of these sites present in
IRMOF-1 and LDIs are essentially additive they probably
also contribute to the high H2 adsorption capacities reported
in experiments.[20,21,49] For adsorption sites VI and VII,
where Zn is closest to H2, the interaction energy depends on
the orientation of the guest molecule (Figure 3b). The stron-
gest interaction is found for H2 perpendicular to the central
Zn�O bond, that is, parallel to the “cluster surface”. The
distance between the molecular center of H2 and the closest
Zn atom is 3.1 O and the interaction energy is 3.1 kJmol�1,
which is 0.3 kJmol�1 less than for the linker. The interaction
is independent on the azimutal orientation of H2 to the Zn–
O axis (see Table S3). Remarkably, the interaction is much
weaker, that is only 1.3 kJmol�1, for the parallel orientation
of H2 to the central Zn�O bond. The minimum is found for
a distance of 4.0 O from Zn, more than 1 O longer than for
the perpendicular orientation. Note that if H2 is rotated by


Figure 1. Adsorption sites considered within the IRMOF-1 unit cell (a) and the used model systems: (b) the
connector, Zn4O ACHTUNGTRENNUNG(HCO2)6, and (c) the linker, C6H4 ACHTUNGTRENNUNG(COOH)2.
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908 at the equilibrium distance in complex VI one obtains
complex VII, which has a repulsive H2–host interaction at
this intermolecular distance. This does not allow a stable
configuration of the complex for rotating H2 and we con-
clude that this site does not contribute significantly to the
H2 storage capacity even at moderately low temperatures.


To explain the role of surface polarization for the electro-
static attraction of H2 we evaluated the induced dipole
moment on H2 when it is physisorbed at the cluster model
(VII). For comparison, we calculated the same quantity for
a strongly polarized H2 molecule in a fictitious linear Na+–
H2–Cl� complex, where Na+ and Cl� are placed on opposite
sites of hydrogen at distances of 3.2 O from the H2 center.
Dipole moment components have been estimated using the
point charge approximation employing Mulliken and Natu-


ral Bond Orbital (NBO) charges. For the Na+–H2–Cl�


model the dipole moment component at H2 is 0.73 (0.97)
Debye using the NBO (Mulliken) charges. This value nearly
vanishes (0.02 (0.04) Debye) for the MOF connector, con-
firming that MOF fragments are not polar enough to intro-
duce a tangible electrostatic interaction with H2.


Finally, we calculated the interaction of H2 placed in a
pocket of three surrounding Zn atoms and carboxyl groups
(see Figure 3, IV and V). In model IV, H2 fits very well into
the pocket, with various interatomic distances of 3.0–3.7 O
between hydrogens and their surrounding heavier atoms,
and consequently we find the strongest interaction energy
for this site, 5.1 kJmol�1. As for the other binding sites of H2


with the connector, the interaction energy is lowered signifi-
cantly if the orientation of H2 is changed, as now only one
H-atom has many close contacts to the host structure. For
this site (model V) we estimate only 2.5 kJmol�1.


In conclusion, our calculations show that the physisorp-
tion of H2 in MOFs is mainly due to London dispersion be-
tween linkers and connectors with hydrogen. Host–guest in-
duced electrostatic interactions are unimportant, as the
charge separation in the MOF is not large enough to induce
significant dipole moments in H2. We pointed out that cor-
rect application of theory is essential for the assessment of
H2–MOF interaction potentials: If they are treated at a
quantummechanical level electron correlation has to be ac-
counted for, the basis set size needs to be sufficient and
basis set superposition errors need to be corrected. DFT-
based methods with presently available functionals do not
qualify due to their deficiency to treat LDI. Model clusters
need to have a reasonable size. For our model connector
and linker we find similar interaction energies for some ad-
sorption sites. The strength of interaction is in qualitative
agreement between experiment[23,24] and our calculations:
both find the strongest interaction for a site, with the se-
quence a > b > d @ e (Figure 1).


In solid MOF-5, the long-ranged interaction potential of
the nanopores will superpose and stronger interaction with
H2 is expected. We interpret the property of metal organic
frameworks to physisorb H2 strongly to their nanoporosity,
which can be tuned to maximize the interaction. We expect
the highest storage capacity for those MOFs where the pore
size is optimized to similar values known for other nanopo-
rous materials (~0.6 nm).[6] These expectations are in line
with recent calculations of Frost et al. who reported that H2


storage capacities in MOFs are proportional to adsorption
energies for low loadings, while they correlate with surface
area for high loadings.[50] We are working on a parameteriza-
tion of the interaction potential of H2 with MOFs which will
allow to estimate the free energy and the amount of hydro-
gen uptake using quantum liquid density-functional theory.
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Selective Ruthenium-Catalyzed Hydration of Nitriles to Amides in Pure
Aqueous Medium Under Neutral Conditions


Victorio Cadierno,* Javier Francos, and Jos/ Gimeno*[a]


Hydration of nitriles to generate the corresponding
amides is an important transformation from both academic
and industrial points of view. Amides not only constitute
versatile building blocks in synthetic organic chemistry,[1]


but also exhibit a wide range of industrial applications[2,3]


and pharmacological interest.[4] Nitrile hydration can be con-
ventionally achieved in the presence of strong acid or base
catalysts,[1,5] but major drawbacks of these classical methods
are: 1) the harsh conditions usually required which pre-
cludes the presence of sensitive functional groups, and 2)
the reactions are difficult to stop at the amide stage and fur-
ther hydrolysis to the carboxylic acid often takes place, es-
pecially in basic media (see Scheme 1). Moreover, from an


industrial perspective, the final neutralization step, either in
the acid- or base-catalyzed reactions, leads to extensive salt
formation with inconvenient product contamination and pol-
lution effects.


Extreme acidity and basicity can be avoided by using
transition-metal complexes. Activation of the C�N bond
occurs through coordination to the metal atom, thus enhanc-
ing the rate of the hydration step.[6,7] However, despite the
high number of metal-mediated hydration of nitriles report-


ed to date, only a few complexes can act as selective cata-
lysts to form amides.[6] Relevant examples, among others,
are: the Murahashi2s ruthenium dihydride [RuH2ACHTUNGTRENNUNG(PPh3)4],


[8]


the Parkins2s platinum hydride [PtH ACHTUNGTRENNUNG(PMe2OH)-
ACHTUNGTRENNUNG{(PMe2O)2H}],[9] the acetylacetonate complex cis-[Ru-
ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(PPh2py)2] (py=pyridyl)[10] and the recently described
RhI-based system [{Rh ACHTUNGTRENNUNG(m-OMe)ACHTUNGTRENNUNG(cod)}2]/PCy3 (cod=1,5-cy-
clooctadiene, Cy=cyclohexyl),[11] all of them showing a re-
markable activity. In contrast to these catalytic processes
performed in organic solvents, and despite the growing in-
terest to develop environmentally benign and safety process-
es, metal catalysts able to promote such a transformation in
pure aqueous media are much scarcer (water is one of the
best choices to replace organic solvents because of its low
cost, availability, and nontoxic nature).[12,13] Moreover, the
practical application of these homogeneous catalysts, includ-
ing rhodium,[14] palladium,[15] iridium,[16] molibdenum,[17]


nickel,[18] and zinc[19] complexes,[20] shows serious drawbacks
mainly due to their low activities and very limited scope of
the substrates.


All these facts prompted us to search for more efficient
and versatile catalysts. Thus, following with our interest in
ruthenium-catalyzed reactions in aqueous media,[21] herein
we report that the readily available[22] and water-soluble
ruthenium(II) complexes [RuCl2ACHTUNGTRENNUNG(h


6-arene)ACHTUNGTRENNUNG(PTA)] (2a–d ;
PTA=1,3,5-triaza-7-phosphaadamantane), [RuCl2ACHTUNGTRENNUNG(h


6-
arene) ACHTUNGTRENNUNG(PTA-Bn)] (3a–d ; PTA-Bn=1-benzyl-3,5-diaza-1-
azonia-7-phosphaadamantane chloride), [RuCl2ACHTUNGTRENNUNG(h


6-arene)-
ACHTUNGTRENNUNG(DAPTA)] (4a–d ; DAPTA=3,7-diacetyl-1,3,7-triaza-5-
phosphabicycloACHTUNGTRENNUNG[3.3.1]nonane) and [RuCl2ACHTUNGTRENNUNG(h


6-arene)-
ACHTUNGTRENNUNG(TPPMS)] (5a–d ; TPPMS=meta-sulfonatophenyl)diphenyl-
phosphane sodium salt)can be used as catalysts for the hy-
dration of nitriles in pure aqueous media and under neutral
conditions. Among them, the hexamethylbenzene derivative
[RuCl2ACHTUNGTRENNUNG(h


6-C6Me6) ACHTUNGTRENNUNG(PTA-Bn)] (3d) has shown a remarkable
activity and an unprecedented tolerance to functional
groups.[23]


Firstly, the hydration of benzonitrile was studied as a
model reaction. Thus, in a typical experiment, the ruthenium
precursor (5 mol% of Ru) was added to a 0.33m aqueous
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Scheme 1. Nitrile hydration and amide hydrolysis reactions.
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solution of benzonitrile at 100 8C, the course of the reaction
being monitored by gas chromatography. The results are
summarized in Table 1.


All the complexes checked were found to be active and
selective catalysts in the hydration process providing benz-
ACHTUNGTRENNUNGamide as the unique reaction product (benzoic acid was not
detected by GC in the crude reaction mixtures). As shown
in the table, no direct solubility/activity relationship was ob-
served. Interestingly, the nature of the phosphine ligand
played a crucial role on the efficiency of the process. Thus,
the best results were obtained using complexes 2,3,4a–d, all
bearing a nitrogen-containing ligand (PTA, PTA-Bn or
DAPTA), which led to benzamide in almost quantitative
yield (�98%) after 2–19 h (entries 1–12). Among them, the


highest rate was achieved with the hexamethylbenzene de-
rivative 3d (turnover frequency (TOF)=9.9 h�1; entry 8). In
contrast, with the sulfonated species 5a–d longer reaction
times (48 h) were required to attain good conversions (69–
93% yield; entries 13–16). This seems to indicate that nucle-
ophilic attack of water on the metal-coordinated nitrile may
be facilitated by hydrogen bonding with the nitrogen-con-
taining ligands.[24,25] It is worth noting that within the four
series of catalysts studied, appreciable differences in activity
were observed in function of the arene ligand used. The rate
order observed, that is, C6Me6>1,3,5-C6H3Me3>p-cymene>
C6H6, indicates clearly that higher performances are found
for the more sterically demanding and electron-rich arenes.


The most active complex, that is, 3d, was found to be an
efficient catalyst for the selective hydration of a large
number of other nitriles, proving the wide scope and syn-
thetic utility of this catalytic transformation. Thus, as ob-
served for benzonitrile, other aromatic and heteroaromatic
substrates could be selectively transformed into the corre-
sponding amides regardless of their substitution pattern and
electronic nature (see Table 2). The reactions, which were
all performed with a 5 mol% catalyst loading, led to the de-


Table 1. Ru-catalyzed hydration of benzonitrile to benzamide in water.[a]


Entry Catalyst S [mgmL�1][b] t [h] Yield [%][c] TOF [h�1][d]


1 2a 50.0 9 98 2.2
2 2b 10.1 8 99 2.5
3 2c 33.3 5 99 4.0
4 2d 9.1 4 99 5.0
5 3a 16.0 10 99 2.0
6 3b 12.5 4 99 5.0
7 3c 13.5 4 99 5.0
8 3d 25.0 2 99 9.9
9 4a 6.3 19 99 1.0


10 4b 6.3 9 98 2.2
11 4c 9.0 8 98 2.5
12 4d 8.3 9 98 2.2
13 5a 6.3 48 69 <1
14 5b 5.0 48 81 <1
15 5c 10.0 48 85 <1
16 5d 5.6 48 93 <1


[a] Reactions performed under N2 atmosphere at 100 8C using 1 mmol of
benzonitrile (0.33m in water). [Substrate]/[Ru] ratio=100:5. [b] Solubility
of the catalyst in water at 20 8C. [c] Yield of benzamide determined by
GC. [d] Turnover frequencies ((mol product/mol Ru)/time) were calculat-
ed at the time indicated in each case.


Table 2. Hydration of aromatic nitriles catalyzed by 3d in water.[a]


Entry Substrate (Ar) t [h] Yield [%][b] TOF [h�1][c]


1 Ph 2 99 (86) 9.9
2 2-C6H4F 2 99 (88) 9.9
3 3-C6H4F 2 99 (83) 9.9
4 4-C6H4F 2 98 (85) 9.8
5 2-C6H4Cl 3 97 (81) 6.5
6 3-C6H4Cl 1 98 (77) 19.6
7 4-C6H4Cl 1 98 (79) 19.6
8 2-C6H4Br 3 98 (68) 6.5
9 3-C6H4Br 1 99 (91) 19.8


10 4-C6H4Br 2 99 (89) 9.9
11 3-C6H4NO2 3 99 (82) 6.6
12 2-Me-4-C6H4NO2 4 99 (74) 5.0
13 3-C6H4Me 3 99 (78) 6.6
14 4-C6H4Me 2 98 (71) 9.8
15 2-C6H4OH 5 99 (84) 4.0
16 3-C6H4OMe 2 99 (80) 9.9
17 4-C6H4OMe 3 99 (83) 6.6
18 4-C6H4SMe 2 96 (76) 9.6
19 3-C6H4NH2 1 96 (82) 19.2
20 C6F5 1 98 (75) 19.6
21 4-C6F4NH2 3 98 (79) 6.5
22 4-C6H4C(=O)Me 3 99 (80) 6.6
23 4-C6H4C(=O)H 3 99 (83) 6.6
24 4-C6H4C(=O)OEt 1 91 (69) 18.2
25 4-C6H4C�CSiMe3 15 98 (79) 1.3
26 piperonyl 2 97 (85) 9.7
27 1-naphthyl 5 96 (89) 3.8
28 5-Me-2-furyl 3 99 (83) 6.6
29 2-Ttienyl 3 99 (81) 6.6


[a] Reactions performed under N2 atmosphere at 100 8C using 1 mmol of
the corresponding nitrile (0.33m in water). [Substrate]/[Ru] ratio=100:5.
[b] Yield of the amide determined by GC (isolated yields are given in
brackets). [c] Turnover frequencies ((mol product/mol Ru)/time) were
calculated at the time indicated in each case.
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sired products in �91% GC yield after 1–5 h. Subsequent
purification by column chromatography on silica gel provid-
ed analytically pure samples of the amides which were iso-
lated in 68–91% yield. Concerning the tolerance of func-
tional groups, this methodology is compatible with the pres-
ence of halide (entries 2–10, 20 and 21), nitro (entries 11
and 12), hydroxy (entry 15), ether (entries 16, 17, and 26),
thioether (entry 18), amino (entries 19 and 21), ketone
(entry 22), aldehyde (entry 23), ester (entry 24), and alkyne
(entry 25) substituents on the aromatic ring. Such a generali-
ty had never been demonstrated in aqueous media. Al-
though a longer reaction time was required (15 h), it is
worth noting the selective formation of 4-(trimethylsilanyl-
ACHTUNGTRENNUNGethynyl)benzamide starting from 4-(trimethylsilanylethynyl)-
benzonitrile (entry 25), since 1) no hydrolytic cleavage of
the C�Si bond took place and 2) the C�C bond remained
completely unreacted despite of the known ability of ruthe-
nium complexes to promote alkyne hydration processes.[26]


As shown in Table 3, this aqueous process is not restricted
to aromatic nitriles, the hydration of substrates containing
alkyl�CN bonds being readily (�8 h) and efficiently
(�95% GC yields) achieved under the standard reaction
conditions. Remarkably, the industrially important hydration
of acrylonitrile proceeded cleanly using 3d to afford acryl-
amide in 96% GC yield after 5 h (77% isolated yield;
entry 12).[3] Neither hydration of the carbon�carbon double
bond nor polymerization of acrylonitrile and/or acrylamide
occurred. The same behavior was also observed for the re-
lated a,b-unsaturated nitriles cis-2-pentenenitrile (entry 13),
cinnamonitrile (entry 14), and 4-chlorocinnamonitrile


(entry 15). Sulfonyl groups are also tolerated in this transfor-
mation (entry 6).


Interestingly, although water is not an ideal solvent to per-
form microwave-assisted synthesis,[27] preliminary studies
have shown that the catalytic activity of complex 3d can be


accelerated by using microwave (MW) irradiation (see
Table 4). For example, using the same substrate/Ru ratio
(100:5), a TOF value of 76.8 h�1 could be reached in the hy-
dration reaction of benzonitrile (entry 1 in Table 4) versus
9.9 h�1 under conventional heating (entry 1 in Table 2).
More interestingly, the use of MW irradiation allows the re-
duction of the catalyst loading. Thus, using only 1 mol% of
3d, benzonitrile could be transformed into benzamide in
95% GC yield after only 45 min leading to a TOF value of
126.7 h�1 (entry 3 in Table 4). Such a TOF value has never
been reached in aqueous media under neutral condi-
tions.[14–20]


In summary, a novel catalytic system for the selective hy-
dration of organonitriles to amides in aqueous media and
under neutral conditions, namely [RuCl2ACHTUNGTRENNUNG(h


6-C6Me6) ACHTUNGTRENNUNG(PTA-
Bn)] (3d), has been discovered. The following features of
complex 3d merit special mention: 1) it represents a rare ex-
ample of ruthenium species able to perform nitrile hydra-
tions in water;[23] 2) it has shown a remarkable activity,
being the most efficient catalyst reported to date in aqueous
media; and 3) it has demonstrated an unprecedented toler-
ance to functional groups. All these facts confer the synthet-
ic methodology reported herein genuine potential for practi-
cal application in organic chemistry.[28] It is also worth
noting that the effect of microwaves on the catalytic nitrile
hydration process has been explored for the first time, the
rate enhancement observed deserving a more detailed study.


Table 3. Hydration of alkyl-nitriles catalyzed by 3d in water.[a]


Entry Substrate (Alk) t [h] Yield [%][b] TOF [h�1][c]


1 n-C5H11 5 98 (83) 3.9
2 n-C6H13 8 95 (77) 2.4
3 Cy 5 98 (80) 3.9
4 CH2-4-C6H4Cl 2 97 (84) 9.7
5 CH2OPh 4 99 (90) 5.0
6 CH2SO2Ph 6 99 (87) 3.3
7 CH2NPh ACHTUNGTRENNUNG(CH2CH2OH) 6 95 (83) 3.2
8 CH2-2-Thienyl 3 99 (81) 6.6
9 ACHTUNGTRENNUNG(CH2)2Ph 3 97 (85) 6.5


10 ACHTUNGTRENNUNG(CH2)2OPh 2 99 (86) 9.9
11 ACHTUNGTRENNUNG(CH2)3Ph 5 97 (79) 3.9
12 CH=CH2 5 96 (77) 3.8
13 (Z)-CH=CHEt 3 97 (80) 6.5
14 (E)-CH=CHPh 2 95 (75) 9.5
15 (E)-CH=CH-4-C6H4Cl 2 98 (82) 9.8
16 5-norbornen-2-yl[d] 3 96 (78)[d] 6.4


[a] Reactions performed under N2 atmosphere at 100 8C using 1 mmol of
the corresponding nitrile (0.33m in water). [Substrate]:[Ru] ratio=100:5.
[b] Yield of the amide determined by GC (isolated yields are given in
brackets). [c] Turnover frequencies ((mol product/mol Ru)/time) were
calculated at the time indicated in each case. [d] Both as a mixture of the
corresponding endo and exo isomers in ca. 3:2 ratio.


Table 4. Hydration of nitriles catalyzed by 3d in water under MW irradi-
ation.[a]


Entry Substrate (R) t [min] Yield [%][b] TOF [h�1][c]


1 Ph 15 96 76.8
2[d] Ph 75 98 15.7
2[e] Ph 45 95 126.7
3 2-C6H4F 30 96 38.4
4 3-C6H4F 30 98 39.2
5 4-C6H4F 30 98 39.2
6 3-C6H4Cl 15 95 76.0
7 3-C6H4Me 30 98 39.2
8 4-C6H4Me 45 99 26.4
9 3-C6H4OMe 20 99 59.4


10 ACHTUNGTRENNUNG(CH2)2Ph 40 96 28.8
11 ACHTUNGTRENNUNG(CH2)2OPh 40 99 29.7


[a] Reactions performed under N2 atmosphere using 1 mmol of the corre-
sponding nitrile (0.33m in water). [Substrate]/[Ru] ratio=100:5. A CEM
DiscoverS S-Class microwave was used (80W, 150 8C, with cooling to op-
timize the power). [b] Yield of the amide determined by GC. [c] Turn-
over frequencies ((mol product/mol Ru)/time) were calculated at the
time indicated in each case. [d] Reaction performed at 100 8C. [e] Reac-
tion performed with a [Substrate]/[Ru] ratio=100:1.
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Efforts to assess the scope, limitations and synthetic applica-
tions of this aqueous transformation under MW irradiation,
as well as a complete mechanistic study, are now underway
in our laboratory.


Experimental Section


General procedure for the catalytic reactions : Under a nitrogen atmos-
phere, the ruthenium catalyst 3d (31 mg, 5 mol% of Ru), water (3 mL)
and the corresponding nitrile (1 mmol) were introduced into a sealed
tube and the reaction mixture stirred at 100 8C for the indicated time
(see Tables 1–3). The course of the reaction was monitored by regular
sampling and analysis by GC. After elimination of the solvent after re-
duced pressure, the crude reaction mixture was purified by column chro-
matography over silica gel using diethyl ether as eluent. The identity of
the resulting amides was assessed by comparison of their 1H and 13C{1H}
NMR spectroscopic data with those reported in the literature and by
their fragmentation in GC/MS.
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Diastereoselective Total Synthesis of (� )-Codeine


Marie Varin, Elvina Barr(, Bogdan Iorga,* and Catherine Guillou*[a]


Codeine 1 and morphine 2, the principal constituents of
opium, continue to attract the attention of organic chemists
thanks to both their biological activities and their unique
structure.[1] Their complex pentacyclic skeleton, which in-
cludes a quaternary carbon center, has stimulated extensive
efforts. To date there have been more than 20 total synthe-
ses of codeine (1), morphine (2), and thebaine (3).[2] We
were interested in the synthesis of codeine for two reasons:
first, codeine was found to be an allosteric potentiating
ligand of nicotinic receptors,[3] and second we have a general
program underway in the laboratory in which we have
shown that tricyclic spirocyclohexadienones are valuable in-
termediates for the synthesis of natural products in the
Amaryllidacea galanthamine-type, maritidine-type, and As-
pidosperma alkaloids.[4]


In an effort to develop new allosteric potentiating ligands
of nicotinic receptors with a codeine-type scaffold, we initi-
ated our own studies of a total synthesis of codeine. Herein
we disclose a total diastereoselective synthesis of (� )-co-
deine (1), which involves a new construction of the mor-
phinan skeleton. The present study provides an efficient
method for the elaboration of the quaternary carbon at


C-13 and for the highly diastereoselective introduction of
the C-14 stereogenic center of the morphinan system.


Our retrosynthetic analysis of (� )-codeine (1) is shown in
Scheme 1. Codeine could be obtained from amine inter-


mediate 4 by using an intramolecular hydroamination reac-
tion to form the D ring. Compound 4 could in turn be pre-
pared from aldehyde 5. In our synthetic pathway, we plan-
ned to use for the first time a Claisen-type rearrangement to
introduce the C-14 substituent. This type of rearrangement
applied to compound 6 would provide a precursor of the al-
dehyde 5 and control the stereochemistry of the substituent
at C-14 of 5. The tricyclic amine 6 would be obtained from
the spirocyclohexadienone 7 by a lactone ring opening with
an amine followed by a spontaneous intramolecular Michael
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Scheme 1. Retrosynthesis of (� )-codeine 1.
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addition of the resulting phenol to cyclohexadienone. Com-
pound 7 could be prepared in two steps from the ester 8 by
an intramolecular Heck reaction followed by an oxidation.


Our synthesis started with esterification of 2-iodo-6-me-
thoxyphenol (9)[5] with acid 10[6] according to a known pro-
cedure.[4a] Heck cyclization of 8 was accomplished in 67%
yield under new conditions. Indeed, in the absence of phos-
phine ligands, the reaction time for the cyclization of 8 to 11
was greatly reduced from three days[4a] to 5 h.[7] After hy-
drolysis of the dioxolane group of 11 with triphenylcarbeni-
um tetrafluoroborate,[4a] oxidation of the a,b-unsaturated
ketone function of the resulting product to the correspond-
ing dienone 7[4a] was realized in the presence of (PhSeO)2O
and NaHCO3 (Scheme 2).


The reaction of lactone 7 with N-methylbenzylamine with
concurrent amide formation and lactone ring opening af-
forded the corresponding enone, which was then reduced
with LiAlH4 to give the allylic alcohol 12 in 77% yield
(Scheme 3). With a ready access to the key tricyclic allylic
alcohol 12, we then turned our attention to the introduction
of the crucial substituent at C-14.


Several approaches have been developed to introduce this
substituent based on the intramolecular Heck reaction,[2a,e,8]


the tandem radical cyclization,[9] 1,4-addition of vinyl mag-
nesium bromide (in the presence of copper(I) bromide) to
a,b-enone,[10] CpCO-mediated [2+2+2] cyclization of func-
tionalized 4-(3-butynyl)benzofurans,[11] or by aldol condensa-
tion.[2c]


In our study, introduction of the C-14 substituent starting
from allylic alcohol 12 proved difficult. Attempts to achieve
a Claisen rearrangement on 12 under KazmaierHs,[12] Ire-
landHs,[13] or JohnsonHs[14] conditions failed.


However, we found that, under EschenmoserHs[15] condi-
tions, the C-14 substituent could be diastereoselectively in-
troduced. Heating 12 in the presence of dimethylacetamide
dimethylacetal in decalin at 215 8C afforded the expected
amide 13 (49%) and diene 14 (32%) as a by-product
(Scheme 3). In spite of numerous attemps,[16] it was not pos-
sible to reduce the amount of 14 produced.


Reduction of the amide 13 with PhSiH3 in the presence of
Ti ACHTUNGTRENNUNG(OiPr)4


[17] yielded the aldehyde 15, which upon treatment
with p-TSA in toluene furnished the amine 16 (Scheme 4).
The next step was the introduction of the allylic alcohol
function. To prevent oxidation of the nitrogen atom, the N-
benzyl group was first removed in the presence of 1-chloro-
ACHTUNGTRENNUNGethyl chloroformate to give the corresponding secondary
amine, which was then protected with TsCl to give the sulfo-
namide 17. Oxidation of 17 with SeO2 in presence of
tBuOOH in dioxane furnished the allylic alcohol 18 with in-
correct stereochemistry. The latter was thus oxidized into
the corresponding ketone 19 by reaction with Dess–Martin
periodinane. Reduction of ketone 19 proceeded stereoselec-
tively using NaBH4 in methanol to give the required alcohol
20 now having the correct stereochemistry. The final step re-
quired to construct the D ring of codeine involves a hydro-
ACHTUNGTRENNUNGamination reaction. This type of cyclization was recently ap-
plied to a precursor of codeine (using HgACHTUNGTRENNUNG(OAc)2 and then
LiAlH4) to give (+)-codeine in 17.6% yield.[2d] In our case,
we found that exposure of the sulfonamide 20 to lithium in
liquid ammonia[18] resulted in reductive cyclization to furnish
codeine (1) in satisfactory yield (51%).


In conclusion, we have achieved a diastereocontrolled
synthesis of (� )-codeine (1) from the tricyclic spirocyclo-
hexadienone 7 in 10 steps. An intramolecular Heck reaction
followed by a Claisen–Eschenmoser rearrangement, a reduc-
tive deprotection, and an intramolecular hydroamination re-
action constitute the key steps of this new total synthesis of
codeine.


Scheme 2. Synthesis of tricyclic spirocyclohexadienone 7. EDCI= 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide, DMAP=4-dimethylami-
nopyridine, dba=dibenzylideneacetone.


Scheme 3. Synthesis of amide 13.
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Scheme 4. Synthesis of (� )-codeine 1. p-TSA=p-toluenesulfonic acid.
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The arylmalonate decarboxylase (AMDase, E.C. 4.1.1.76)
from Bordetella bronchiseptica, catalyses the enantioselec-
tive decarboxylation of a-aryl-a-methylmalonates to give
optically pure a-arylpropionates (Figure 1).[1] The AMDase
is unusual amongst malonate decarboxylases as it does not
require biotin or any other co-factors for activity, and does
not involve formation of a malonyl thioester-enzyme inter-
mediate.[1d,e] The sequence of the AMDase shows similarity
to the Glu and Asp racemases.[2] It is suggested[3,4a] that two
Cys residues at the active site of the Glu racemase function
in general acid–base catalysis, abstracting the a-proton from
the Glu substrate to generate a planar enediolate intermedi-
ate which is re-protonated from the opposite face leading to
the racemate (Figure 1). The AMDase, on the other hand,
possess only one essential Cys residue (Cys188). This led to
the suggestion[1e] that the decarboxylation of the substrate 2-
methyl-2-phenylmalonate (2), catalysed by the AMDase re-
sults in an enediolate intermediate, which is protonated on
the si-face by Cys188 to form (2R)-phenylpropionate (4 ;
Figure 1).


Whilst the structure of the AMDase is unknown, a
number of crystal structures of the related Asp/Glu race-
mases are available.[4] Despite this, the mechanisms pro-
posed to date for these racemases,[3,4a] and the related AM-


Dase[1e] do not account for how the common putative ene-
diolate intermediate might be stabilised. Indeed the pKa of
the a-proton of a carboxylate anion is >29, which reflects
the instability of an endiolate dianion.[5a] Whilst the negative
charge of enediolate formed by the AMDase (Figure 1) can
be delocalised into the aryl substituent, to some extent, this
effect alone could not stabilise the dianion sufficiently to ac-
count for the high efficiency of the enzymatic decarboxyla-
tion. In the case of the mechanistically related enolase su-
perfamily the enediolate intermediates formed from abstrac-
tion of the a-proton of carboxylate substrates are stabilised
by coordination to Mg2+ .[5] The fact that the AMDase and
related Asp/Glu racemases do not require Mg2+ , or any
other co-factor, which might stabilise the postulated enedio-
late intermediate, makes them particularly intriguing en-
zymes from a mechanistic point of view. In addition to this
the homochiral carboxylic acid products of the AMDase are
also potentially valuable chiral precursors for the synthesis
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Figure 1. A) The AMDase catalyses decarboxylation of a range of aryl-
malonates (e.g. Ar=Phenyl, 2-naphthyl or 2-thienyl where R=H or
methyl). B) Proposed mechanism for racemisation of Asp and Glu, cata-
lysed by the Asp/Glu-racemase family.
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of pharmaceuticals and other products. Finally the AMDase
has also been shown to catalyse an intramolecular aldol-
type reaction, whilst site-directed mutagenesis has been
used to switch the enantioselectivity of the decarboxylase
and also to generate a new racemase activity.[6] This catalytic
plasticity therefore makes the AMDase an ideal candidate
for the rational redesign and directed evolution of new or
improved biocatalysts.


To establish the structure and mechanism of the B. bron-
chiseptica AMDase, the enzyme was overproduced in E. coli
as a C-terminal His6-fusion protein, purified by Ni-affinity
chromatography and shown to possess similar activity to the
native enzyme[1d] (Table 1). Following this, the AMDase was
crystallised and the structure was solved to 1.5 I using mul-
tiple isomorphous replacement. The structure reveals overall
similarity with the crystal structures of Asp/Glu racemases,[4]


and is most similar to Asp racemase from Pyrococcus hori-
koshii OT3[4b] (pdf code 1 JFL, Z score 14.6 with a r.m.s.d.
of 3.5 I for 192 Ca atoms). The AMDase is a tightly folded
monomer that consists of two four-stranded parallel b-sheets
each surrounded by a-helices (Figure 2A). Surprisingly, a
single phosphate molecule is tightly bound near the active
site Cys188, at the end of a solvent accessible channel locat-
ed at the end of two b-strands. Notably the phosphate O1/
O2 atoms are engaged by six hydrogen bonds of two adja-
cent oxyanion holes[7] (Figure 2B), which are described as
the “dioxyanion hole” from here on in. Kinetic studies also
show that phosphate is a weak competitive inhibitor (Ki =


8 mm) for the AMDase-catalysed decarboxylation of 2-


methyl-2-phenylmalonate (2). This suggests that the phos-
phate ion mimics the enediolate intermediate, bound to the
active site. The importance of the dioxyanion hole was also
demonstrated through site-directed mutagenesis. Previously
mutagenesis of Thr75 and Ser76 was investigated[6c] and in
addition we have subjected Tyr126 to saturation mutagene-
sis. All of the resulting mutants have been shown to be com-
pletely inactive, which supports the idea that the dioxanion
hole is essential for catalysis.


Table 1. Kinetic parameters for AMDase and related enzymes[a]


Protein (Microorganism) Km [m] kcat [s�1] kcat/Km [s�1
m
�1]


AMDase[b] 1 10.7M10�3 316 2.96M104


B. bronchiseptica KU1201 2 26.9M10�3 279 1.04M104


EAN08019.1 1 9.6M10�3 118 1.71M104


Mesorhizobium sp.BNC1 2 22.2M10�3 55.8 0.25M104


NP_888076.1 1 10.0M10�3 12.4 0.12M104


B. bronchiseptica RB50 2 - - -
ZP_00801202.1 1 123M10�3 0.26 2.1
A. metalliredigenes QYMF 2 - - -
BAA30082.1 1 41.7M10�3 0.09 2.2
P. horikoshii OT3 2 - - -
MurI (AAF25672)[c] 1 3.1M10�3 0.24 77
A. pyrophilus 2 - - -


[a] Kinetic parameters were determined spectrophotometrically, for de-
carboxylation of phenylmalonate (1) and 2-methyl-2-phenylmalonate (2),
using BTB as an indicator following methods described previously.[10]


[b] Parameters agree closely with Literature data.[1d] [c] Glutamate race-
mase activity for the MurI from Aquifex pyrophilus : Km =0.21M10�3


m,
kcat =3.30 s�1, kcat/Km =1.57M104 s�1


m
�1.


Figure 2. A) Ribbon representation of the AMDase crystal structure with phosphate (pink-red), Cys188 (yellow-blue) and b-sheets near solvent accessi-
ble channel (green). B) The AMDase active site showing the hydrogen bonding pattern observed between the O1, O2 and O3 atoms of the phosphate
and the dioxyanion hole as well as the active site Cys188 residue. The sigmaA weighted 2FoFc electron density map is contoured at 1s and shown in blue
mesh, whereas the omit map contoured at 3s for the bound phosphate is shown as a green mesh. The Cys188 is the only residue that lies outside the al-
lowed region in the Ramachandran plot. The phosphate O1 atom is within hydrogen bonding distance of the side chain of Tyr126 (2.76 I), and the
amide backbone and hydroxy side chain of Ser76 (2.88 and 2.56 I, respectively). The O2 atom of the phosphate group, on the other hand, is hydrogen-
bonded to the amide backbone of Gly189 (2.77 I) in addition to both the hydroxy group and amide backbone of Thr75 (2.65 and 2.94 I respectively).
Also, the phosphate O3 is within hydrogen bonding distance of the Cys188 (2.97 I), which presumably stabilises the conformation of the Cys residue. C)
Active site model of AMDase structure, with the 2-methyl-2-phenyl-1,1-enediolate intermediate bound. Residues of the smaller binding pocket sur-
rounding the methyl group are shown in yellow and the dioxyanion hole is shown in blue. Tyr126, which also donates one hydrogen bond to the enedi-
ACHTUNGTRENNUNGolate oxygen atom, is removed for clarity. D) Cross section of the B. bronchiseptica. AMDase active site with the substrate 2-methyl-2-phenylmalonate
bound in the active site. Solvent accessible surface is shown in grey.
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Whilst the true biological substrate for the AMDase is
not known, 2-methyl-2-phenylmalonate 2 has been widely
used as the model substrate. We therefore positioned the
proposed enediolate intermediate derived from the decar-
boxylation of this substrate into the active site of the struc-
ture (Figure 2C), using the coordinates of the O1-P-O2
atoms of the bound phosphate group to position the oxygen
atoms of the enediolate into the dioxyanion hole. In the
AMDase structure, the active site cavity volume is predomi-
nantly hydrophobic in nature and extends above the O1-P-
O2 atoms. There is relatively little space available directly
above the O1 atom, while in comparison a large cavity ex-
tending into the solvent area is available directly above O2.
This cavity is ideally shaped for binding of aromatic groups,
with the Pro14 side chain positioned approximately 8 I
away from the Gly189–Gly190 amide bond, allowing for
ideal van der Waals stacking of a flat aromatic system in be-
tween. Furthermore, the aryl side chain is orientated in such
a way that it remains co-planar with the enediolate p


system, ensuring effective delocalisation of the negative
charge which can serve to further stabilise this intermediate.
From the available active site volume, it seems the enzyme
will be able to accommodate relatively bulky ortho, meta
and para groups including a 2-naphthyl substituent, which is
in line with the previously determined substrate specificity
of this enzyme.[1] The fact that there is little space available
above O1 clearly indicates that this is most likely to accom-
modate the smaller methyl substituent. The energy-mini-
mised model of the proposed intermediate, bound in this
way (Figure 2C), positions the Cys188 thiol in close contact
(4.16 I) to the si-face of the enolate, which is consistent
with a subsequent protonation step leading to the R-config-
ured 2-phenylpropionate prod-
uct 4 (Figure 3).


Previously it was suggested,
using 13C-labeling experiments,
that decarboxylation of 2-
methyl-2-phenylmalonate (2)
catalysed by the B. bronchisep-
tica AMDase occurs through
the loss of the pro-R carboxyl-
ate with overall inversion of
configuration.[9] In a separate
series of experiments using a
more efficient 18O-labeling
strategy, vide infra, we con-
firmed this initial stereochemi-
cal assignment to be correct.
Based on this, it is possible to
position the substrate 2-methyl-
2-phenylmalonate (2) in the
active site of the AMDase
structure. With the location of
the oxygen atoms of pro-S car-
boxylate determined by their
position relative to the dioxyan-
ion hole and phenyl substituent


located in the solvent exposed pocket it is clear that the
pro-R carboxylate of the substrate would necessarily occupy
the opposite side of the active site to the Cys188 residue
(Figure 2D, see also Supporting Information). This positions
the carboxyl group tightly within the small hydrophobic
pocket made up by Leu40, Val43, Val156 and Tyr48, suggest-
ing that hydrophobic destabilisation of the pro-R carboxyl-
ate of the malonate substrate may be a necessary driving
force for decarboxylation. Presumably the neutral carbon di-
oxide that is lost in the reaction remains bound (or trapped)
within this hydrophobic pocket, as the residual electron den-
sity is delocalised into the pro-S carboxylate of the enedi-
ACHTUNGTRENNUNGolate intermediate with the build-up of negative charge
being stabilised by the dioxyanion hole (Figure 3). Thus the
AMDase is able to effect efficient decarboxylation without
co-factors or prior activation as an electron-withdrawing
thioester, simply by orientating the malonate substrate such
that one carboxy group is stabilised by an extensive H-bond-
ing network, whilst the other carboxylate is bound tightly
against a small hydrophobic pocket, deprived of any stabiliz-
ing electrostatic interactions.


Despite the significant potential of AMDases for applica-
tions in biocatalysis, only one such enzyme has been isolated
and characterised to date. Accordingly four protein sequen-
ces that show moderate to high similarity (30-52% identity)
to the AMDase (Table 1, see also Supporting Information)
and that contain a Cys residue at the same relative position
as the Cys188 in the B. bronchiseptica enzyme, were selected
from the protein databases. Genes encoding these proteins
were synthesised, cloned and overexpressed in E. coli. In ad-
dition to this, the known glutamate racemase from Aquifex
pyrophilus (MurI),[4a] which has lower sequence similarity


Figure 3. Proposed mechanism of the decarboxylation reaction catalysed by the AMDases. At the pH optimum
of the enzyme (8.0), it is predicted that the substrate 2-methyl-2-phenylmalonate will exist predominantly as
the dianion.[8] It is therefore more likely that it is the substrate pro-S-carboxylate anion rather than the proton-
ated acid that initially binds to the dioxyanion hole.
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(20% identity) to the AMDase, was also overproduced and
purified. Subsequently, apparent kinetic constants for the
AMDase activity of the purified enzymes were established
(Table 1). Notably the enzyme from Mesorhizobium sp.
BNC1, which shows highest similarity (52% identity) to the
B. bronchiseptica AMDase, showed very efficient
decarboxy ACHTUNGTRENNUNGlase activity with both phenylmalonate (1) and 2-
methyl-2-phenylmalonate (2) as substrates.


To probe the stereochemical course of the AMDase from
Mesorhizobium a stereoselective 18O-labeling approach was
developed (Scheme 1). This involved the use of porcine liver


esterase (PLE) to catalyse the hydrolysis of the diester 5,
which gave the (R)-monoester (98% ee) in agreement with
the literature.[11] The monoester was then hydrolysed with
Na18OH in H2


18O to give 2-methyl-2-phenylmalonic acid
with an 18O label in the pro-R carboxylate 6. Similarly, hy-
drolysis first with PLE in 98% H2


18O followed by saponifi-
cation with unlabeled NaOH led to the opposite enantiomer
7. The chiral malonates 6 and 7 were separately incubated
with the AMDase from Mesorhizobium and B. bronchisepti-
ca. The products of the decarboxylation were then methylat-
ed with diazomethane and analysed by GC-MS. This
showed that decarboxylation catalysed by both enzymes
occurs through the loss of the pro-R carboxylate with overall
inversion of configuration. This along with modeling studies
(see Supporting Information) suggests that the mechanisms
of the two AMDases are similar.


The other enzymes that were investigated (Table 1)
showed low to moderate decarboxylase activity with phenyl-
malonate (1), but no activity with 2-methyl-2-phenylmalo-
nate (2). Interestingly the known glutamate racemase from
Aquifex pyrophilus (MurI) is able to catalyse the decarboxy-
lation of phenylmalonate, albeit with 196-fold lower activity
than the native glutamate racemase activity. It is possible to
rationalise these results through protein sequence align-
ments (see Supporting Information). Notably, the active site
residues of B. bronchiseptica AMDase are almost entirely
conserved within the Mesorhizobium sp. BNC1 enzyme,
with a single active site Cys residue consistent with the
AMDase activity. All the other enzymes possess two Cys


residues at their putative active site, suggesting that their
natural function is as racemases. Furthermore, the dioxyan-
ion hole motifs remain closely conserved across all these en-
zymes, suggesting that all are likely to form enediolate inter-
mediates. Furthermore, an overlay of the structure of the
glutamate racemase (MurI) from Helicobacter pylori (PDB
code 2 JFX)[4c] and Enterococcus faecalis (PDB code
2 JFO)[4c] with the B. bronchiseptica AMDase reveals a simi-
lar dioxyanion hole structure binding the carboxylate of the
d-Glu substrate (Figure 4). Analysis of other racemase
structures[4] also shows the presence of similar dioxyanion
holes. This suggests that all these enzymes share a common
structural motif that serves to stabilise the enediolate inter-
mediates. Surprisingly, given the available structural data,[4]


the mechanistic role of those conserved residues that make
up the common dioxyanion holes has not been proposed
until now. Indeed, whilst single isolated oxyanion holes have
been described in many protein structures,[7] the presence of
two of these in the form of the dioxyanion hole predicted to
stabilise a high-energy enediolate type intermediates has not
been described explicitly before, as far as we are aware.
However the notable recent structure of diaminopimelate
(DAP) epimerase, despite possessing low sequence or over-
all structural similarity to the AMDase, exhibits some simi-
larity in its active site.[12] In DAP-epimerase, two a-helices
orientated towards the substrate carboxy group are also sug-
gested to stabilise the formation of an endiolate intermedi-


Scheme 1. The 18O-labeling strategy used to determine the stereochemi-
cal course of the decarboxylation of 2-methyl-2-phenylmalonic acid cata-
lysed by the AMDases from Mesorhizobium sp. BNC1 & B. bronchi-
ACHTUNGTRENNUNGseptica. PLE=porcine liver esterase.


Figure 4. A) The active site of the H. pylori Glu-racemase (MurI)[4c]


showing how the Glu-carboxylate interacts with the dioxyanion hole. The
structural water molecule (2.70 I), and the amide backbone and hydroxy
side chain of Thr72 (3.10 and 2.70 I, respectively) are all within hydro-
gen bonding distance of one oxygen atom of the carboxy group. The
other oxygen atom is hydrogen-bonded to the backbone amide of Thr182
(2.95 I) in addition to the side chain and backbone amide groups of
Asn71 (3.28 and 2.88 I, respectively). In the published structure of MurI,
the positions of N and O atoms of the amide side chain of Asn71 re-
versed, with the oxygen atom orientated towards the carboxy group.[4c]


However the resolution of this structure is 1.9 I, which precludes assign-
ment of the amide O and N atoms. B) The active site of the AMDase. C)
Overlay of the AMDase and MurI structures.
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ate. Such dipole interactions cannot occur in the AMDase,
as there are no a-helices correctly orientated relative to the
dioxyanion hole.


In summary, the first high-resolution X-ray crystal struc-
ture of a co-factor independent aryl malonate decarboxylase
(AMDase), which reveals the mechanism of this unusual
enzyme, is presented (PDB code 3DG9).[13] Notably, a
dioxy ACHTUNGTRENNUNGanion hole, a hitherto unidentified structural motif,[12]


is postulated to be critical in the stabilisation of a putative
enediolate intermediate formed during decarboxylation. Se-
quence alignments and analysis of the structures of the
mechanistically related Asp/Glu racemases suggests that
these enzymes also possess dioxyanion holes that stabilise
similar intermediates. As a result the Asp/Glu racemase also
exhibit some AMDase activity. In the mechanistically relat-
ed enolase superfamily, coordination to Mg2+ serves to sta-
bilise enediolate intermediates.[5] The results presented here
therefore suggest that nature has evolved at least two dis-
tinct solutions to the same mechanistic puzzle, which has
been a subject of considerable interest in enzymology.[5] In
addition, the structural and mechanistic insight, presented
here, provide a firm basis for engineering new decarboxylas-
es, which can provide valuable homochiral carboxylic acids
from cheap and accessible malonate precursors.[14] Moreover
it may now be possible to design mechanism-based inhibi-
tors that bind to the dioxyanion holes of the Asp/Glu race-
mases, which and are important targets for the development
of new antimicrobial agents.[4c]


Experimental Section


Full experimental details can be found in the Supporting Information.


Acknowledgements


This work is supported by BASF through the UK Centre of Excellence
in Biocatalysis (CoEBio3). D.L. is a Royal Society University Research
Fellow and an EMBO YIP. Prof. Stanley Roberts, Prof. Nicholas Turner,
and Prof. Neil Bruce are acknowledged for helpful advice and discus-
sions.


Keywords: decarboxylase · enzymes · reaction mechanisms ·
racemase · structure elucidation


[1] a) K. Miyamoto, H. Ohta, J. Am. Chem. Soc. 1990, 112, 4077–4078;
b) K. Miyamoto, H. Ohta, Biocatalysis 1991, 5, 49–60; c) K. Miya-
moto, H. Ohta, Appl. Microbiol. Biotechnol. 1992, 38, 234–238;
d) K. Miyamoto, H. Ohta Eur. J. Biochem. 1992, 210, 475–481; e) K.
Matoishi, M. Ueda, K. Miyamoto, H. Ohta, J. Mol. Catal. B 2004,
27, 161–168; f) K. Miyamoto, H. Ohta, Y. Osamura, Bioorg. Med.
Chem. 1994, 2, 469–475; g) K. J. Miyamoto, S. Tsuchiya, H. Ohta, J.
Am. Chem. Soc. 1992, 114, 6256–6257.


[2] a) K. A. Gallo, J. R. Knowles, Biochemistry 1993, 32, 3981–3990;
b) K. A. Gallo, M. E. Tanner, J. R. Knowles, Biochemistry 1993, 32,
3991–3997; c) T. Yamauchi, S. Y. Choi, H. Okada, M. Yohda, H. Ku-
magai, N. Esaki, K. Soda, J. Biol. Chem. 1992, 267, 18361–18364.


[3] a) S. Glavas, M. E. Tanner, Biochemistry 2001, 40, 6199–6204;
b) M. E. Tanner, Acc. Chem. Res. 2002, 35, 237–246.


[4] a) K. Y. Hwang, C. S. Cho, S. S. Kim, H. C. Sung, Y. G. Yu, Y. Cho,
Nat. Struct. Biol. 1999, 6, 422–426; b) L. Liu, K. Iwata, A. Kita, Y.
Kawarabayasi, M. Yohda, K. Miki, J. Mol. Biol. 2002, 319, 479–489;
c) T. Lundqvist, S. L. Fisher, G. Kern, R. H. Folmer, Y. Xue, D. T.
Newton, T. A. Keating, R. A. Alm, B. L. de Jonge, Nature 2007, 447,
817–822.


[5] a) E. A. Taylor, D. R. J. Palmer, J. A. Gerlt, J. Am. Chem. Soc. 2001,
123, 5824–5825; b) L. Song, C. Kalyanaraman, A. A. Fedorov, E. V.
Fedorov, M. E. Glasner, S. Brown, H. J. Imker, P. C. Babbitt, S. C.
Almo, M. P. Jacobson, J. A Gerlt, Nat. Chem. Biol. 2007, 3, 486–491;
Brown, H. J. Imker, P. C. Babbitt, S. C. Almo, M. P. Jacobson, J. A
Gerlt, Nat. Chem. Biol. 2007, 3, 486–491; c) J. A. Gerlt, P. C. Bab-
bitt, I. Rayment, Arch. Biochem. Biophys. 2005, 433, 59–70; d) P. C.
Babbitt, G. T. Mrachko, M. S. Hasson, G. W. Huisman, R. Kolter, D.
Ringe, G. A. Petsko, G. L. Kenyon, . Gerlt J. A. Science 1995, 267,
1159–1161; e) G. L. Kenyon, J. A. Gerlt, G. A. Petsko, J. W. Kozar-
ich, Acc. Chem. Res. 1995, 28, 178–186.


[6] a) Y. Terao, K. Miyamoto, H. Ohta, Chem. Lett. 2007, 36, 420–421;
b) Y. Ijima, K. Matoishi, Y. Terao, N. Doi, H. Yanagawa, H. Ohta,
Chem. Commun. 2005, 877–879; c) Y. Terao, Y. Ijima, K. Miyamoto,
H. Ohta, J. Mol. Catal. B 2007, 45, 15–20; d) Y. Terao, K. Miyamo-
to, H. Ohta, Chem. Commun. 2006, 34, 3600–3602.


[7] J. D. Robertus, J. Kraut, R. A. Alden, J. J. Birktoft, Biochemistry
1972, 11, 4293–4303.


[8] The first and second pKa values of 2,2-dimethyl malonic acid are
3.17 and 6.06, respectively. A more electron-withdrawing substitu-
ent, such as a phenyl group, is predicted to decrease the pKa values
slightly. See: Brown, H. C.; McDaniel, D. H.; HSfliger, O. in Deter-
mination of Organic Structures by Physical Method, ed. Braude
E. A.; Nachod, F. C. Academic Press, New York, 1955, p. 567.


[9] K. J. Miyamoto, S. Tsuchiya, H. Ohta, J. Am. Chem. Soc. 1992, 114,
6256–6257.


[10] a) L. E. Janes, A. C. Lowendahl, R. J. Kazlauskas, Chem. Eur. J.
1998, 4, 2324–2331; b) A. Banerjee, P. Kaul, R. Sharma, U. C. Bane-
rjee, J. Biomol. Screening 2003, 8, 559–565.


[11] a) P. Dominguez de Maria, B. Kossmann, N. Potgrave, S. Buchholz,
H. Trauthwein, O. May, H. Groeger, Synlett 2005, 11, 1746–1748;
b) S. Wallert, K. Drauz, G. Ian, H. Groeger, P. Dominguez De Ma-
ria, C. Bolm, Green Chem. 2005, 7, 602–605; c) M. Breznik, D.
Kikelj, Tetrahedron Asymmetry 1997, 8, 425–434.


[12] The structure of DAP epimerase shows a carboxy group of an inhib-
itor bound by a network of five hydrogen bonds at the active site.
Minor conformational changes in this structure could result in a sim-
ilar dioxyanion hole. B. Pillai, M. A. Cherney, C. M. Diaper, A. Su-
therland, J. S. Blanchard, J. C. Vederas, M. N. G. James, Proc. Natl.
Acad. Sci. USA 2006, 103, 8668–8673; A. Sutherland, J. S. Blan-
chard, J. C. Vederas, M. N. G. James, Proc. Natl. Acad. Sci. USA
2006, 103, 8668–8673.


[13] The atomic coordinates for Bordetella bronchiseptica AMDase have
been deposited in the Protein Data Bank (accession number
3DG9).


[14] There are very few non-enzymatic methods available for enantio-
ACHTUNGTRENNUNGselective decarboxylation of disubstituted malonic acids: a) M.
Amere, M.-C. Lasne, J. Rouden Org. Lett. 2007, 9, 2621–2624; b) A.
Roy, A. Riahi, F. HTnin, J. Muzart, Eur. J. Org. Chem. 2002, 3986–
3994; c) H. Brunner, M. A Baur, Eur. J. Org. Chem. 2003, 2854–
2862.


Received: May 14, 2008
Published online: June 23, 2008


Chem. Eur. J. 2008, 14, 6609 – 6613 H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6613


COMMUNICATIONMalonate Decarboxylase



http://dx.doi.org/10.1021/ja00166a076

http://dx.doi.org/10.1021/ja00166a076

http://dx.doi.org/10.1021/ja00166a076

http://dx.doi.org/10.3109/10242429109014854

http://dx.doi.org/10.3109/10242429109014854

http://dx.doi.org/10.3109/10242429109014854

http://dx.doi.org/10.1007/BF00174474

http://dx.doi.org/10.1007/BF00174474

http://dx.doi.org/10.1007/BF00174474

http://dx.doi.org/10.1016/j.molcatb.2003.11.005

http://dx.doi.org/10.1016/j.molcatb.2003.11.005

http://dx.doi.org/10.1016/j.molcatb.2003.11.005

http://dx.doi.org/10.1016/j.molcatb.2003.11.005

http://dx.doi.org/10.1016/0968-0896(94)80016-2

http://dx.doi.org/10.1016/0968-0896(94)80016-2

http://dx.doi.org/10.1016/0968-0896(94)80016-2

http://dx.doi.org/10.1016/0968-0896(94)80016-2

http://dx.doi.org/10.1021/ja00041a060

http://dx.doi.org/10.1021/ja00041a060

http://dx.doi.org/10.1021/ja00041a060

http://dx.doi.org/10.1021/ja00041a060

http://dx.doi.org/10.1021/bi00066a019

http://dx.doi.org/10.1021/bi00066a019

http://dx.doi.org/10.1021/bi00066a019

http://dx.doi.org/10.1021/bi00066a020

http://dx.doi.org/10.1021/bi00066a020

http://dx.doi.org/10.1021/bi00066a020

http://dx.doi.org/10.1021/bi00066a020

http://dx.doi.org/10.1021/bi002703z

http://dx.doi.org/10.1021/bi002703z

http://dx.doi.org/10.1021/bi002703z

http://dx.doi.org/10.1021/ar000056y

http://dx.doi.org/10.1021/ar000056y

http://dx.doi.org/10.1021/ar000056y

http://dx.doi.org/10.1016/S0022-2836(02)00296-6

http://dx.doi.org/10.1016/S0022-2836(02)00296-6

http://dx.doi.org/10.1016/S0022-2836(02)00296-6

http://dx.doi.org/10.1038/nature05689

http://dx.doi.org/10.1038/nature05689

http://dx.doi.org/10.1038/nature05689

http://dx.doi.org/10.1038/nature05689

http://dx.doi.org/10.1021/ja010882h

http://dx.doi.org/10.1021/ja010882h

http://dx.doi.org/10.1021/ja010882h

http://dx.doi.org/10.1021/ja010882h

http://dx.doi.org/10.1038/nchembio.2007.11

http://dx.doi.org/10.1038/nchembio.2007.11

http://dx.doi.org/10.1038/nchembio.2007.11

http://dx.doi.org/10.1016/j.abb.2004.07.034

http://dx.doi.org/10.1016/j.abb.2004.07.034

http://dx.doi.org/10.1016/j.abb.2004.07.034

http://dx.doi.org/10.1021/ar00052a003

http://dx.doi.org/10.1021/ar00052a003

http://dx.doi.org/10.1021/ar00052a003

http://dx.doi.org/10.1246/cl.2007.420

http://dx.doi.org/10.1246/cl.2007.420

http://dx.doi.org/10.1246/cl.2007.420

http://dx.doi.org/10.1039/b416398b

http://dx.doi.org/10.1039/b416398b

http://dx.doi.org/10.1039/b416398b

http://dx.doi.org/10.1016/j.molcatb.2006.11.002

http://dx.doi.org/10.1016/j.molcatb.2006.11.002

http://dx.doi.org/10.1016/j.molcatb.2006.11.002

http://dx.doi.org/10.1021/bi00773a016

http://dx.doi.org/10.1021/bi00773a016

http://dx.doi.org/10.1021/bi00773a016

http://dx.doi.org/10.1021/bi00773a016

http://dx.doi.org/10.1021/ja00041a060

http://dx.doi.org/10.1021/ja00041a060

http://dx.doi.org/10.1021/ja00041a060

http://dx.doi.org/10.1021/ja00041a060

http://dx.doi.org/10.1002/(SICI)1521-3765(19981102)4:11%3C2324::AID-CHEM2324%3E3.0.CO;2-I

http://dx.doi.org/10.1002/(SICI)1521-3765(19981102)4:11%3C2324::AID-CHEM2324%3E3.0.CO;2-I

http://dx.doi.org/10.1002/(SICI)1521-3765(19981102)4:11%3C2324::AID-CHEM2324%3E3.0.CO;2-I

http://dx.doi.org/10.1002/(SICI)1521-3765(19981102)4:11%3C2324::AID-CHEM2324%3E3.0.CO;2-I

http://dx.doi.org/10.1177/1087057103256910

http://dx.doi.org/10.1177/1087057103256910

http://dx.doi.org/10.1177/1087057103256910

http://dx.doi.org/10.1039/b503010b

http://dx.doi.org/10.1039/b503010b

http://dx.doi.org/10.1039/b503010b

http://dx.doi.org/10.1016/S0957-4166(96)00535-6

http://dx.doi.org/10.1016/S0957-4166(96)00535-6

http://dx.doi.org/10.1016/S0957-4166(96)00535-6

http://dx.doi.org/10.1073/pnas.0602537103

http://dx.doi.org/10.1073/pnas.0602537103

http://dx.doi.org/10.1073/pnas.0602537103

http://dx.doi.org/10.1073/pnas.0602537103

http://dx.doi.org/10.1002/1099-0690(200212)2002:23%3C3986::AID-EJOC3986%3E3.0.CO;2-L

http://dx.doi.org/10.1002/1099-0690(200212)2002:23%3C3986::AID-EJOC3986%3E3.0.CO;2-L

http://dx.doi.org/10.1002/1099-0690(200212)2002:23%3C3986::AID-EJOC3986%3E3.0.CO;2-L

http://dx.doi.org/10.1002/ejoc.200300206

http://dx.doi.org/10.1002/ejoc.200300206

http://dx.doi.org/10.1002/ejoc.200300206

www.chemeurj.org






A Universal Model for Nanoporous Carbon Supercapacitors Applicable to
Diverse Pore Regimes, Carbon ACHTUNGTRENNUNGMaterials, and Electrolytes


Jingsong Huang,* Bobby G. Sumpter, and Vincent Meunier[a]


� 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 6614 – 66266614


DOI: 10.1002/chem.200800639







Introduction


Supercapacitors, commonly called electric double-layer ca-
pacitors (EDLCs), bridge the gap between batteries and
conventional dielectric capacitors, and are ideal for the
rapid storage and release of energy.[1,2] Supercapacitors have
a much higher energy density than conventional dielectric
capacitors due to the large surface area of porous electrode
materials; they also have a higher power density and a
longer lifetime than batteries due to the absence of Faradaic
processes in the electric double layer.[3] Current trends in su-
percapacitor research include the development of nanopo-
rous carbon materials for supercapacitor electrode materials
owing to the high surface area, high conductivity, and rela-
tively low cost of carbon materials.[4] Supercapacitors based
on nanoporous carbon materials have recently attracted
considerable attention as novel energy-storage devices.[4–6]


This paper is concerned with various nanoporous carbon
materials suitable for supercapacitors, including activated
carbon materials, template carbon materials, and, in particu-
lar, novel carbide-derived carbon (CDC) materials.[7]


Supercapacitors store energy by charge separation in an
electric double layer formed at the electrode/electrolyte in-
terface, in much the same way as conventional dielectric ca-
pacitors. The double layer at the electrode surface can form
and relax almost instantaneously. Unlike batteries, this pro-
cess involves no chemical reaction, thus allowing the rapid
storage and release of energy. Generally it is assumed that
the capacitance of supercapacitors follows that of a parallel-
plate capacitor, as shown in Equation (1):[2b, c,4,6a]


C ¼ ere0A
d


ð1aÞ


C=A ¼ ere0
d


ð1bÞ


in which er is the electrolyte dielectric constant, e0 is the per-
mittivity of a vacuum, A is the electrode specific surface
area, and d is the effective thickness of the electric double
layer (the Debye length). The Debye length is in the order
of molecular dimensions, and carbon materials typically
have specific surface areas up to 3000 m2g�1. With the ca-
pacitance being proportional to a very large A and being in-
versely proportional to a very small d, the energy density of
supercapacitors is much higher than that of conventional di-
electric capacitors.
To develop supercapacitors as an alternative to batteries,


worldwide research efforts are currently aiming at increasing
the energy density by optimizing the pore size distribution
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of nanoporous carbon materials. In their breakthrough
work, Gogotsi and co-workers[8] synthesized carbide-derived
carbon materials with unimodal micropores[9] smaller than
1 nm. They found that these new materials exhibit an anom-
alous increase of capacitance in an organic electrolyte of
acetonitrile compared with other carbon materials with pore
sizes above 2 nm in which there is a slightly increased capac-
itance with increasing pore size. These results challenge the
long-held presumption that pores smaller than the size of
solvated electrolyte ions do not contribute to energy storage.
Such anomalous increase in capacitance in subnanometer
pores is ascribed to the desolvation of the electrolyte ions
entering subnanometer pores,[8,10] which is verified by a
recent experiment utilizing an ionic liquid electrolyte with
no solvation shell around the electrolyte ions.[11] With a de-
tailed literature survey, we found that this anomalous phe-
nomenon is not unique with organic or ionic liquid electro-
lytes and CDCs, and it also manifests in aqueous solutions
and in carbon materials other than CDCs. These new experi-
mental discoveries pose an opportunity to further optimize
the capacitance of carbon supercapacitors, together with a
challenge for theory to rationalize the unusual experimental
results.
The theoretical model based on Equation (1) has been


used for EDLCs for decades and appears to be the first
choice for the analysis of experimental results. Assuming a
planar pore surface, Gogotsi and co-workers[8] found that
the normalized capacitance of the micropores (C/A) is pro-
portional to the reciprocal radius of the micropores (1/d).
(In the analysis, the micropore radius was treated as the esti-
mated double-layer thickness (d) shown in Equation (1).)
This relationship follows Equation (1) quite well, which
shows the dominance of the 1/d term relative to the effects
of dielectric permittivity and pore curvature. However, close
inspection reveals that the intercept of the linear fit is not
zero,[12] which indicates there are some other effects that
Equation (1) does not include. With more and more experi-
mental data available in this field, scientists are gradually re-
alizing that the parallel-plate capacitor model is insufficient
for rationalizing the electrochemical properties of nanopo-
rous carbon supercapacitors. Generally, it is expected, and
indeed observed, that higher capacitances are obtained for
carbon materials with higher surface areas, and some experi-
ments indicate a linear relationship between C and A.[13]


However, in some other experiments, it has been found that
there is no such linear relationship.[14,15] There are also some
experiments showing that there is a linear relationship be-
tween C and micropore volume.[16,17] The effects of pore size
and d on C are also not clear. Traditional belief is that sub-
nanometer pores may not be accessible to the electrolyte so-
lution, simply because the electrolyte ions with solvation
shells are too big to enter the pores; in contrast, new experi-
ments point to a role played by the desolvated ions in sub-
nanometer pores.[8,16, 17] What happens inside the nanocon-
fined space within the pores is not fully understood.
Motivated by the recent new developments of nanoporous


carbon supercapacitors and the lack of a good theoretical


model in the field, herein we present a heuristic model for
nanoporous carbon supercapacitors with the pore curvature
taken into account. We show that, with this new model, one
can explain the anomalous increase in capacitance for pores
below 1 nm and the slightly increasing capacitance with in-
creasing pore size above 2 nm. It can be reduced to the tra-
ditional parallel-plate capacitor model in Equation (1) for
macropores of pore size >50 nm. The new model is applica-
ble to diverse carbon materials, including activated carbon
materials, template carbon materials, and CDCs in organic,
aqueous, and even ionic liquid electrolytes. The parameters
obtained from our analyses of the available experimental
data using this model are in good agreement with experi-
mental results and with our first-principles density function-
al theory (DFT) calculations.


Results and Discussion


Heuristic model : Herein, we limit our discussions to nano-
porous carbon materials as active materials in the electrode
films of supercapacitors. The grain size of carbon particles is
in the order of micrometers. Each carbon particle contains a
large amount of pores with diameters in the order of nano-
meters (Figure 1a). (According to IUPAC, nanoporous ma-


terials can be subdivided into three categories in terms of
the pore sizes: micropores are less than 2 nm in diameter,
mesopores are 2–50 nm in diameter, and macropores are
larger than 50 nm in diameter.)[18] The large specific surface
area of up to 3000 m2g�1 includes a relatively small contribu-
tion from the surface area of the particles and a major con-
tribution from the pores inside the particles. Simplification
of the carbon/electrolyte interface to an EDLC (Figure 1b)
does not consider the curvature of each pore, and according-
ly, the close interactions between pore walls are neglected in
the simple parallel-plate capacitor model. Equation (1) may


Figure 1. Schematic diagrams of a) a nanoporous carbon supercapacitor
showing the construction of supercapacitors in which the porous carbon
particles are approximated as balls and b) an electric double-layer capaci-
tor (EDLC) formed at the carbon/electrolyte interface (anode) in which
the inner and outer Helmholtz planes (IHP, OHP) are represented by
blue and red dashed lines, respectively. Cations are shown to be solvated
by the solvent molecules.
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not reflect the actual scenario for mesopores and micro-
pores. For macropores with a pore size above 50 nm, the
electric double layer can be a good approximation for the
carbon/electrolyte interface (see below).
Moving beyond the planar capacitor model, it seems rea-


sonable to include the influence of pore curvature to de-
scribe the capacitance of carbon supercapacitors. Nanopo-
rous materials can have various pore shapes, such as cylin-
drical, slit, and spherical types, depending on the synthesis
approach.[19] Mesoporous carbon materials obtained by tem-
plate methods usually have wormhole structures with cylin-
drical cross sections.[16,20] Cylindrical pores are generally the
assumption for theoretical treatments for physical adsorp-
tion of gases[21] and impedance spectroscopy.[22] By assuming
that the mesopores are cylindrical, solvated counterions
enter pores and approach the pore walls to form electric
double-cylinder capacitors (EDCCs; Figure 2a). The double-
cylinder capacitance is given in Equation (2):[23]


C ¼ 2pere0L
ln ðb=aÞ ð2aÞ


C=A ¼ ere0
bln ½b=ðb�dÞ� ð2bÞ


in which L is the pore length and b and a are the radii of
the outer and inner cylinders, respectively.


For micropores, however, the small pores do not allow the
formation of a double cylinder. Assuming cylindrical micro-
pores, solvated (or desolvated) counterions enter the pores
and line up to form electric wire-in-cylinder capacitors
(EWCCs; Figure 2b). Although the molecular geometries of
the counterions might be anisotropic, the pore walls experi-
ence the average effect owing to the translation or room-
temperature rotation of the counterions along or with re-
spect to the pore axes, leading to an inner cylinder. Con-
versely, the counterions experience the average effect if the
micropore shape is slightly distorted from a cylinder, leading


to an outer cylinder. In a way, EWCCs can also be viewed
as EDCCs, but the key quantity for EWCCs is no longer d,
but rather the radius of the inner cylinder a0, which is the ef-
fective size of the counterions (that is, the extent of electron
density around the ions). By using a0, Equation (2) then be-
comes Equation (3):


C=A ¼ ere0
blnðb=a0Þ ð3Þ


Equations (2b) and (3) are used to fit the available exper-
imental data for supercapacitors of nanoporous carbon ma-
terials with diverse pore sizes and electrolytes.[24]


Organic electrolytes : First we studied organic electrolytes,
including tetraethylammonium tetrafluoroborate (TEABF4)
and tetraethylammonium methylsulfonate (TEAMS), dis-
solved in acetonitrile. The advantage of these organic elec-
trolytes is the possibility of higher cell voltage, which results
in higher stored energy per cell, than in aqueous electro-
lytes.
The experimental data shown in Figure 3 were scanned in


from Figure 3 of reference [8], and were obtained from


Tables 2 and 3 of references [16] and [25], respectively. We
also scanned the data for reference [16] from Figure 3 of ref-
erence [8] to compare with the data originally reported in
Table 2 of reference [16]. We found that the scanned data
have acceptable relative errors of �1%. For consistency,
three data points from reference [25] were recalculated by
using the specific surface area of the electrode instead of
the powder. (The specific surface areas of electrodes are
lower than those of corresponding powder materials due to
the use of binding mixture.) The capacitances of micropo-
rous carbon materials are reduced at higher discharging cur-


Figure 2. Schematic diagrams (top views) of a) a negatively charged
meso ACHTUNGTRENNUNGpore with solvated cations approaching the pore wall to form an
electric double-cylinder capacitor (EDCC) with radii b and a for the
outer and inner cylinders, respectively, separated by a distance d, and
b) a negatively charged micropore of radius b with solvated cations of
radius a0 lining up to form an electric wire-in-cylinder capacitor
(EWCC). EWCC is also possible with desolvated ions (see text).


Figure 3. Experimental data from references [8], [16], and [25] were
fitted by using Equation (2b) in region III and Equation (3) in region I;
the extrapolation of the curve in region III into region IV approaches the
broken line calculated by Equation (1b) with the same parameters as
those obtained for region III. Data are divided into six groups (A–F) and
a detailed analysis is described in the text. The dashed curve for group E
is not a fitting result, but is shown as a visual guide.
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rent densities. Herein we analyze the data obtained at a dis-
charging current density of 5 mAcm�2.[8] In comparison, the
experiments described in references [16] and [25] were per-
formed with a small voltammetric scan rate of 2 mVs�1 and
a low discharging current density of 10 mAcm�2.
First, we fit all of the mesoporous data in region III using


Equation (2b), in which it is reasonable to approximate the
pores as cylinders. The dashed curve reproduces the trend of
slightly increasing capacitance with increasing pore size,
albeit the goodness of fit (R2) is only 0.259. The challenge to
fit all data well comes from the different conditions em-
ployed in the three experiments. These carbon materials
have contributions to capacitance from both micropores and
mesopores;[16,25] and therefore, strictly speaking the pores
are not unimodal. This hampers the application of one set of
parameters in the theoretical model because our model is
only applicable to unimodal pores and the fitting quality
will be worse when applied to multimodal pores. In addi-
tion, the electrolyte in reference [25] is TEAMS in CH3CN,
whereas the electrolyte in references [8] and [16] is TEABF4


in CH3CN. Finally, the concentrations are different, ranging
from 1.0,[16] 1.4,[16] and 1.5[8] to 1.7m


[25] (Figure 3, Table 1). To
fit the experimental results well, it is necessary to subdivide
the data to take into account the differences in experimental
conditions. Noticing that the data for a concentration of
1.7m is on the top, and the single data point for a concentra-
tion of 1.5m is in the middle between 1.7 and 1.0m, we
break down the data to fit them by concentration. The data
in reference [16] were obtained from 1.0 and 1.4m TEABF4


in CH3CN, but the specific concentrations were not descri-
bed.[6a,16] We tentatively assign group A to 1.0m and group B
to 1.4m on the basis of the typical trend.[26] The only data
point from reference [8] in region III is included in group B
for analysis because 1.5m is close to 1.4m. These respective
fittings produce much better R2 values (Table 1).
As can be seen from Table 1, the d values are of the same


order of magnitude as the calculated solvated ionic radii of
TEA+ ·7CH3CN (6.5 J) and BF4


�·9CH3CN (5.8 J),[27] and
the Debye length of TEABF4 in CH3CN (6.6 J), which was
estimated from impedance spectroscopy.[26] One also notices
the trend in Table 1 that d increases with decreasing concen-
tration, showing the increasing effective Debye screening
length with dilution.[26] The dielectric constant from the fit-
ting is about 9, which is much smaller than the value of 36
for the bulk CH3CN at room temperature.[28] However, it


has been found that the dielectric constant of an aqueous
solution decreases in electric double layers and confined
spaces.[1,29] In addition, these data were obtained from di-
verse carbon materials, including activated carbon materials,
template carbon materials, and CDCs. It appears that our
proposed model is valid regardless of what carbon materials
are used in the electrodes. The limited number of data
points for groups A and C puts the significance of the fitting
results into question, but we stress that the model describes
the trend correctly not only for the data after it has been
subdivided into three groups, but for the data as a whole
group. Further experimental studies using various concen-
trations of one electrolyte solution are encouraged for
carbon supercapacitors with narrow mesopore size distribu-
tions.
We supplement the three data points of group A with two


capacitance values obtained with a voltammetric scan rate
of 1 mVs�1 for two template mesoporous carbon materials
in 1.0m TEABF4 in CH3CN.


[30] These data, together with
those of group A, indicate that the trend of slightly increas-
ing capacitance of mesoporous carbon materials with in-
creasing pore size is valid for a wide pore range. The extrap-
olation of the curve for group B into region IV shows that
the curve asymptotically approaches the broken line calcu-
lated by Equation (1b) using the same parameters, er and d,
as in group B. In fact, Equation (2b) for EDCCs can be re-
duced to Equation (1b) for EDLCs by using TaylorKs expan-
sion for large pores when d !a.[12] This result indicates that
the curvature plays a significant role in the capacitance of
mesopores, but not in that of macropores for which the
carbon/electrolyte interface can be approximated by an elec-
tric double layer. The broken line represents the limiting
value of normalized capacitance for large pores at a concen-
tration of 1.5m.
Going down in size to micropores, especially below 1 nm,


we fit group D in region I with Equation (3), reproducing
the anomalous increase in capacitance. The er value of 2.23
is very close to the vacuum value of 1, which is reasonable
because the space between counterions and pore walls is not
an absolute vacuum, but has some finite electron density.
This shows that the solvation shell of the counterions is
completely removed, as suggested by Vix-Guterl et al.[16]


The a0 value of 2.30 J will be addressed in the next section
on the basis of DFT calculations on the radial charge distri-
bution of TEA+ and BF4


�. Gogotsi and co-workers[8] also


Table 1. Fitting results for the experimental data in regions I and III of Figure 3 using Equations (3) and (2b), respectively. Depending on the various ex-
perimental conditions in references [8], [16], and [25], experimental data are subdivided into several groups for detailed analysis. Numbers in parenthe-
ses are standard errors of parameters.


Data group Region Electrode materials Electrolyte Concentration [m] R2 er d [J] a0 [J]


A[a] III template C TEABF4 1.0[b] 0.993 9.65 (0.51) 10.15 (0.02) –
B[a] III template C and CDC TEABF4 1.4,[b] 1.5[c] 0.737 9.63 (1.95) 8.86 (1.12) –
C[d] III activated C TEAMS 1.7 0.693 8.64 (3.67) 7.64 (1.70) –
A, B, and C III activated C, template C, and CDC TEABF4, TEAMS 1.0, 1.4, 1.5, 1.7 0.259 6.49 (2.55) 7.01 (1.87) –
D[c] I CDC TEABF4 1.5 0.985 2.23 (0.30) – 2.30 (0.14)


[a] Reference [16]. [b] Specific concentrations of 1.0 and 1.4m were not given in reference [16], but groups A and B are tentatively assigned to 1.0 and
1.4m, respectively (see the text). [c] Reference [8]. [d] Reference [25].
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calculated the specific surface area by the nonlinear density
functional theory (NLDFT) method[31] assuming slit pore
shape in addition to that by the Brunauer-Emmet-Teller
(BET) method.[32] We fit the second set of data normalized
with the specific surface area from NLDFT and obtained
a0=0.51 J and er=6.72,[12] which do not agree as well with
our calculations and with the fact that the pore size is too
small to accommodate solvated ions that would otherwise
result in a higher dielectric constant. The normalized capaci-
tance values for the rest of the data in this paper are based
on the BET surface area. Comparing the largest capacitance
in this regime with the limiting capacitance value of large
pores, we find that micropores have some advantage over
mesopores as indicated by Gogotsi and co-workers.[8] It is
obvious that the highest capacitance value possible for mi-
cropores is determined by the size of the desolvated coun-
terions; therefore, engineering the sizes of the electrolyte
ions may further improve the energy density of nanoporous
carbon supercapacitors.
There appears to be no good model for the transition re-


gion II; however, the experimental data may still be under-
stood in light of the sizes of the desolvated or solvated ions.
Data group E has higher capacitance values than group C,
showing similar anomalous behavior as in group D. We spec-
ulate that data group E should be associated with EWCCs
as the larger MS� ion dictates larger pores for the formation
of EWCCs. Further experiments are indispensable to clarify
this point. In comparison, the data in group F are above the
extrapolated dashed curve from group D, implying larger er
values. Pores in this region are still too small to accommo-
date the inner cylinder of counterions, but solvated counter-
ions can enter pores to form EWCCs, leading to a higher er
value coming from the (partially removed) solvation shell.
Unlike region III, concentration should not affect the capac-
itance in regions I and II for the absence of its effect on d.
The data in Figure 3 are based on the total capacitance of


nanoporous carbon supercapacitors. In a recent experiment
on microporous CDC supercapacitors with 1.5m TEABF4 in
CH3CN, Gogotsi and co-workers dissected the total capaci-
tances into capacitance contributions of cations and
anions.[10] We fit the new data for total capacitance, and the
contributions from cations and anions using Equation (3)
and the results are shown in Figure 4 and Table 2. Note that
in Figure 4, there is a narrow pore size range that can be fit
by using Equation (3). The data on the right of the fitting
range have higher normalized capacitances than the extrap-
olation from the fit curve because the pore size is located in
region II, as shown in Figure 3. The data on the left have
lower normalized capacitances than the extrapolation from
the fit curve, probably due to pore bottlenecks smaller than
the ions or low electrical conductivity of the CDC produced
at 400 8C.[8] From the fittings, the a0 value of TEA+ is small-
er than the literature values probably because of the re-
stricted orientation of TEA+ inside micropores (see below).
In comparison, the a0 value of BF4


� is larger than the litera-
ture values by approximately 0.7 J. These discrepancies in-
dicate that there may be some other factors that go beyond


the description of our proposed model.[33] For example, the
pore shapes may not be uniformly cylindrical; bottlenecks
may prevent part of the pores from being accessed by ions,
and therefore, the actual specific surface area is smaller than
the nominal A. As a result of the different a0 values of
TEA+ and BF4


�, the effective a0 obtained from total capaci-
tance is an average value of TEA+ and BF4


�. Likewise, the
dielectric constant obtained for the total capacitance is also
an average value of TEA+ and BF4


�, and it is close to the
vacuum value of one, showing once again the desolvation of
ions before entering micropores.
Experiments with total capacitance dissected into the con-


tributions of cations and anions are very informative. From
the analysis, we obtain information regarding the effective
sizes of cations and anions, respectively. Usually a superca-
pacitor is termed a symmetric or asymmetric capacitor, de-
pending on whether the cathode and anode materials are
the same.[2a] We can extend this terminology to supercapaci-
tors with different sizes of electrolyte ions even though the
two electrodes are made of the same carbon materials.
Strictly speaking, only supercapacitors with the same elec-
trodes and the same electrolyte ion sizes are symmetric. For
such asymmetric supercapacitors with TEABF4 in CH3CN
as an electrolyte, it has been found that the total capacitance
is high and resistance is low when the pore size is smaller at
the cathode than at the anode for TEABF4 in CH3CN.


[37]


Figure 4. Experimental data of microporous CDC supercapacitors with
1.5m TEABF4 in CH3CN (reference [10]) fit by Equation (3) for the ca-
pacitance contributions from TEA+ (^), BF4


� (*) and the total capaci-
tance (&).


Table 2. Fitting results using Equation (3) for the experimental data of
total capacitance and the contributions from cations and anions with
1.5m TEABF4 in CH3CN.


[10] Numbers in parentheses are standard errors
of parameters.


Capacitance contribution R2 er a0 [J] Ionic radii [J]


TEA+ 0.997 2.37 (0.15) 2.08 (0.07) 3.42,[a] 3.37[b]


BF4
� 0.989 1.06 (0.11) 2.97 (0.06) 2.18,[a] 2.32[b,c]


Total 0.993 1.44 (0.12) 2.67 (0.07) –


[a] Reference [34]. [b] Reference [35]. [c] Reference [36].
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Reversing the electrodes leads to a decreased capacitance
and a significantly increased resistance. Thus, a TEABF4-
based carbon supercapacitor with improved electrochemical
properties would be one that uses carbon materials with
pores adapted to the size of electrolyte ions.[6a]


DFT calculations of ionic radii : To corroborate the parame-
ter a0 obtained from the fits described above, we calculated
the radial charge distribution of electrolyte ions enclosed in
nanotubes.
First, we examine BF4


� : The geometry optimizations were
performed with B3LYP/cc-pVDZ using the NWChem suite
of programs[38] for BF4


� with Td symmetry and two neutral
“armchair” nanotubes terminated with hydrogen atoms. To
simulate pores around 1 nm diameter, herein we employed
a (6,6) tube with molecular formula C156H24, which has a D6h


symmetry and a diameter of �8 J (labeled as a66(H)) and
an (8,8) tube with molecular formula C208H32, which has a
D8h symmetry and a diameter of �11 J (labeled as a88(H)).
The resulting BF4 moiety was then placed at the center of
a66(H) and a88(H) tubes. To reduce computational cost, the
orientation of BF4, a66(H), and a88(H) were adjusted so
that their symmetries are commensurate, leading to the
highest possible symmetry C2v for BF4@a66(H) and BF4@
a88(H), in which the @ symbol indicates that BF4 is en-
closed at the center of the two tubes. Assuming rigid pores,
we performed constrained optimizations for BF4@a66(H)
and BF4@a88(H) with the geometries of the tubes and the
center of the inner ions fixed. Both BF4@a66(H) and BF4@
a88(H) are neutral, and charge transfer takes place automat-
ically to give rise to the final charge states, as indicated by
BF4


�@a66(H)+ and BF4
�@a88(H)+ .


The optimized geometries of BF4
�@a66(H)+ and BF4


�@
a88(H)+ were used to calculate the charge densities (CDs)
of these systems and of neutral moieties BF4, a66(H), and
a88(H). The CD difference for BF4


�@a66(H)+ was then cal-
culated by CD ACHTUNGTRENNUNG(BF4


�@a66(H)+)�[CD ACHTUNGTRENNUNG(BF4)+CDACHTUNGTRENNUNG(a66(H))],
which provided the locations of the electron and the hole.[39]


This process was also carried out for BF4
�@a88(H)+ . The


CD difference of BF4
�@a88(H)+ is shown in Figure 5 to il-


lustrate the charge transfer from the tube to BF4. (The CD


difference plots for other ions are available in the Support-
ing Information of reference [12].) The radial charge distri-
butions of BF4


�@a66(H)+ and BF4
�@a88(H)+ (shown in


Figure 6) were calculated from the CD differences within


the boron-centered sphere by assuming that there is a room-
temperature rotation of BF4


� inside the pore. To test the
effect of the enclosure of the a66(H) and a88(H) tubes, we
also calculated the CD difference for a bare BF4


� ion with
Td symmetry by CD ACHTUNGTRENNUNG(BF4


�)�CD ACHTUNGTRENNUNG(BF4) and the corresponding
radial charge distribution. As we can see from Figure 6,
within a 3 J radius, the curves for BF4


�@a66(H)+ and
BF4


�@a88(H)+ are positive, which indicates the presence of
electrons on the BF4 moieties as a result of charge transfer.
Outside the 3 J radius, the curves are negative, which indi-
cates the presence of holes on the tubes. In comparison, the
curve for the bare BF4


� ion is 	0 as a result of the addition-
al electron.
By integrating the radial charge distribution, we obtained


the integrated number of electrons as a function of radius
(Figure 7). Then we considered a0 as the radius at which
90% of the electron is enclosed from the curves in Figure 7.
The a0 values obtained are 2.22, 2.31, and 2.31 J for BF4


�


enclosed in a66(H) and a88(H), and for the bare ion, respec-
tively. The estimated radius of BF4


� is almost constant re-
gardless of the environment and is in good agreement with
the literature value of approximately 2.2–2.3 J[34–36] and the
fitting results shown in Tables 1 and 2, which supports the
validity of the proposed heuristic model shown in Equa-
tion (3).
Next we turn to TEA+ . Figure 8a shows the top view of


the global minimum of TEA with D2d symmetry. The projec-
tion of the four terminal atoms is a square and the diagonal
of the square is along the ethyl group. We assume that
TEA+ enters the pore of a66(H) with a radius 4.1 J with its
C2’ axis in alignment with the pore axis (Figure 8b) so that


Figure 5. Charge density (CD) isosurface of BF4
�@a88(H)+ with C2v sym-


metry calculated by CD ACHTUNGTRENNUNG(BF4
�@a88(H)+)�[CD ACHTUNGTRENNUNG(BF4)+CD ACHTUNGTRENNUNG(a88(H))]


showing the locations of electron (red) and hole (blue).


Figure 6. Radial charge distributions as a function of radius within the
boron-centered sphere for BF4


�@a66(H)+ (*), BF4
�@a88(H)+ (~), and


BF4
� (+).
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TEA+ would not be too close
to the pore walls. The geome-
try of TEA@a66(H) was opti-
mized with B3LYP/cc-pVDZ
by using NWChem.[38] To
reduce computational cost, the
orientations of TEA and
a66(H) were adjusted so that
their symmetries are commen-
surate, leading to the highest
possible symmetry of D2. The
system is neutral and charge
transfer takes place automati-
cally to give rise to TEA+@
a66(H)�. Assuming rigid pores,
we performed constrained op-
timization of TEA+@a66(H)�


with the geometries of the
tube and the center of the
inner ion fixed. Similar to the


case of BF4
�@a66(H)+ , the CD difference for TEA+@


a66(H)� was then calculated by CD ACHTUNGTRENNUNG(TEA+@
a66(H)�)�[CD ACHTUNGTRENNUNG(TEA)+CD ACHTUNGTRENNUNG(a66(H))]. For radial charge dis-
tribution, we found by Mulliken population analysis that the
positive charge is primarily located around the terminal
methyl groups,[12] and therefore, the radial charge distribu-
tion was calculated within the plane that has two terminal C
atoms and is perpendicular to the pore axis.
As can be seen from the radial charge distribution curve


in Figure 9, within a 3 J radius the curve is negative, which
shows the presence of holes. Outside the 3 J radius, the
curve is positive, which indicates the presence of electrons
on the tube. By integrating the radial charge distribution
(Figure 9), we estimate that the a0 value of TEA+ is
�2.38 J. This is different from the literature value of
3.4 J,[34,35] which is about the length of an ethyl group. A
rough calculation of the side length of the square by trigonal
geometry using the ethyl length of 3.4 J gives an a0 value of
2.4 J. These calculated a0 values agree approximately with
the a0 values in Tables 1 and 2.
For the geometry of MS� in a staggered conformation


with C3v symmetry, the calculation was performed in
vacuum because the ion size of BF4


� in vacuum is the same
as that in an a88(H) tube. The CD difference for MS� was
calculated by CD ACHTUNGTRENNUNG(MS�)�CD(MS). Similar to TEA+ , MS� is
assumed to enter a micropore with its C3 principle axis
down the pore axis[12] owing to the relatively large dimen-
sion along the C3 axis. The radial charge distribution was
calculated within the plane of the O atoms perpendicular to
the C3 axis at which the negative charge is mainly located
according to the Mulliken population analysis. The ionic
radius for MS� was then estimated from the integrated
radial charge distribution and was found to be 3.13 J. The
effective a0 value of MS� is larger than that of BF4


� in mi-
cropores, thereby explaining the observation that data


Figure 8. a) Top view of the global minimum of TEA with D2d symmetry
with C2 principle axis perpendicular to the paper plane and C2’ axis lying
in and b) top view of TEA+@a66(H)� with the C2’ axis of TEA down in
alignment with the pore axis.


Figure 9. Differential and integrated radial charge distributions as a function of radius within the plane con-
taining two terminal C atoms perpendicular to the pore axis for TEA+@a66(H)�. *: Number of electrons and
holes and c : integrated number of holes.


Figure 7. Integrated radial charge distribution as a function of radius
within the boron-centered sphere for BF4


�@a66(H)+ , BF4
�@a88(H)+ ,


and BF4
�. The maximum of BF4


�@a66(H)+ is �0.9 e because of the can-
cellation from the tube, whereas those of BF4


�@a88(H)+ and BF4
� are


�1.0 e.
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group E has a larger pore size than group D (see Figure 3).
We note that the TEAMS-based supercapacitors are more
asymmetric than TEABF4-based supercapacitors because of
the larger difference in ion sizes between TEA+ and MS�.


Ionic liquid electrolyte : The advantage of using an ionic
liquid electrolyte in supercapacitors is that a further increase
of capacitor voltage can be achieved compared with organic
electrolytes.[6a] Another reason to use ionic liquid electro-
lytes is that the electrolyte ions do not have any solvation
shells due to the absence of solvent molecules. The bare
ions allow one to discern the ion sieving properties of
porous carbon materials without the interference of solvent
molecules.[40]


In a recent experiment on CDC supercapacitors,[11] Simon
and co-workers employed a 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide (EMI-TFSI) ionic liquid
as an electrolyte and also found the increasing capacitance
with decreasing subnanometer pore size, exactly as that
shown in group D of Figure 3. Thus, the explanation of Go-
gotsi and co-workers for the anomalous increase in capaci-
tance of CDC supercapacitors by a desolvation of electro-
lyte ions entering subnanometer pores[8] is verified. Herein
we present our analysis of the experimental data to show
the validity of the EWCC model for ionic liquid electrolytes
(Figure 10).
As can be seen in Figure 10, we were able to fit the data


in the middle pore range to give er=1.12 and a0=2.91 J.
The value of er is very close to the vacuum value of one,
which shows the absence of solvents. The a0 value compares
well with the ions size of EMI+ and TFSI� (Table 3). Both
EMI+ and TFSI� can be approximated as rectangular shape
with dimensions of 4.3P7.6 and 2.9P7.9 J2, respectively.[11]


The ionic radii along the short and long dimensions are 2.15
and 3.80 J for EMI+ , respectively, and are 1.45 and 3.85 J
for TFSI�, respectively. It appears that the a0 value of
2.91 J from the fitting is the average value of the ionic radii
along the short and long dimensions, which suggests room-
temperature rotation of ions inside the pores. Similar to
what has been observed for TEABF4/CH3CN in CDC mi-
cropores (Figure 4), there is a decrease of specific capacitan-
ces with pores smaller than 0.7 nm. This was ascribed to an
increased portion of pores that are too small to be accessed
by the electrolyte ions.[11] For pores above 0.8 nm, the capac-
itance deviates from the EWCC model. It would be interest-
ing to perform some experiments with mesopores to find
out if there is a slight increase in capacitance with increasing


pore size in the case of ionic liquid electrolyte the same as
in the organic electrolyte (region III in Figure 3), and if the
mesoporous supercapacitors can be described by the EDCC
model.


Aqueous electrolytes of H2SO4 and KOH : In addition to or-
ganic and ionic liquid electrolytes, we also found from an
extended literature survey that the anomalous increase in
capacitance also manifests in aqueous solutions. Below we
present our analyses of available experimental data with
H2SO4 and KOH electrolytes in both micropore and meso-
pore regimes. The fitting results are tabulated in Table 3.
For the 1m aqueous H2SO4electrolyte, in the mesopore


regime (region II in Figure 11), the capacitance values show
a slight increase with increasing pore size. Fitting by using
EDCC model [Eq. (2b)] yields a rather large er, which can
be ascribed to the solvation shell of water molecules around
the electrolyte ions. The double layer is about 10 J in thick-
ness. In the micropore regime (region I), experimental data
were obtained for three kinds of carbon materials, including
TiC-CDC, Zr-CDC, and activated C. It seems that the
anomalous increase in capacitance in micropores is inde-
pendent of the preparation methods of carbon materials. Fit-
ting in this regime by using the EWCC model produces a
rather large er, indicating that the solutes are hydrated by
water molecules, unlike the case of organic electrolytes


Figure 10. Experimental data (^) of microporous CDC supercapacitors
using 1-ethyl-3-methylimidazolium-bis(trifluoromethanesulfonyl)imide
ionic liquid (EMI-TFSI) as the electrolyte[11] fit by Equation (3) for the
total capacitance.


Table 3. Fitting results for the experimental data for diverse carbon materials with micropores and mesopores and for diverse electrolytes using Equa-
tions (3) and (2b) compared with ion sizes in literature. Numbers in parentheses are standard errors of parameters.


Pores Carbon materials Electrolytes R2 er d [J] a0 [J] Ionic radii [J]


micro CDC[a] EMI-TFSI 0.944 1.12 (0.26) – 2.91 (0.16) EMI+ : 2.15,[a,b] 3.80[a,c] TFSI� : 1.45,[a,b] 3.85 [a,c]


micro CDC,[d] activated C[e] H2SO4 (1m) 0.889 27.1 (18.7) – 0.05 (0.17) H+ : 0.28[g] SO4
2� : 2.40,[h] 2.58 [i]


meso template C[f] 0.328 17.4 (6.3) 9.77 (1.92) –
micro activated C[e] KOH (6m) 0.921 7.76 (3.06) – 1.64 (0.83) K+ : 1.38[h] OH� : 1.33[h,i]


meso activated C[j] 0.618 13.4 (3.2) 6.72 (1.03) –


[a] Reference [11]. [b] Along the short dimension. [c] Along the long dimension. [d] Reference [41]. [e] Reference [42]. [f] Reference [16]. [g] Ref-
erence [43]. [h] Reference [35]. [i] Reference [36]. [j] Reference [44].
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(Table 1). The a0 value of (0.05
0.17) J appears to be in
good agreement with the ionic radius of proton. (Note that
a0 is determined by the extent of electron density around
the ions; and therefore, a0 would remain more or less con-
stant with or without the solvation shell.) Protons are prone
to hydration because of the relatively strong hydrogen-
bonding interactions with water molecules. Hydrated pro-
tons H+


ACHTUNGTRENNUNG(H2O)n have long been a subject of theoretical stud-
ies.[45, 46] Other observations to support the fact that the elec-
trolyte ions are solvated in micropore regime are 1) there is
no transition region between micropore regime and meso-
pore regime (cf. region II in Figure 3), and 2) the capaci-
tance drops at a larger micropore size (�1 nm) compared
with the cases of organic and ionic liquid electrolytes
ACHTUNGTRENNUNG(�0.7 nm), even though both proton and SO4


2� are smaller
than the ions considered before. It is not clear why there is
no sign of the anion SO4


2� from the fitting of micropore
data. An experiment would be helpful in clarifying this
problem with the total capacitance dissected into the respec-
tive contributions from proton and SO4


2�. Extrapolation of
the curve in region II into region III shows that the curve
asymptotically approaches the broken line calculated by
Equation (1b) using the same parameters er and d as in re-
gion II. The broken line represents the limiting value of nor-
malized capacitance for large pores at a concentration of 1m


aqueous H2SO4. Comparing the limiting values in region III
and region I, one can see from Figure 11 that the limiting
value of microporous capacitance is below that of the mac-
ropores. This is different from the case of organic electro-
lytes (Figure 3), as a result of the larger hydrated ions in mi-
cropores with aqueous H2SO4 electrolyte.
For the 6m aqueous KOH electrolyte, once again we show


that the EDCC and EWCC models are applicable to the
mesopore and micropore regimes, respectively (Figure 12).


The fitting of micropores gives an a0= (1.64
0.83) J, in
good agreement with the ion sizes of K+ and OH�


(Table 3). It is clear from the fitting results that the electro-
lyte ions are hydrated by water molecules in micropores, the
same as the 1m aqueous H2SO4 electrolyte. There is experi-
mental[40] and theoretical evidence[47] showing that alkaline
ions are solvated in micropores with pore size <1 nm. For
mesoporous carbon materials, we selected only eight data
points from reference [44] because the EDCC and/or
EWCC model is only applicable to unimodal pores. The
pore size distributions of these carbon materials are approxi-
mately unimodal, as can be seen from Figure 2 in refer-
ence [44]. We excluded four other carbon materials with
labels LA/CaCo, LA/CaFe, LA/CaFedem, and SA/S/CaFe,
which have pronounced multimodal pore size distributions.
The capacitance data of these four carbon materials do not
form a trend with the rest of the data. With these four
carbon materials excluded, we were able to fit the experi-
mental data to give an acceptable R2 value of 0.618.


Kinetic process of solvation/desolvation : Usually it is found
that capacitance of mesoporous carbon materials is reduced
at large discharging current densities, probably because of
the solute diffusion process. Such behavior of reduced ca-
pacitance also exists for microporous carbon materials.[8]


However, the reduced capacitance is more pronounced for
microporous carbon materials than mesoporous carbon ma-
terials. Tamai et al.[48] found that, at smaller discharge cur-
rents, the capacitances of mesoporous and microporous
carbon materials in TEABF4 organic electrolyte are in one
data group, but are separated into two data groups at larger
discharge current, in which the capacitances of microporous
carbon materials are reduced by a larger degree than those
of mesoporous carbon materials. This difference should be
ascribed to the following solvation/desolvation process of
TEA+ and BF4


�, which plays a significant role only for mi-
cropores [Eq. (4)].


Figure 11. Experimental data of supercapacitors with diverse micropo-
rous and mesoporous carbon materials in a 1m aqueous H2SO4 electro-
lyte fit by Equation (3) and (2b) for region I and II, respectively. The ex-
trapolation of the curve in region II into region III approaches the
broken line calculated by Equation (1b) using the same parameters as
obtained from region II. Note in region I, the two leftmost data points
are excluded from the fitting. ^: ZrC–CDC, &: TiC–CDC, ~: activated
carbon material, and *: template carbon material.


Figure 12. Experimental data of supercapacitors with activated carbon
electrode materials in a 6m aqueous KOH electrolyte fit by Equation (3)
and (2b) for micropores (^) and mesopores (*), respectively.
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I
þnSÐ I
Sn ð4Þ


in which I and S stand for ions and solvent molecules, re-
spectively. A negative Gibbs free energy change favors the
ion solvation process. The desolvation process contributes to
the equivalent series resistance in microporous carbon mate-
rials, but not in mesoporous carbon materials.
Temperature should also play a role in capacitance


through Equation (4). Raising the temperature may facili-
tate the desolvation process owing to a negative entropy
change according to DG=DH�TDS. Leis et al.[49] found
that, for carbon materials in triethylmethylammonium tetra-
fluoroborate (TEMABF4) electrolyte with pores smaller
than 11 J, the power density increases with temperature;
for others with only pores larger than 11 J, the power densi-
ty is almost independent of temperature. The critical pore
size of 11 J (or 10 J in Figures 3, 4, and 10) is characteristic
of EWCCs with TEMABF4 or TEABF4 as the electrolyte.
Note that TEMA+ differs from TEA+ by only one methyl
group, and therefore, the ionic radii of these two ions are
comparable. For EDCCs, the effect of temperature on ca-
pacitance might be cancelled out owing to its reverse effects
on d and solvent viscosity.
For ionic liquid and aqueous electrolytes, as can be seen


from Figures 10 to 12 and Table 3, no desolvation process in
the micropore regime is involved. Therefore, it is expected
that the deterioration of microporous carbon capacitance at
larger discharging current densities is less pronounced than
in organic electrolytes. We suggest that experiments be per-
formed to test whether capacitances of microporous carbon
materials are reduced by a comparable degree to mesopo-
rous carbon materials at large discharging current.


Nanoporous carbon materials with multimodal pore size dis-
tribution : With all pore regimes covered, we comment on
the application of Equations (2) and (3). As noted previous-
ly, the EDCC and/or EWCC model is only applicable to un-
imodal pores. Strictly speaking, among the materials dis-
cussed above, only the CDCs have a unimodal pore size dis-
tribution because of their very narrow pore size distribu-
tion.[8] For the experimental data of other carbon materials,
Equations (2b) and (3) alone do not work as well, as can be
seen from the wide range of R2 from 0.2 to 0.9.
For pores with a multimodal pore size distribution, one


should include the contributions to capacitance from
macro-, meso-, and micropores. The complete model should
be that shown in Equation (5):


C ¼
X


i


er,microe0Ai,micro


biln ðbi=a0Þ
þ
X


j


er,mesoe0Aj,meso


bjln ½bj=ðbj�dÞ�


þ
X


k


er,macroe0Ak,macro


d


ð5Þ


In cases in which macropores are only a small portion of
the pores and the pore size distribution of micropores and
mesopores is narrow, yielding bimodal pores, this approxi-


mately becomes Equation (6):


C ¼ er,microe0Amicro


bmicroln ðbmicro=a0Þ
þ er,mesoe0Ameso


bmesoln ½bmeso=ðbmeso�dÞ�
ð6Þ


A modified version of Equation (6) has been employed
by Shi[14a] for carbon supercapacitors with bimodal pores
producing a good linear relationship between C/Ameso and
Amicro/Ameso. This, however, should work well only when the
areas (Amicro and Ameso) and their ratio are allowed to
change while the pore sizes are fixed to give a constant
slope and intercept.[41]


Endohedral versus exohedral supercapacitors : In addition to
nanoporous carbon materials, other carbon materials have
also been experimentally studied for electrode materials of
supercapacitors, such as single-walled nanotubes (SWNTs),
multi-walled nanotubes (MWNTs),[50] and carbon nanofibers
or nanowires.[51] In sharp contrast to nanoporous carbon ma-
terials, for which counterions enter pores to form endohe-
dral EDCCs and/or EWCCs, for nanotubes with end caps
and solid nanowires, counterions reside on the outside of
the surfaces, which leads to exohedral EDCCs (Figure 13).


(An EWCC is not possible.) For nanowires with diameters
in the order of 100 nm, the EDLC model is probably still
valid. For carbon nanotubes, the EDLC model is usually
used for the discussion of electrochemical properties.[50a]


However, on the basis of the insight obtained from the
nanoporous carbon materials, the EDCC model should be
the reasonable choice for modeling exohedral supercapaci-
tors based on carbon nanotubes. Note that Equation (2) is
not applicable unless the diameter sizes of these materials
are strictly controlled to be monodispersed. It is challenging
to model nanotubes, mainly because nanotubes are quite
difficult to purify and samples are typically made up of a
complicated mixture that contains various types of tubes.
SWNTs could have diverse properties that arise from zigzag,
armchair, and chiral or helical structures, let alone MWNTs.
Even for just a single type of tube, the dimension change as
a function of charge injection[52] may cause the variation of
the specific surface area of electrode materials during charg-
ing/discharging. In spite of that, the advantage of exohedral
supercapacitors is that counterions have easy access to the


Figure 13. Exohedral-type EDCC with counterions forming an outer cyl-
inder on a) a negatively charged nanotube (hollow) and b) nanowire
(solid).
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carbon/electrolyte interface without having to enter the
pores, which could increase the equivalent series resistance.
Therefore, it is likely that exohedral supercapacitors have
more rapid charging/discharging properties than endohedral
ones.


Conclusion


In response to the latest experimental developments in
nanoporous carbon supercapacitors as a novel type of
energy-storage device, we have proposed a heuristic theoret-
ical model that takes pore curvature into account to replace
the EDLC model for a traditional parallel-plate capacitor.
The carbon particles of the supercapacitor electrodes are in
the order of micrometers in size and each particle contains a
large amount of pores with diameters in the order of nano-
meters. The large specific surface area of carbon materials
includes a relatively small contribution from the surface
area of the particles and a major contribution from the
pores inside the particles. For mesopores, counterions enter
mesoporous carbon materials and approach the pore wall to
form an EDCC; for micropores, solvated/desolvated coun-
terions line up along the pore axis to form an EWCC. The
EDCC model can be reduced naturally to the EDLC model
when the pores are large enough so that the pore curvature
is no longer significant and can be approximated to be
planar. We have presented DFT calculations and detailed
analyses of available experimental data in various pore re-
gimes for diverse carbon materials, including activated
carbon materials, template carbon materials, and the novel
carbide-derived carbon materials, which show significant ef-
fects of pore curvature on the supercapacitor properties of
nanoporous carbon materials. It can be concluded that the
EDCC/EWCC model is valid regardless of what type of
carbon materials are used for electrode-active materials and
is universal to carbon supercapacitors with diverse electro-
lytes of various concentrations. Thus, supercapacitor proper-
ties can be correlated with pore size, specific surface area,
Debye length, electrolyte concentration, and dielectric con-
stant, as well as solute ion size through the EDCC/EWCC
model, which may lend support for the systematic optimiza-
tion of the properties of carbon supercapacitors through ex-
periments.
The EWCC model also provides crucial insight into the


behavior of electrolyte ions inside nanoconfined spaces. Fit-
ting the results of experimental data indicates that organic
ions tend to be desolvated before entering subnanometer
pores, whereas aqueous electrolyte ions can retain their hy-
dration shell in subnanometer pores. In addition, it appears
that some electrolyte ions undergo room-temperature rota-
tions inside micropores and the orientations of some other
electrolytes ions in micropores are restricted. All of the ex-
periments cited herein were performed near room tempera-
ture. It would be interesting to find out whether the room-
temperature rotation of electrolyte ions can be frozen out at
low temperature, not from a practical, but a fundamental


point of view. Such information can be theoretically probed
by using the EWCC model and DFT calculations of ionic
radii based on the orientation of ions inside micropores. The
knowledge acquired can also be beneficial for understanding
ion transfer in ion channels of cells. A challenge is that the
electrolyte solvents may become frozen at low temperature
before the rotation of electrolyte ions can be studied.
Associated with the understanding given above, other


conclusions can be drawn: 1) The experiments by Gogotsi
and co-workers[10] with total capacitance dissected into the
contributions of cations and anions are very informative in
that the EDCC/EWCC model can be applied separately to
the cations and anions, which produces different sets of elec-
trochemical parameters. 2) As suggested by Frackowiak,[6a]


the capacitance properties of asymmetric nanoporous
carbon supercapacitors with electrolytes of different ion
sizes can be improved by using carbon materials with pores
adapted to the size of the electrolyte ions. 3) Porous carbon
materials with various pore sizes may be combined to ach-
ieve both high energy densities due to micropores and high
power densities due to mesopores. 4) For aqueous electro-
lytes considered herein, there is no gain of energy densities
in microporous carbon materials compared with mesopores
for supercapacitors as a result of the larger hydrated ions.
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Laves Phases, g-Brass, and 2�2�2 Superstructures: A New Class of
Quasicrystal Approximants and the Suggestion of a New Quasicrystal


Robert F. Berger, Stephen Lee,* Jeffreys Johnson, Ben Nebgen, and
Adrian Chi-Yau So[a]


Introduction


To most physical scientists, the world of intermetallic phases
is dominated by simple variants of a few familiar structures:
face-centered cubic (fcc), hexagonal closest-packed (hcp),
and body-centered cubic (bcc). Indeed, these structures can
take our understanding a long way, as they account for most
metallic elemental structures, as well as many atomically or-
dered intermetallic compounds and atomically disordered
alloys. However, there are also extensive classes of much
more complex intermetallic compounds. A deeper under-
standing of these more complicated phases is necessary if
physical scientists are to become fully conversant with met-
allic structures, and, as metals make up more than two
thirds of the periodic table, if we are to appreciate the intri-
cacies of some half of all thermodynamically stable binary
compounds.


In this paper, we concentrate on one important branch of
these more complicated structures: cubic crystal compounds
of purely metallic elements. Pearson#s Handbook of Crystal-
lographic Data for Intermetallic Phases[1] shows us that (lim-
iting ourselves to structure types whose compounds often
consist entirely of elements in the first twelve columns of
the periodic table) the most common complex cubic struc-
ture types are quite varied. The MgCu2


[2] structure type is
found in 807 compounds. In descending order of frequency
are then the Cr3Si


[3] (260 compounds), Th6Mn23
[4] (204 com-


pounds), NaZn13
[5] (91 compounds), Be5Au


[6] (75 com-
pounds), a-Mn[7] (73 compounds), Ti2Ni


[8] (62 compounds),
b-Mn[9] (41 compounds), Cu5Zn8


[10] (39 compounds),
Sm11Cd45


[11] (19 compounds), and YCd6
[12] (19 compounds)


structures.
This paper focuses on six of the above eleven structure


types: the MgCu2 (the cubic Laves phase), Be5Au, a-Mn
(the c-phase), Ti2Ni, Cu5Zn8 (g-brass), and Sm11Cd45 struc-
tures.1 We consider these six because either the structures
themselves or more complex variants of them exhibit a
common pseudo fivefold symmetry. The common pseudo fi-
vefold axes lie along the h110i directions of the cubic unit


Abstract: Of the most common cubic
intermetallic structure types, several
(MgCu2, Cu5Zn8, Ti2Ni, and a-Mn)
have superstructures with unusual sym-
metry properties. These superstructures
(Be5Au, Li21Si5, Sm11Cd45, and Mg44Ir7)
have the unusual property of pairs of
perpendicular pseudo fivefold axes,
most apparent in their X-ray diffrac-
tion patterns. The current work shows
that an 8D to 3D projection method
cleanly describes most (and in one
case, all) of the atomic positions in the


four superstructures mentioned above.
This type of projection, which maps the
E8 lattice (a mathematically simple 8D
crystal) into 3D space, combines the
desired higher dimensional point
group#s perpendicular fivefold rotations
with 3D translational symmetry—ex-


actly what we see in the experimental
crystal structures. The projection
method successfully accounts for all
heavy atom positions in the four super-
structures, and at least 60–70% of the
light atom positions. The results sug-
gest that all of these structures, previ-
ously known to be connected only by
qualitative similarities in their atomic
“clusters”, are approximants of a
single, as-yet unknown, class of quasi-
crystal.


Keywords: higher dimension · in-
termetallic phases · quasicrystals ·
solid-state structures · X-ray diffrac-
tion
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1 Several of the remaining structure types (e.g. Cr3Si and YCd6) are
known to be quasicrystal approximants of 3D point group quasicrys-
tals.[13,14]
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cell, as opposed to the h1t0i directions of other known cubic
quasicrystal approximants (t=


1þ
ffiffi
5
p


2 ).
[15] Interestingly, al-


though there are 3D point groups with fivefold axes along
the h1t0i directions (e.g. the Ih point group), there are no
3D point groups with fivefold axes along the h110i direc-
tions.
Earlier work by Sadoc and Mosseri[16,17] has shown that


the MgCu2, g-brass, and a-Mn structures can be understood
in terms of a 4D Platonic solid, the 600-cell. This finding
helps rationalize the observed pseudo fivefold symmetry in
these structures. The 600-cell, along with its dual, the 120-
cell, are the 4D Platonic solids with the greatest number of
symmetry elements (14400 in total).[18] Among these sym-
metries are numerous fivefold rotations. One type of projec-
tion, the 4D to 3D cell-projection (we explain cell-projec-
tion later in this paper), places six of these fivefold opera-
tions closest to the center of the projection. By virtue of
being closest to the center, these six fivefold operations best
preserve their fivefold pseudo-symmetry when projected
into 3D.2 The six projected pseudo fivefold axes lie exactly
along the h110i directions of a cube. Thus, the symmetry of
the 600-cell can be used to account for the pseudo fivefold
symmetry in the above structure types.[19]


One limitation of the above approach is that the 600-cell,
for all its complexity, is still a finite polyhedroid,3 whereas
the structures of interest in this paper are extended crystals
and are hence infinite in size. One way around this difficulty
has been the introduction of disclination lines.[22,23] In this
paper, we adopt an alternate approach. Rather than consid-
er the 600-cell itself, we consider a 4D structure which has
the same 4D point group as the 600-cell but which, like the
crystal structures of interest, is infinite in size. This 4D
object is the 4D quasicrystal first proposed by Elser and
Sloane[24] and later studied by Moody, Patera, Sadoc, and
Mosseri.[25,26]


The Elser–Sloane 4D quasicrystal, since its introduction
in 1987, has lost favor to the now well-known 6D crystal to
3D quasicrystal model.[27–30] In the more widely used 6D to
3D model, as well as in all other quasicrystals and quasicrys-
tal approximants of which we know, quasicrystals are ration-
alized by combining a 3D point group with higher dimen-
sional translations. In this paper, by contrast, we find that
rational approximants of the Elser–Sloane 4D quasicrystal,
with its fundamentally higher dimensional point group, cou-
pled with a 4D to 3D cell-projection (see below) can ac-
count for all the atomic positions of Be5Au and all the heavy
atom sites of Li21Si5,


[31] Sm11Cd45,
[11] and Mg44Ir7.


[32,33] For the
latter three structures, quasicrystal approximants of the
Elser–Sloane quasicrystal account for respectively 10/12, 9/
13, and 9/11 of the lighter atom sites.


These results are of particular interest as Be5Au and
Li21Si5 are themselves exact superstructures of two of the
title compounds of this article: MgCu2 (the cubic Laves
phase) and Cu5Zn8 (g-brass), respectively. Furthermore,
Sm11Cd45 is a superstructure built up from the a-Mn struc-
ture coupled with bcc. It has been recently shown that
Mg44Ir7 is nicely rationalized as being composed of twinned
Ti2Ni-type domains.


[34] Both Sm11Cd45 and Mg44Ir7 belong to
a family of superstructures (here termed 2P2P2 superstruc-
tures for their usual description as arrays of “clusters” in
large unit cells) first studied by Westman, Westin, and
Samson. [11,31–33,35–47]


Although superstructures (Be5Au, Li21Si5, Sm11Cd45, and
Mg44Ir7) have the most enhanced pseudo fivefold symmetry
along the h110i directions, and which therefore connect best
to the Elser–Sloane model, it seems fair to assume that their
substructures (MgCu2, Cu5Zn8, Ti2Ni, and a-Mn) are also
implicated in the Elser–Sloane model. With this Ansatz, the
results of this paper suggest that four of the most common
complex cubic metallic structures (MgCu2, Be5Au, Cu5Zn8,
and Sm11Cd45) are all related to rational cell-projections of
the 4D quasicrystal model. The results further tentatively
suggest that an additional two common structure types
(Ti2Ni and a-Mn) are also so connected. We begin with the
Laves phase MgCu2 and its superstructure Be5Au.


Results and Discussion


The cubic Laves structure—MgCu2 and Be5Au : The three
most common binary intermetallic stoichiometries are 1:1,
1:2, and 1:3. Although the 1:1 and 1:3 stoichiometries are
dominated by ordered variants of fcc, hcp, and bcc, the 1:2
stoichiometry#s most common structures are Laves phases.[1]


In this paper, we consider the cubic Laves structure MgCu2.
In MgCu2, the Mg atoms lie in a diamond network (Fig-
ure 1a), whereas the Cu atoms form a network of vertex-
sharing tetrahedra (Figure 1b). The full MgCu2 structure is
illustrated in Figure 1c.
The most common MgCu2 superstructure is the Be5Au


type. In this superstructure, the network of vertex-sharing
tetrahedra remains all one atom type (Be), but the original
diamond network is replaced by an alternating network of
the two atom types (Au and Be). The alternating network
(Figure 1d) may be recognized as a sphalerite-like ordering
of a diamond network. The vertex-sharing tetrahedra and
the full Be5Au structure are illustrated in Figure 1e,f.
Although the MgCu2 and Be5Au structures differ only in


the type of atom lying at individual sites, and may be
thought of as having very similar structures, their diffraction
patterns are noticeably different. Be5Au has marked pseudo
tenfold diffraction symmetry (pseudo fivefold structural
symmetry coupled with Friedel#s Law[48]) along the h110i di-
rections; MgCu2 does not. In Figure 2, we illustrate the cal-
culated diffraction patterns[49] of both of these structures
along [110]. The MgCu2 diffraction pattern (Figure 2a) is a
standard pattern with an immediately discernible rhomboid


2 In 4D, fivefold rotations occur around invariant planes. If projected
into 3D, they become pseudo fivefold rotations, and occur around in-
variant axes.


3 A polyhedroid[20,21] is the 4D analog of a 3D polyhedron. Just as a poly-
gon is composed of vertices and edges and a polyhedron consists of ver-
tices, edges, and faces, a 4D polyhedroid has vertices, edges, faces, and
polyhedra. These polyhedra are referred to as cells. The name 600-cell
means that this polyhedroid contains 600 polyhedra.
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reciprocal lattice. By contrast, the dominant diffraction
peaks of the Be5Au structure (Figure 2b) lie in two concen-
tric rings, each composed of ten peaks. Given the constraint
of the large reciprocal lattice (owing to the relatively small
direct lattice vectors), it is noteworthy how well these two
tenfold rings parse themselves to give an overall pseudo ten-
fold diffraction symmetry.
To understand the Be5Au structure, we must rationalize


its pseudo tenfold diffraction symmetry. In our hands, such a
rationalization is based on a higher dimensional lattice, the
E8 lattice, which lies at the foundation of the Elser–Sloane
quasicrystal model. Remarkably, this higher dimensional


crystal lattice is 8D; our interest
will be in 3D projections of it.


The E8 lattice and its 3D cell-
centered projection : When it
comes to using the 4D 600-cell
to generate 3D projected crys-
tal structures, there is a major
complication: the 600-cell 4D
point group is not found in any
4D space groups. In this, it is
entirely akin to the 3D Ih point
group, which is not found in
any 3D space groups. Just as in
the Ih case, where one needs to
extend to a higher dimension
(6D is generally chosen[27–30]) to
find a space group which con-
tains Ih symmetry, we will
extend into 8D in the case of
the 600-cell point group.[24–26,50]


In the former case, projection
from a 6D crystalline lattice re-
sults in 3D Ih quasicrystals. In
the latter case, Elser and


Sloane have found that projection from an 8D crystalline
lattice results in a 4D quasicrystal with 600-cell point group
symmetry.[24]


The 8D lattice in question is the closest-packed E8 lattice,
with points of the types (n1, n2, n3, n4, n5, n6, n7, n8) and (n1+
1=2, n2+


1=2, n3+
1=2, n4+


1=2, n4+
1=2, n6+


1=2, n7+
1=2, n8+


1=2). In
both cases, the ni are all integers and their sum is even (i.e.P 8


i¼1 ni=2N).
[51] As the crystal structures discussed in this


paper are of Td point group symmetry, our interest will be in
3D projections of the E8 lattice which preserve an overall
3D Td symmetry. We adapt a procedure from our previous
paper.
In this earlier work, we required a projection of the 4D


600-cell which placed a single tetrahedral cell at the center
of the projection. In so doing, it preserved an overall Td


symmetry in the 3D projected atomic cluster. This specifica-
tion—that the four 4D sites of a given 4D tetrahedral cell
project to the four sites of a 3D tetrahedron—exactly deter-
mines all twelve matrix elements of the 3P4 projection
matrix; it exactly determines what we term a cell projection.
Applying this same 3P4 matrix to the remaining sites of the
600-cell generates the full 3D cell-projected 600-cell.[19]


Important to the current paper is that, just outside the
central tetrahedron of the 3D cell-projected 600-cell, there
is a second tetrahedron roughly 1.6 times larger in size. This
larger tetrahedron is termed the outer tetrahedron (OT),
and the smaller one the inner tetrahedron (IT). The eight
vertices that comprise IT and OT are collectively known as a
stella quadrangula (Figure 3a).[52,53] One feature of the stella
quadrangula that will be key to our later discussion is that
each OT site, together with the triangular IT face nearest to
it, forms a capping tetrahedron (Figure 3b). These capping


Figure 1. The cubic Laves structure MgCu2 and its superstructure Be5Au. a) A diamond network of Mg (red)
atoms and b) a vertex-sharing tetrahedral network of Cu (blue) atoms combine to make c) the MgCu2 struc-
ture. d) A diamond network of alternating Be (purple) and Au (orange) atoms and e) a vertex-sharing tetrahe-
dral network of Be atoms that combine to make f) Be5Au.


Figure 2. The strongest peaks in the [110] X-ray diffraction patterns[49] of
the a) MgCu2 and b) Be5Au structures. The site preferences in the Be5Au
structure give it a pseudo tenfold diffraction symmetry that is absent in
MgCu2. The latter pattern was calculated using the isostructural com-
pound UCu5, a compound for which the pseudo-symmetry is particularly
vivid.
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tetrahedra are perfectly regular in shape if OT is exactly t


times larger than IT.
The stella quadrangula is vital to the desired 8D to 3D


projection, for which a 3P8 matrix rather than the previous
3P4 matrix is required. For 8D, we need to specify how
eight, not four, sites project into 3D. The natural choice for
these eight sites are those comprising the stella quadrangu-
la—the four IT sites and the four OT sites. In order to
choose which 8D points project onto this 3D stella quadran-
gula, we consider a stella quadrangula from the Elser–
Sloane quasicrystal and determine the eight 8D points
which project onto it. We find the points (1,0,0,0,1,0,0,0),
(1,0,0,0,0,1,0,0), (1,0,0,0,0,0,1,0), and (1,0,0,0,0,0,0,1) project
onto the IT of the stella quadrangula, whereas the points
(1=2,


1=2,
1=2,


1=2,
1=2,


1=2,
1=2,


1=2), (
1=2, �1=2, �1=2, 1=2, 1=2, 1=2, 1=2, 1=2),


(1=2, �1=2, 1=2, �1=2, 1=2, 1=2, 1=2, 1=2), and (1=2, 1=2, �1=2, �1=2, 1=2, 1=2,
1=2,


1=2) project onto the OT.
We therefore require the following transormations (1–8):


ð1, 0, 0, 0, 1, 0, 0, 0Þ ! ð1, 1, 1Þ ð1Þ


ð1, 0, 0, 0, 0, 1, 0, 0Þ ! ð1, �1, �1Þ ð2Þ


ð1, 0, 0, 0, 0, 0, 1, 0Þ ! ð�1, 1, �1Þ ð3Þ


ð1, 0, 0, 0, 0, 0, 0, 1Þ ! ð�1, �1, 1Þ ð4Þ


ð1=2, 1=2, 1=2, 1=2, 1=2, 1=2, 1=2, 1=2Þ ! ð�t, �t, �tÞ ð5Þ


ð1=2, �1=2, �1=2, 1=2, 1=2, 1=2, 1=2, 1=2Þ ! ðt, �t, tÞ ð6Þ


ð1=2, �1=2, 1=2, �1=2, 1=2, 1=2, 1=2, 1=2Þ ! ð�t, t, tÞ ð7Þ


ð1=2, 1=2, �1=2, �1=2, 1=2, 1=2, 1=2, 1=2Þ ! ðt, t, �tÞ ð8Þ


Taking the above 8D and 3D points to be column vectors,
the 3P8 matrix that performs these transformations is:


The 1=1 quasicrystal approximant


Projection matrix : Given a value of t, the above 3P8
matrix exactly defines the 8D to 3D projection. As we have
noted above, if t=t, the resultant 3D stella quadrangula will
have perfectly regular capping tetrahedra. But, as we will
find below, for this value and indeed for any irrational value
of t, the resultant 3D structure will be a quasicrystal. Rather
than show this directly, we consider first several rational
values of t.
We consider a sequence of rational numbers which con-


verges to t. The sequence chosen is composed of the ratios
of consecutive members of the Fibonacci sequence (1, 1, 2,
3, 5, 8, . .). As can be seen by inspection, this sequence (1=1,
2=1,


3=2,
5=3,


8=5, . .) converges rapidly to the desired value. We
consider first t= 1=1=1. For this value, the 3P8 projection
matrix reduces to:


We consider now the three column vectors:


These three vectors are the transposed rows of the projec-
tion matrix. As can be directly verified, these three column
vectors project onto respectively:


three orthogonal 3D vectors. As their names suggest, these
three orthogonal vectors can be seen as three ordinary 3D
unit cell axes.4


Figure 3. The 8-vertex formation known as a stella quadrangula. The ver-
tices are shown as a) a single polyhedron, and b) an inner tetrahedron
(IT, red) and an outer tetrahedron (OT, blue). Highlighted in gray in the
latter view is a tetrahedron composed of three IT atoms and one OT
atom, which caps the inner tetrahedron.


4 In this paper, we adopt the nomenclature that bold-font a is an 8D
vector, a


!
is a 3D vector, and a is a scalar, the length of a


!
.
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To cement this view, consider a given E8 lattice point.
Add to this 8D vector a linear combination of integer multi-
ples of the 8D a, b, and c vectors. This addition will generate
a new 8D vector corresponding to a new E8 lattice point.
Under the 8D to 3D projection, this new E8 lattice point
will project onto a 3D position related to the original pro-


jected 3D position by the same combination of a
!
, b
!
, and


c
!
as the initially chosen combination of a, b, and c. There-


fore, a
!
, b
!
, and c


!
can be taken to be standard 3D unit


cell vectors.


Projected distances : The 3P8 matrix with t= 1=1=1
projects E8 onto a 3D crystalline structure. However, this
3D structure by itself is not of great interest; it is merely
bcc. More useful projections will be ones in which only a
portion of the E8 lattice is projected into 3D. To construct
these, we require two additional concepts.
First is the concept of projected distance,[54] the distance


between the original and projected coordinates. To explain
what we mean by this, let us first illustrate projected dis-
tance in a simpler projection. In Figure 4a, we project a 2D
square lattice onto a 1D line. This amounts to collapsing
each lattice point perpendicularly onto the line (from the
black circles to the cyan circles in the figure). The lengths of
the red line segments are the projected distances of the
points.


The concept of projected distance is the same for our 8D
to 3D projection; it is the distance from an 8D point to the
3D “slice” onto which it is projected. This can be defined
formally as the perpendicular distance from an 8D point to
the 3D span of the rows of the projection matrix. We will
assume, as is standard, that sites which project over a short-
er distance count more heavily in the final structure than
those which project over a longer distance. At the bottom of
Figure 4, we represent points with shorter projected distan-
ces using larger circles. Points which lie beyond a specified


projected distance, denoted by the gray lines, are not pro-
jected at all.
This standard concept enriches the possibilities of 3D pro-


jected structures, in a way which we again illustrate using
the simple 2D to 1D projection. In Figure 4b, the entire 2D
square lattice is translated downward with respect to the 1D
line of projection. This translation changes the projected dis-
tances of each point, moving some points closer to the line
and others farther from it. The points that lie exactly on the
line count more heavily in the projection than do the points
farther from the line (and are consequently shown as larger
circles at the bottom of Figure 4b). Thus, the translation of
the lattice fundamentally alters the 1D projected structure
by changing which points count most heavily in the projec-
tion.
This type of translation can be extended to the E8 lattice


in our projections. The E8 lattice can be translated by an 8D
vector x, which will determine which lattice points have the
shortest projected distances, and thus count most heavily.
All of the structure types on which we focus in this paper—
MgCu2, Be5Au, Cu5Zn8, Li21Si5, Ti2Ni, a-Mn, Sm11Cd45, and
Mg44Ir7—have centers of Td point group symmetry. Our in-
terest is therefore in vectors x that leave the Td symmetry of
the stella quadrangula unchanged. We must explore all x
that maintain the equal projected distances of the four IT
sites as well as the four OT sites. Some thought shows that
vectors of the type (x1, 0, 0, 0, x2, x2, x2, x2) preserve the
above equalities. There are therefore two free independent
variables within the framework of t= 1=1=1 projection: x1
and x2.


Generating the Be5Au structure : We now apply the t= 1=1=1
model to the Be5Au structure. Be5Au is a fully ordered
structure, with 4 Au atoms and 20 Be atoms in its cubic unit
cell. This brings us to the second concept required to fully
specify a projection. If we wish to replicate the Be5Au struc-
ture through projection, we must make a rule deciding
which E8 lattice points project as Au atoms and which as Be
atoms. Our rule is as follows: for a given projection (corre-
sponding to a pair of values x1 and x2), we take the 4 lattice
points with the shortest projected distances to be Au atoms
(the heavier element), and the next 20 points to be Be
atoms (the lighter element). All sites with projected distan-
ces longer than these 24 will remain unoccupied. In this way,
we ensure that our projections have the desired population
and stoichiometry.
Given this rule, we can now generate a 3D crystal struc-


ture corresponding to any pair of values x1 and x2. Naturally,
some of these structures will be more similar to the experi-
mental Be5Au structure than others. In Figure 5, we quanti-
tatively assess how well each projection matches the Be5Au
structure. For given pairs of x1 and x2 parameters, we plot
the total number of projected atoms that exactly correspond
(including atom type) to the 24 experimental atoms. That is,
we plot the number of projected Au atoms that exactly cor-
respond to the 4 experimental Au atoms plus the number of


Figure 4. An illustration of projected distance and the effect of lattice
translation, using the simpler projection of a 2D square lattice onto to
1D line. a) The points of a 2D square lattice project onto a 1D line
(cyan) if they lie within a specified distance of that line (i.e. within the
thinner gray lines). The lengths of the red line segments connecting the
lattice points (black) to their projections (cyan) are what we define as
projected distances. b) If the 2D lattice is translated downward and the
same rule is applied, the result is a qualitatively different projection that
includes points with varying projected distances.
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projected Be atoms that exactly correspond to the 20 experi-
mental Be atoms.
The red regions in Figure 5 represent projections in which


all 4 Au atoms and all 20 Be atoms exactly correspond to
those in the experimental Be5Au structure. As we can see,
there are substantial regions in which the match between
projected and experimental crystal structure is perfect.
These results suggest that the Be5Au structure can be profit-
ably taken to be a rational projection of the E8 lattice. And
as Be5Au is an exact superstructure of the cubic Laves
phase MgCu2 structure, the parent structure itself can also
be so understood.
Before leaving our analysis of Figure 5, it is worth exam-


ining some of the values of x1 and x2 which lead to structures
other than the Be5Au structure. As the blue regions of the
Figure suggest, a very different structure emerges near the
values of x1=0 and x2=


1=2. This projected structure proves
to be the CaF2 structure type. As Figure 5 illustrates, it con-
sists of an fcc lattice of the heavier element (the Ca site)
which has all its tetrahedral holes filled by the lighter ele-
ment (the F sites). An examination of known intermetallic
CaF2 compounds confirms that the Ca and F sites are gener-
ally occupied by respectively the heavier and the lighter
metallic elements.[1]


g-brass and the Li21Si5 structure : The cubic unit cell of
Cu5Zn8 (g-brass), with 52 atoms, is roughly twice the size of
those of the MgCu2 and Be5Au structures. It is composed of
a body-centered arrangement of two identical 26-atom clus-
ters, which are based on the stella quadrangula. As we show


in Figure 6, the stella quadrangula has two types of edges;
those that link IT atoms to each other, and those that link
IT to OT atoms. Capping each of the IT–IT edges with an
atom generates an octahedron, referred to as OH (Fig-
ure 6a). Similarly, capping the twelve IT–OT edges generates
a distorted cubo-octahedron, referred to as CO (Figure 6b).
The resulting edge-capped stella quadrangula (Figure 6c,
left) has 26 vertices (IT+OT+OH+CO=4+4+6+12=


26), and is completely equivalent to the g-brass cluster. On
the right side of Figure 6c, we show a second view of the g-
brass cluster, which is more suggestive of the experimental
site preferences in Cu5Zn8. The OT and OH sites, which are
occupied by Cu atoms in Cu5Zn8, are connected as a black
adamantane-like cage. The IT and CO sites, which are occu-
pied by Zn, are connected as a light gray network of vertex-
sharing tetrahedra. There are two of these 26-atom clusters


Figure 5. Correspondence between 1=1 projected structures and the exper-
imental Be5Au structure as a function of x1 and x2, for a region containing
all unique projected structures. The plot shows the number of atoms in
the projected unit cell whose positions and elements exactly match those
of experimental Be5Au. There are substantial regions (shown in red) in
which the match is perfect. In other regions, the projection perfectly
matches the experimental CaF2 structure.


Figure 6. The construction of an edge-capped stella quadrangula, alterna-
tively known as a g-brass cluster. a) One type of edge of the stella quad-
rangula is capped with atoms (orange) that form an octahedron (OH),
whereas b) the other type of edge is capped with atoms (purple) that
form a distorted cubo-octahedron (CO). c) The full 26-atom edge-capped
stella quadrangula can be seen as four nested polyhedra (left), or alterna-
tively as an adamantane-like cage (right, black) and a network of vertex-
sharing tetrahedra (right, light gray). d) The cubic unit cell of Cu5Zn8
contains two such identical clusters in a body-centered arrangement.
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in the 52-atom cubic unit cell of Cu5Zn8, as shown in Fig-
ure 6d.
Our concern here will be with the g-brass superstructure


Li21Si5.
[31] This superstructure is significantly larger than the


parent structure and has 16 g-brass clusters in its cubic unit
cell. The unit cell has an a-axis length of 18.710 R, contains
416 atoms, and has a face-centered cubic Bravais lattice.
The 16 g-brass clusters in this structure reduce to four crys-
tallographically inequivalent clusters. It is convenient to con-
sider the four clusters along the body diagonal of the cubic
unit cell as representative examples of each crystallographi-
cally inequivalent cluster.
These four clusters are illustrated in Figure 7. For the


sake of clarity, each is connected as an adamantane-like
cage and a network of vertex-sharing tetrahedra (as illustrat-


ed on the right side of Figure 6c). Each cluster is given a
specific name. The cluster centered at (0,0,0) is labeled Z
for zero. Similarly, clusters centered at (1=4,


1=4,
1=4), (


1=2,
1=2,


1=2), and (
3=4,


3=4,
3=4) are respectively called Q, H, and T (for


quarter, half, and three-quarters).
Li21Si5 is a fully atomically ordered variant of the g-brass


structure. The OT sites of both the Z and Q clusters are oc-
cupied by Si atoms, as are the OH sites of the H and T clus-
ters. We refer to the four Si sites as respectively ZOT, QOT,
HOH, and TOH. The atomic ordering is illustrated in


Figure 7. It is of interest that different sites are occupied by
Si atoms: some are OTwhereas others are OH.
Figure 7a shows a standard illustration of Li21Si5 with all


four crystallographically inequivalent clusters oriented the
same way. This standard view obfuscates one remarkable
feature of the structure. Although three of the four clusters
in the Li21Si5 structure are typical g-brass clusters, the inner
tetrahedron of the H cluster is larger than the outer tetrahe-
dron of the same cluster.[31]


If we assume that inner tetrahedra should perforce be
smaller than outer tetrahedra, we need to switch the atomic
labels of these two sites. As shown in Figure 7b, it is possible
to switch these labels and retain the overall edge-capped
stella quadrangular geometry if we invert the entire H clus-
ter. Thus, although one can describe Li21Si5 as a 2P2P2 su-
perstructure of g-brass with all four g-brass clusters oriented
the same way, it is perhaps more atomically accurate to view
this structure as a superstructure where three of the clusters
have one orientation and the fourth cluster is inverted.
Just as in the case of Be5Au and MgCu2, the Li21Si5 super-


structure has enhanced pseudo tenfold diffraction symmetry
along h110i compared to the Cu5Zn8 parent structure. The
two diffraction patterns are contrasted in Figure 8. As can


be seen, the pseudo tenfold diffraction of the Li21Si5 struc-
ture is quite marked. With its larger direct lattice cell and
consequent smaller reciprocal lattice cell, the parsing of the
10 concentric diffraction peaks is distinctly superior to what
was found for Be5Au.


The 2=1 quasicrystal approximant : In an approach similar to
that taken for the Be5Au structure, we wish to show the con-
nection between the Li21Si5 structure and the E8 lattice. Its
more complicated structure will require a few refinements
to the overall procedure. In Be5Au, all the atoms reside at
positions of high symmetry, none of which contain any free
atomic parameters. By contrast, in Li21Si5, there are 4 crys-
tallographically inequivalent heavy atom sites and 12 inequi-


Figure 7. The four crystallographically inequivalent g-brass clusters in the
cubic unit cell of Li21Si5. The four Si (blue) sites are ZOT, QOT, HOH,
and TOH, whereas the remaining twelve sites are Li (red). The H cluster
is shown in a) the same orientation as the others, and in b) an inverted
orientation. The latter picture is more indicative of experimental atomic
positions.


Figure 8. The strongest peaks in the [110] X-ray diffraction patterns[49] of
the a) Cu5Zn8 and b) Li21Si5 structures. The site preferences in Li21Si5 give
it a pseudo tenfold diffraction symmetry that is absent in Cu5Zn8.
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valent light atom sites with a combined 20 atomic parame-
ters.
Our goal will be to project the E8 lattice points near the


experimentally observed atomic sites in Li21Si5. As we shall
see, we will find a projection which locates all 4 inequivalent
heavy atom sites and 10 of the 12 inequivalent light atom
sites. Moreover, this optimal structure will have three clus-
ters with one orientation, and the H cluster correctly invert-
ed.
For Li21Si5, we apply a 3P8 projection matrix where t=


2=1=2:


Similarly to the previous case, the three transposed rows of
this matrix form the three 8D vectors:


which project onto the three orthogonal 3D cell axis vec-
tors:


Just as in the previous case, the E8 lattice is subject to an 8D
translation by the vector x. In order to retain the Td symme-
try of the projection, x must again be of the form (x1, 0, 0, 0,
x2, x2, x2, x2), with the two free parameters x1 and x2. In
Figure 9, we plot the agreement between the projected
structure and the experimental Li21Si5 structure as a function
of these two parameters. Noting the 18.710 R a-axis length
of the experimental structure, we assume that projected
atoms which lie within 1 R of the actual atomic position are
reasonably near the atomic position. As we shall see, most
of the projected sites will lie significantly closer than the as-


sumed 1 R cut-off (with an average of 0.55 R over the 16
distinct sites in experimental Li21Si5).
As Figure 9 shows, when x1=0.81 and x2=0.07, all 80 Si


atoms and 240 of the 336 Li atoms can be located. This cor-
responds to the correct determination of all 4 Si and 10 of
the 12 Li crystallographically inequivalent sites. In Table 1,
all experimentally observed atomic sites are compared to
their projected counterparts. Also given in this table are the
projected distances of each of these sites for the optimal
values of x1 and x2. A full account of this theoretical model
is given in Table 1 of the Supporting Information, which
shows not only the sites that are found experimentally, but
all sites in our theoretical projection.
Two features of the projected E8 model are noteworthy.


First, the projected model correctly finds that half the OT
and half the OH sites are occupied by Si atoms. The order-
ing of the four clusters is the experimental one, with ZOT,
QOT, HOH, and TOH being the four Si sites. Equally note-
worthy is the success in generating the H cluster. All four
crystallographically inequivalent H sites are contained in the
optimal projected E8 model (though one lies slightly beyond
the 1 R cut-off). These four sites belong to a cluster which is
inverted with respect to the other three clusters. As we dis-
cussed above, this inversion is found experimentally.
Although all the Si atoms are correctly determined, only


71% of the experimental Li atoms are correctly found. As
Table 1 shows, one of the missing sites (HCO) lies just
beyond the established 1 R cut-off (at 1.18 R), whereas the
other (QCO) lies just beyond the projected distance cutt-


Figure 9. Correspondence between 2=1 projected structures and the exper-
imental Li21Si5 structure as a function of x1 and x2, for a region containing
all unique projected structures. The plots show a) the number of project-
ed Si atoms within 1 R of experimental Si atoms, and b) the number of
projected Li atoms within 1 R of experimental Li atoms. The black dots
indicate the optimal projection (x1=0.81, x2=0.07), for which 100% of
the Si atoms and 71% of the Li atoms are correctly placed.
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off, beyond which atoms do not project (1.03 vs. 1.02). A
more complete understanding of the projected model of
Li21Si5 can be obtained from Table 1 of the Supporting Infor-
mation. As this complete list of projected sites shows, there
is a clear trend of shorter projected distances where atoms
are found experimentally, and longer projected distances
where atoms are not found. Of the 22 sites that are predict-
ed theoretically by our optimal model of Li21Si5, 15 are ana-
logs of sites that are found experimentally. Of the 34 sites
that lie beyond this optimal projection, and are thus not pre-
dicted theoretically, 33 are not the analogs of experimental
sites.
When looking at the discrepancies between the theoreti-


cal and experimental structures, it seems reasonable to
assume that ordinary chemical constraints—atomic size,
electronic structure, electronegativity, valence electron
count, and quantum mechanics in general—should play a
role in the structural energetics, and would thus modify the
established “rules” for projection. We attribute the differen-
ces between the theoretical and experimental structures to
such factors.


Sm11Cd45, Mg44Ir7, Ti2Ni, and a-Mn : We turn now to the
Sm11Cd45 and Mg44Ir7 structures. Both structures have excel-
lent pseudo tenfold diffraction symmetry along h110i, as
shown in Figure 10. Both structures are ordered F-centered
cubic structures with more than 400 atoms in their unit cells.
Similarly to Li21Si5, their structures consist of four crystallo-
graphically inequivalent clusters centered at the Z, Q, H,
and T positions. In Sm11Cd45, two clusters are based on the
a-Mn structure, and two on bcc. In Mg44Ir7, clusters are de-
rived from Ti2Ni, g-brass, and a-Mn.[55] We first turn to the
new cluster types found in this pair of structures.
Three new cluster types need to be delineated: the a-Mn,


Ti2Ni, and bcc clusters. In Figure 11, we illustrate these
three new cluster types. Site names used in describing g-
brass can also be used for the Ti2Ni cluster (Figure 11a). For
a-Mn and bcc (Figure 11b,c), however, in addition to the


previously discussed site types,
two new sites are also found:
the cluster center (CC) and the
truncated tetrahedron (TT). In
Figure 12, we illustrate the crys-
tallographically inequivalent
clusters of Sm11Cd45 and Mg44Ir7
using the nomenclature derived
in Figure 7.
The heavy atoms of these


two structures occupy a mish-
mash of site types. The Sm sites
in Sm11Cd45 are ZCC, ZCO,
QCC, HOT, and TOT, whereas
the Ir sites in Mg44Ir7 are ZOT,
QOT, and TOH. In all, four dif-
ferent site types—CC, OT, OH
and CO—are occupied by heav-
ier atoms.


Table 1. The calculated atomic sites (in fractional coordinates of the cubic unit cell) in the 2=1 projection cen-
tered at (0.81,0,0,0,0.07,0.07,0.07,0.07), which match the experimental sites in Li21Si5.


Theoretical Theor Proj Experimental Exptl Exptl site Exptl/proj
coordinates element distance coordinates element name separation [R]


(0.95,0.75,0.75) Si 0.51 (0.9280,0.7500,0.7500) Si TOH 0.41
(0.35,0.35,0.35) Si 0.52 (0.3325,0.3325,0.3325) Si QOT 0.57
(0.70,0.50,0.50) Si 0.60 (0.6809,0.5000,0.5000) Si HOH 0.36
(0.10,0.10,0.10) Si 0.61 (0.0905,0.0905,0.0905) Si ZOT 0.31
(0.20,0.00,0.00) Li 0.80 (0.1770,0.0000,0.0000) Li ZOH 0.43
(0.55,0.55,0.55) Li 0.81 (0.5620,0.5620,0.5620) Li HIT 0.39
(0.95,0.95,0.95) Li 0.81 (0.9460,0.9460,0.9460) Li ZIT 0.13
(0.15,0.15,0.95) Li 0.82 (0.1580,0.1580,0.9880) Li ZCO 0.74
(0.70,0.70,0.70) Li 0.88 (0.6910,0.6910,0.6910) Li TIT 0.29
(0.90,0.90,0.70) Li 0.88 (0.9030,0.9030,0.7290) Li TCO 0.55
(0.45,0.25,0.25) Li 0.99 (0.4240,0.2500,0.2500) Li QOH 0.49
(0.85,0.85,0.85) Li 0.99 (0.8330,0.8330,0.8330) Li TOT 0.55
(0.40,0.40,0.40) Li 1.02 (0.4210,0.4210,0.4210) Li HOT 0.68
(0.20,0.20,0.20) Li 1.02 (0.1790,0.1790,0.1790) Li QIT 0.68
(0.65,0.65,0.55) 1=2 Li 1.02 (0.6620,0.6620,0.4890) Li HCO 1.18
(0.40,0.40,0.20) – 1.03 (0.4140,0.4140,0.2500) Li QCO 1.01


Figure 10. The strongest peaks in the [110] X-ray diffraction patterns[49]


of the a) Sm11Cd45 and b) Mg44Ir7 structures. Similarly to the structures
we have already generated by projection, these two exhibit a pseudo ten-
fold diffraction symmetry.


Figure 11. The a) Ti2Ni, b) a-Mn, and c) body-centered cubic atomic clus-
ters, connected as polyhedra according to their crystallographically ineq-
uivalent sites. In all, the clusters include six types of sites, which we ab-
breviate using two-letter names: CC (yellow), IT (red), OT (blue), OH
(orange), TT (green), and CO (purple).
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We turn now to t= 2=1=2 models of the two structures.
With the same approach as was previously used for Li21Si5,
we plot the agreement between calculated and experimen-
tally observed atomic sites for both the heavy and light
atoms in Sm11Cd45 and Mg44Ir7 (Figure 13). For the former
system and the values x1=0.36 and x2=0.11, all 88 Sm
atoms (all 5 crystallographically inequivalent Sm sites) and
224 of the 360 Cd atoms (9 of
13 Cd sites) are correctly locat-
ed. For Mg44Ir7, optimal agree-
ment occurs when x1=0.61 and
x2=0.06, when all 56 Ir atoms
(all 3 crystallographically ineq-
uivalent Ir sites) and 232 of 352
Mg atoms (9 of 11 Mg sites) are
successfully found. Tables 2 and
3 compare the projected and
experimental atomic sites in
Sm11Cd45 and Mg44Ir7, respec-
tively.
The accuracy of these models


is comparable to what was
found for Li21Si5. All heavy
atoms and 60–70% of light
atoms are correctly located in
the best projections for each
structure. It is noteworthy that
the projected E8 models cor-


rectly account for the unusual mixture of CC, OT, OH, and
CO sites occupied by the heavier elements.
Complete lists of the all the sites generated by our opti-


mal Sm11Cd45 and Mg44Ir7 projections are given in Table 2
and Table 3 of the Supporting Information. As in the case of


Figure 12. The four crystallographically inequivalent atomic clusters in
the cubic unit cells of a) Sm11Cd45 and b) Mg44Ir7. In both cases, the heav-
ier element is shown in blue, and the lighter element in red. The five Sm
sites in Sm11Cd45 are ZCC, ZCO, QCC, HOT, and TOT, and the three Ir
sites in Mg44Ir7 are ZOT, QOT, and TOH.


Figure 13. Correspondence between 2=1 projected structures and the ex-
perimental a) Sm11Cd45 and b) Mg44Ir7 structures as functions of x1 and x2.
In both panels, the plots show the number of projected heavy atoms
within 1 R of experimental heavy atoms (left), and the number of pro-
jected light atoms within 1 R of experimental light atoms (right). The
black dots indicate the optimal projection for each structure. For
Sm11Cd45, the optimal point (x1=0.36, x2=0.11) correctly places 100% of
the Sm atoms and 62% of the Cd atoms. For Mg44Ir7, the optimal point
(x1=0.61, x2=0.06) correctly places 100% of the Ir atoms and 66% of
the Mg atoms.


Table 2. The calculated atomic sites (in fractional coordinates of the cubic unit cell) in the 2=1 projection cen-
tered at (0.36,0,0,0,0.11,0.11,0.11,0.11), which match the experimental sites in Sm11Cd45.


Theoretical Theor Proj Experimental Exptl Exptl site Exptl/proj
coordinates element distance coordinates element name separation [R]


(0.00,0.00,0.00) Sm 0.42 (0.0000,0.0000,0.0000) Sm ZCC 0.00
(0.25,0.25,0.25) Sm 0.46 (0.2500,0.2500,0.2500) Sm QCC 0.00
(0.40,0.40,0.40) Sm 0.47 (0.4059,0.4059,0.4059) Sm HOT 0.22
(0.65,0.65,0.65) Sm 0.50 (0.6618,0.6618,0.6618) Sm TOT 0.44
(0.20,0.20,0.00) Sm 0.76 (0.1735,0.1735,0.0142) Sm ZCO 0.87
(0.45,0.45,0.25) Cd 0.78 (0.4377,0.4377,0.2627) Cd QCO 0.47
(0.90,0.90,0.80) Cd 0.79 (0.9161,0.9161,0.7637) Cd TCO 0.93
(0.75,0.75,0.75) Cd 0.80 (0.7500,0.7500,0.7500) Cd TCC 0.00
(0.20,0.00,0.00) Cd 0.81 (0.1573,0.0000,0.0000) Cd ZOH 0.93
(0.15,0.15,0.15) Cd 0.83 (0.1636,0.1636,0.1636) Cd QOT 0.51
(0.50,0.50,0.50) Cd 0.86 (0.5000,0.5000,0.5000) Cd HCC 0.00
(0.90,0.90,0.90) Cd 0.88 (0.9126,0.9126,0.9126) Cd ZOT 0.47
(0.85,0.85,0.85) Cd 0.98 (0.8297,0.8297,0.8297) Cd TIT 0.76
(0.30,0.30,0.40) Cd 1.01 (0.2958,0.2958,0.3904) Cd QTT 0.24
(0.55,0.55,0.65) – 1.02 (0.5455,0.5455,0.6403) Cd HTT 0.25
(0.05,0.05,0.05) – 1.04 (0.0834,0.0834,0.0834) Cd ZIT 1.26
(0.95,0.75,0.75) – 1.06 (0.9105,0.7500,0.7500) Cd TOH 0.86
(0.70,0.70,0.50) – 1.07 (0.6728,0.6728,0.5128) Cd HCO 0.88
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Li21Si5, these lists show a clear trend of shorter projected
distances where atoms are found experimentally, and longer
projected distances where atoms are not found. In the opti-
mal theoretical models of both Sm11Cd45 and Mg44Ir7, 37
sites lie beyond the projections and are thus not predicted
theoretically. Comparing these two theoretical models to ex-
periment, respectively 33 and 35 of those theoretically
empty sites are correctly not the analogs of experimental
atomic sites.


The possibility of a new quasicrystal : We have invoked
many non-closest-packed cubic structures in this paper:
MgCu2, Be5Au, Cu5Zn8 (g-brass), Li21Si5, Ti2Ni, a-Mn,
Sm11Cd45, and Mg44Ir7. All of these structures are connected
to 3D cell-projections of the E8 lattice. If such quasicrystal
approximants are so readily found, one might suppose that
an actual cell-projected quasicrystal could also be eventually
discovered. To aid in its potential search, let us detail what
we may infer about such a quasicrystal.
By extension of the mathematics we considered above,


such a quasicrystal will be based on the 3P8 matrix:


For all rational values of t, including those already consid-
ered, one finds quasicrystal approximants. Only if t is an ir-
rational number does projection lead to a non-crystal. The
most interesting irrational value of t is t. Here, each capping
tetrahedron consisting of an OT atom and its three neigh-
boring IT atoms is perfectly regular in shape. As the struc-
tures discussed above are all variants of tetrahedral packing,
domains of such perfectly regular tetrahedra may be quite
desirable.


The quasicrystal approxim-
ants discussed in this paper
have elements vastly different
in size. Let us assume that any
potential quasicrystal will also
contain at least two such dis-
similar elements. In this paper,
we have fared better in correct-
ly locating the heavier of the el-
ements. For the three t= 2=1=2
models discussed above, the
heavier atoms were all correctly
located, and had projected dis-
tances no longer than 0.61, 0.76,
and 0.61 units of the E8 lattice.
Let us suppose that in an even-
tual quasicrystal, heavy atoms
will be the E8 vertices with pro-


jected distances shorter than 0.70.
What does such a structure look like? First, for a true


quasicrystal, we no longer need consider the translation
vector x. The quasicrystal remains unchanged for different
values of this vector. We therefore need only consider a
single structure. Different approaches have been chosen in
the literature for the graphical representation of quasicrys-
tals. In this paper, we choose a highly local view. In
Figure 14, we provide local views of the quasicrystal around
three particularly pseudo-symmetric positions. These views
are directly compared with the heavy atom positions found
in the various t= 2=1=2 quasicrystal approximants. Fig-
ure 14a shows one region of heavy atoms in this quasicrys-


Table 3. The calculated atomic sites (in fractional coordinates of the cubic unit cell) in the 2=1 projection cen-
tered at (0.61,0,0,0,0.06,0.06,0.06,0.06), which match the experimental sites in Mg44Ir7.


Theoretical Theor Proj Experimental Exptl Exptl site Exptl/proj
coordinates element distance coordinates element name separation [R]


(0.35,0.35,0.35) Ir 0.42 (0.3482,0.3482,0.3482) Ir QOT 0.06
(0.10,0.10,0.10) Ir 0.55 (0.0839,0.0839,0.0839) Ir ZOT 0.56
(0.95,0.75,0.75) Ir 0.61 (0.9133,0.7500,0.7500) Ir TOH 0.74
(0.15,0.15,0.95) Mg 0.76 (0.1561,0.1561,0.9797) Mg ZCO 0.62
(0.90,0.90,0.70) Mg 0.84 (0.9015,0.9015,0.7194) Mg TCO 0.39
(0.20,0.00,0.00) Mg 0.86 (0.1814,0.0000,0.0000) Mg ZOH 0.37
(0.55,0.55,0.55) Mg 0.88 (0.5623,0.5623,0.5623) Mg HOT 0.43
(0.95,0.95,0.95) Mg 0.88 (0.9482,0.9482,0.9482) Mg ZIT 0.06
(0.70,0.70,0.70) Mg 0.95 (0.6973,0.6973,0.6973) Mg TIT 0.09
(0.70,0.70,0.50) Mg 0.96 (0.6928,0.6928,0.4799) Mg HCO 0.45
(0.85,0.85,0.85) Mg 0.97 (0.8338,0.8338,0.8338) Mg TOT 0.56
(0.40,0.40,0.20) 1=12 Mg 0.97 (0.3933,0.3933,0.2147) Mg QCO 0.35
(0.55,0.55,0.35) – 0.99 (0.5517,0.5517,0.3385) Mg HTT 0.24
(0.35,0.25,0.25) – 1.09 (0.3561,0.2500,0.2500) Mg QOH 0.12


Figure 14. Correspondence between heavy atom positions in the pro-
posed quasicrystal and its experimental approximants. a) Some regions in
the quasicrystal resemble the pattern of heavy atoms in Li21Si5 (and
Mg44Ir7), whereas b) others resemble the pattern of heavy atoms in
Sm11Cd45. c) Still other regions in the proposed quasicrystal bear no such
resemblance.
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talline projection. As shown, these sites match closely with
those of the 26 Si atoms closest to (1=4,


1=4,
1=4) in Li21Si5,


which represent all four symmetry-inequivalent Si sites in
the structure. Not shown but equally true, a subset of these
projected heavy atoms in Figure 14a also match the 14 Ir
atoms closest to (1=4,


1=4,
1=4) in Mg44Ir7, which represent all


three symmetry-inequivalent Ir sites. The configuration of
heavy atoms in Sm11Cd45, which is quite different from that
of Li21Si5 and Mg44Ir7, appears in another region of the pro-
posed quasicrystal. This region of projected heavy atoms
(Figure 14b) matches closely with the 33 Sm atoms closest
to (1=4,


1=4,
1=4) in Sm11Cd45, which represent all five symme-


try-inequivalent Sm sites. In still other regions of the pro-
posed quasicrystal (of which Figure 14c is a representative
example), the heavy atoms bear no obvious resemblance to
the heavy atoms in Li21Si5, Mg44Ir7, or Sm11Cd45.
As Figure 14 shows, the quasicrystal can be thought of as


containing domains which resemble all the quasicrystal ap-
proximants. At some locations, the heavy-atom structure re-
sembles most that of Sm11Cd45, wheras in other places it is
most like Li21Si5 and Mg44Ir7. Perhaps experimental quasi-
crystals will be found as intergrowths of two or more known
quasicrystal approximant phases.
One more feature of this potential quasicrystal should be


noted. In known quasicrystals, the quasicrystal belongs to a
3D point group that is inaccessible in 3D space groups (e.g.
Ih). By contrast, for t=t, the resulting quasicrystal remains
in 3D Td symmetry. It is only in the improvement of its
pseudo-symmetries that there is any additional symmetry in
the cell-projected E8 quasicrystal.


Conclusion


In the introduction to this paper, we catalogued all the met-
allic cubic structures which are not directly related to fcc,
hcp, or bcc. In this paper, we have related roughly half of
these structures to projections of the E8 lattice. Of the re-
maining structures, some of them (e.g. Cr3Si and YCd6) are
already known approximants related to 3D quasicrystals of
Ih symmetry.


[13,14] Taken together, it appears the majority of
the common non-closest-packed cubic structures are con-
nected to quasicrystal approximants.
The limitation to cubic structures may be an arbitrary


one. It seems plausible that the E8 lattice is related to tetra-
hedral packing in general, and not just to tetrahedral pack-
ing in cubic unit cells. Perhaps structures belonging to non-
cubic Bravais classes will also prove to be so connected. We
save such explorations for future work.
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Fluorescent Hydrophobic Zippers inside Duplex DNA:
Interstrand Stacking of Perylene-3,4:9,10-tetracarboxylic Acid Bisimides
as Artificial DNA Base Dyes


Daniela Baumstark and Hans-Achim Wagenknecht*[a]


Introduction


Nucleosides, oligonucleotides, and DNA play an increasingly
significant role for the design and construction of nanostruc-
tures and functional p systems.[1] In a bottom-up approach,
these systems are realized by composing small synthetic
building blocks with recognition, structuring, and most im-
portantly, self-assembly properties, preferably through hy-
drogen-bonding or p-stacking interactions.[2,3] Nucleotides fit
perfectly into this building-block strategy:


1) Self-assembly: Two oligonucleotides bind sequence selec-
tively through the canonical Watson–Crick pairing into a
duplex structure.


2) Regular helix: B-DNA is a predictable topology with a
base-pair distance along the helical axis of 3.4 0 that is


ideal for hydrophobic and photophysical interactions of
chromophores.


3) Synthesis: The well-established automated oligonucleo-
tide chemistry represents a building-block strategy that
can be applied for modifications and functionalization.


4) Hierarchical structure: Based on the DNA helix as a reg-
ular secondary structure, sequence-specific recognition
by DNA-binding proteins and complex tertiary struc-
tures can be realized.


p Arrays and clusters of organic chromophores have been
of considerable interest because of their properties, which
differ significantly from those of the monomeric state and
which have potential applicability in molecular devices. The
clear structural scaffold of duplex DNA is potentially useful
for such p systems because their functional properties
depend on the relative orientation and resulting photophysi-
cal interactions of each of the molecular components with
the others. DNA-based photonic wires have been developed
by using multistep electronic exciton migration.[4] Accord-
ingly, DNA has been applied as a template for the helical
assembly of noncovalently bound chromophores, for exam-
ple, cyanine dyes, in the minor groove.[5,6] Over the last few
years, a number of publications have appeared that describe


Abstract: Perylene-3,4:9,10-tetracar-
boxylic acid bisimides (PBs) were in-
corporated synthetically into oligonu-
cleotides by using automated DNA
building-block chemistry. The 2’-deoxy-
ribofuranoside of the natural nucleo-
sides was replaced by (S)-aminopro-
pan-2,3-diol as an acyclic linker be-
tween the phosphodiester bridges that
is tethered to one of the imide nitrogen
atoms of the PB dye. The S configura-
tion of this linker was chosen to mimic
the stereochemical situation at the 3’-
position of the natural 2’-deoxyribofur-


anosides. By using this strategy, up to
six PB dyes were incorporated in the
middle of 18-mer DNA duplexes by
using interstrand alternating sequences
of PBs with thymines or an abasic site
analogue. Both PB dimers and PB hex-
amers as artificial base substitutions
inside the duplexes yield characteristic
excimer-type fluorescence. The stack-


ing properties of the PB chromophores
are modulated by the presence or ab-
sence of thymines opposite the PB
modification site in the counterstrand.
The interstrand PB dimers can be re-
garded as hydrophobically interacting
base pairs, which display a characteris-
tic fluorescence readout signal. Hence,
for the PB hexamers, we proposed a
zipperlike recognition motif that is
formed inside duplex DNA. The PB
zipper shows characteristic excimer-
type emission as a fluorescence readout
signal for the pairing interaction.
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the application of the structural architecture of oligonucleo-
tides for the self-assembled arrangement of organic chromo-
phores as either 1) DNA base substitutions inside the
duplex or as 2) DNA base modifications outside the duplex.
In both cases, the arrangements allow the chromophores to
interact with each other photophysically.


1) In a combinatorial approach by the group of Kool, four
different fluorosides have been used as C-nucleosidic
DNA base substitutes in a completely artificial DNA
base stack to yield astonishing new fluorescence proper-
ties.[7] Similar results were obtained by Inouye and co-
workers by using fluorophores that are linked with acety-
lene bridges to the 2’-deoxyribose moiety.[8] Asanuma
and co-workers have incorporated several azobenzene
derivatives, for example, the methyl red and naphthyl
red dyes, in DNA as base surrogates that form ordered
clusters inside the helical duplex.[9] By using the cis–trans
isomerism of the azo bridge, the zipperlike chromophore
clusters act as photoswitchable regulators for DNA hy-
bridization. The group of HEner observed stacked clus-
ters of phenanthrenes, phenanthrolines, and pyrenes in
duplex DNA with the corresponding non-nucleosidic
base surrogates.[10] Interestingly, the oligopyrenes self-as-
semble inside duplex DNA according to a strong exciton-
ic CD signal. Leumann and co-workers showed that the
interstrand aromatic stacking of bipyridine and biphenyl
derivatives as C-nucleosides in DNA can be applied as a
zipperlike recognition motif inside DNA.[11]


2) Organic chromophores can be attached to the DNA
bases or to the 2’-position of the ribofuranoside moiety
of RNA. A helical pyrene array along the outside of
duplex RNA that was prepared by using the latter ap-
proach was described recently by Nakamura, Yamana,
and co-workers. They described a significant pyrene-exci-
mer fluorescence enhancement.[12] In a structurally simi-
lar fashion, locked nucleic acids have been functionalized
by multiple pyrene derivatives.[13] These locked nucleic
acids exhibit promising fluorescence properties and are
able to sense full complementarities of the DNA or
RNA counterstrands. Recently, we showed that a helical
and regularly structured p array of 1-ethynylpyrene
groups that have been covalently attached to the 5-posi-
tion of uridines can only be formed if more than three
chromophores are placed adjacent to each other.[14] Simi-
lar DNA systems with five adjacent pyrene-modified uri-
dine units showed a remarkably strong fluorescence en-
hancement, which is sensitive to DNA base mismatches
and thermal denaturation of the duplex.[15] DNA duplex-
es that have been functionalized by a helical stack con-
sisting of five adjacent chromophores with mixed
pyrene-modified or phenothiazine-modified uridine se-
quences show a modulated fluorescence readout.[16]


The strong hydrophobic stacking interaction of perylene-
3,4:9,10-tetracarboxylic acid bisimide (PB) makes this chro-
mophore an important building block for functional supra-


molecular architectures and organic multichromophore
nanomaterials.[3,17, 18] When it was taken into account that
PB dyes exhibit excellent photochemical stability, as well as
high fluorescence quantum yields, it looked reasonable to
apply PB as a chromophore for the construction of a self-as-
sembled and hydrophobically interacting stack inside DNA.
The noncovalent DNA-binding interactions were studied
with PB derivatives that have been modified with sper-
mine[19] or other amines.[20] An increasing number of publi-
cations have become available over the last few years about
the covalent modification of oligonucleotides with PB deriv-
atives. In particular, perylene bisimide derivatives have been
covalently attached to oligonucleotides for the DNA-direct-
ed assembly of this dye[21] in thermophilic foldamers,[22] as
caps for DNA hairpins,[23–25] and for the construction of ex-
ceptionally stable triplexes.[26]


For the incorporation of PB as an artificial base surrogate
at specific sites in DNA, we presented a synthetic route in-
volving the automated phosphoramidite building-block
strategy.[27] Moreover, we could show that the incorporation
of PB dimers as artificial DNA base substitutions yields a
characteristic excimer-type fluorescence inside the DNA
duplex.[28] The PB dimer that is formed in an interstrand
mode can be regarded as a hydrophobically interacting “di-
agonal” base pair with a fluorescence readout signal for the
pairing interaction. The intrastrand PB dimer as a clamp
around a questionable site of base mismatches or base dele-
tions allows the detection and quantification of the amount
of matched counterstrand. Herein, we want to present the
extension of the optical DNA functionalization from two
PB dyes up to six PB dyes in a row inside the duplex.


Results and Discussion


The synthesis of the PB-modified oligonucleotides was per-
formed according to our published procedure.[27,28] The 2’-
deoxyribofuranoside of natural nucleosides was replaced by
an acyclic linker that is tethered to one of the imide nitro-
gen atoms of the PB dye. We showed that this linker allows
different chromophores to intercalate in the base stack
while facilitating the synthesis of the corresponding phos-
phoramidites.[27–30] The S configuration of this linker was
chosen to mimic the stereochemical situation at the 3’-posi-
tion of natural 2’-deoxyribofuranosides.[31–33] All synthesized
duplexes (DNA1–DNA7) contain palindromic sequences to
ensure quantitative duplex formation in the samples for
spectroscopic measurements (Scheme 1).
Similar to the previously reported DNA1,[28] duplex


DNA3 bears one interstrand PB dimer inside the duplex.
However, the thymines opposite the two PB dyes in the
counterstrand of DNA1 were replaced by the abasic site an-
alogue S to allow optimal intercalation of the PB dye in
DNA3. S represents a chemically stable analogue for the
natural abasic site.[33] DNA2[28] and DNA4 were synthesized
as reference duplexes without the dye. DNA5 and DNA6
contain six PB dyes in the middle of the duplex in the form
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of interstrand alternating sequences. In DNA5, natural thy-
mines were placed opposite the PB dyes. In DNA6, the
abasic site analogue S was chosen instead of those thymines.
DNA7 represents another reference duplex without the PB
dye. In comparison with the fully unmodified duplex
DNA2,[28] DNA4 and DNA7 allow the effects of the PB
chromophores to be separated from those of the abasic site
analogues S with respect to the thermal stabilities of DNA3
and DNA6, respectively.
The UV/Vis spectra of DNA3, DNA5, and DNA6


(Figure 1) at low temperatures are different from the corre-
sponding spectra of the PB monomer in oligonucleo-
tides:[27,28] All three absorption bands are shifted batho-
chromically and the relative ratios of the absorption bands
at 506 and 545 nm are significantly changed in comparison
with the relative ratio of the 0!1 and 0!0 vibronic transi-
tions of the PB monomer in oligonucleotides. Both observa-


tions show the strong p–p excitonic interactions of the two
PB dyes inside DNA3 or the six PB moieties in DNA5 and
DNA6, respectively.[22a,34] At higher temperatures, there is a
remarkable difference between DNA3 and the duplexes
DNA5/DNA6. In DNA3, the absorption maxima shift to
those that are typical for a single PB modification in an oli-
gonucleotide.[27] Additionally, the relative ratio of the ab-
sorption maxima resembles that of the monomeric form of
PB. It is remarkable that both changes, the absorption shift
and the change of peak ratio, occur between 70 and 80 8C,
the range of the melting temperature of this duplex (Tm=


78.3 8C, Table 1). The temperature-dependent absorption be-


havior of DNA3 is similar to that of the previously reported
DNA1.[28] When the Tm values are measured at 540 nm, the
PB dyes dehybridized at an only slightly higher temperature
in the presence of the abasic site S (DNA1: 75.9 8C; DNA3 :
77.4 8C). Thus, the absence of the “counterbase” thymine in
DNA3 has only a minor influence on the PB stacking inter-
actions. However in both duplexes, DNA1 and DNA3, the
intact helical duplex is required as a framework for the for-
mation of excitonic interactions between the PB dyes.
In contrast to the results for DNA3, the absorption spec-


tra of DNA5 and DNA6 do not show such significant
changes at higher temperatures, although both duplexes ex-
hibit a characteristic cooperative Tm value (72.2 and 66.6 8C,
respectively). Only a small hypsochromic shift of the absorp-
tion bands is observed (6–8 nm for DNA5, 2–5 nm for
DNA6) but the relative ratios of the peak heights remain
nearly unchanged. Obviously, the ground-state interactions
between the PB dyes persist even in the dehybridized form.
This means that, above the Tm value, the interstrand interac-
tions between the six PB dyes in the duplex change to intra-
strand interactions of three PB chromophores in the
random-coiled single strand. This interpretation is also sup-
ported by the absorption shifts that occur between 10 and
90 8C. These absorption shifts are stronger with DNA5 than
with DNA6, which indicates a bigger structural change of
the PB chromophores due to dehybridization in the pres-
ence of the intervening thymine bases.
A more detailed look into the thermal denaturation stud-


ies (Table 1) reveals a stabilization of 1.4 8C in DNA3 rela-
tive to DNA4, which also bears two S sites but no PB chro-
mophores, and a stabilization of 2.1 8C relative to the fully
unmodified DNA2. Interestingly, the incorporation of two


Scheme 1. Sequences of the duplexes DNA1–DNA7 (DNA1 and DNA2
have been reported previously[28]).


Figure 1. Temperature-dependent UV/Vis spectra of DNA3 (top), DNA5
(middle), and DNA6 (bottom). Conditions: 1.25 mm duplex in 10 mm Na-
Pi buffer (pH 7.0) with 250 mm NaCl.


Table 1. Melting temperatures (Tm) of DNA1–DNA7.[a]


Duplex Tm [8C] Duplex Tm [8C]


DNA1[28] 78.6[28] DNA2 76.2[28]


75.9 (540 nm)
DNA3 78.3 DNA4 76.9


77.4 (540 nm)
DNA5 72.2
DNA6 66.6 DNA7 69.3


[a] Conditions: 2.5 mm duplex, 10 mm Na-Pi buffer (pH 7.0), 250 mm


NaCl; 260 nm; 10–90 8C; rate: 0.7 8Cmin�1.
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abasic site analogues in DNA4 does not change the Tm
value significantly relative to that of DNA2. Thus, the ob-
served stabilization of duplex DNA3 must be mainly the
result of interstrand hydrophobic interactions between the
two PB chromophores. This observation becomes remark-
able only with respect to the fact that a glycol linker as a
single substitution for a 2-deoxyribofuranoside typically re-
duces the duplex stability significantly.[29,32]


The thermal stabilities of DNA5 and DNA6, each bearing
six chromophores inside the duplex, are both reduced. In
comparison to the unmodified DNA2, duplex DNA5 is
strongly destabilized by 4.0 8C. Without any PB chromo-
phores, the incorporation of six S moieties instead of thy-
mines in DNA7 destabilizes the duplex by 6.9 8C; further re-
placement of the adenines by the PB dyes in DNA6 desta-
bilizes the duplex by an additional 2.7 8C. In the latter case,
no stability is regained by the hydrophobic interaction of
the PB chromophores. Obviously, the DNA duplex frame-
work is able to tolerate one interacting PB dimer but not
three of them without losing significant thermal stability.
The fluorescence spectra of DNA3, DNA5, and DNA6


excited at 505 nm at low temperatures (Figure 2) are domi-
nated by a broad band without fine structure at �660 nm;
this band represents the excimer-type emission of the PB
dye because it has been observed in nanoaggregates of pery-
lene bisimides.[22a,34] Remarkably, DNA5 and DNA6 show
exclusively the excimer-type fluorescence band and no PB-
monomer fluorescence. However, based on the comparison
of the steady-state fluorescence spectra, the emission inten-
sity of DNA6 is reduced to �20% relative to that of
DNA5. This observation indicates a self-quenching of the
stacked PB dyes inside duplex DNA6. Obviously, the pres-
ence of the thymine moieties in DNA5 restricts the assem-
bly of the PB dyes in such a way that self-quenching is re-
duced. This scenario will be discussed in more detail with re-
spect to the CD spectra (see below). The thermal denatura-


tion of both duplexes, DNA5 and DNA6, does not regain
significant amounts of the monomeric PB emission at
�550 nm. As already pointed out in the discussion about
the absorption spectra, this result indicates that the inter-
strand interactions between the six PB dyes in the duplex
change to intrastrand interactions of three PB chromo-
phores in the random-coiled single strand above the Tm
value. However, in comparison with the PB-DNA building
block (FF=0.73), the PB monomer fluorescence is
quenched inside single-stranded and duplex DNA (FF<


0.01).[27]


The thermal behavior is different with DNA3. At higher
temperatures, but still below the Tm value, the excimer-type
fluorescence intensity increases. This is an observation that
is typical for excited dimers and was used for PB-assisted
folding of oligonucleotides.[22] At temperatures above the Tm
value, the excimer-type fluorescence band of this duplex
vanishes and the monomeric PB fluorescence is regained.
This transition occurs cooperatively at a similar temperature
(between 70 and 80 8C) to the thermal dehybridization of
the whole duplex (Tm=78.3 8C). Obviously, the intact helical
duplex is required as a framework for the PB excimer-type
fluorescence.
Finally, CD spectroscopy was applied to gain more insight


into the excitonic interactions of the PB dyes inside DNA1,
DNA3, DNA5, and DNA6 (Figure 3). The CD spectra of
DNA1, DNA3, and DNA6 at 20 8C display a strong negative
band at �500 nm and a strong positive band at �560 nm.
Remarkably, the CD spectrum of DNA5 shows a mirror
image, that means a strong positive signal at �500 nm and a
strong negative signal at �560 nm. All observed CD bands
can be attributed to the exciton coupling between the PB
chromophores. According to Lewis and co-workers,[25] the
intensity of positive and negative bands of the exciton-cou-
pled CD spectra, De, for two identical chromophores with
parallel oriented planes is dependent on the angle between
the transition dipoles, q, and follows the function sin(2q).
The sin(2q) dependence gives zero intensities for the CD


Figure 2. Temperature-dependent fluorescence spectra of DNA3 (top),
DNA5 (middle), and DNA6 (bottom). Conditions: 1.25 mm duplex in
10 mm Na-Pi buffer (pH 7.0) with 250 mm NaCl; excitation at 505 nm.


Figure 3. CD spectra of DNA1, DNA3, DNA5, and DNA6. Conditions:
1.25 mm duplex in 10 mm Na-Pi buffer (pH 7.0) with 250 mm NaCl at
20 8C.
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signals at q=0, 90, and 1808 and the highest intensities at
q=45 and 1358. Unconstrained PB dyes in aggregates are
typically aligned and give no or just low CD signals. Hence,
the significant CD signals that have been obtained for all
four PB-modified duplexes (DNA1, DNA3, DNA5, and
DNA6) reveal a nonaligned (that means helical) arrange-
ment of the PB dyes inside the DNA. Obviously, the struc-
tural scaffold of duplex DNA constrains and therefore di-
rects helical PB assembly inside the duplex. The typical CD
spectrum of a B-DNA helix shows a strong negative signal
below 260 nm and a strong positive signal above 260 nm. We
have obtained a similar sequence of CD signals for the as-
sembly of covalently attached pyrenes in the major groove
of duplex DNA.[14,15] It is assumed that the right-handed
sense of the helical conformation of the DNA around the
PB dimers in DNA1 and DNA3 forces the PB chromo-
phores in both duplexes to aggregate by following the sense
of the right-handed helix. Moreover, the similarities in the
shapes of the CD signals for DNA1/DNA3 and DNA6 indi-
cate a right-handed helical arrangement of the six PB chro-
mophores also in DNA6, but not in DNA5. Obviously, the
absence of sterically hindering thymine bases in the counter-
strand of DNA6 allows this type of helical aggregation.
Although the signal intensities are reduced, the CD spec-


trum of DNA5 shows a mirror image of the corresponding
spectrum of DNA6. Obviously, the presence of thymines as
the bases opposite the PB dye in the counterstrand forces
the PB chromophores to assemble in a different way to that
in DNA6, as already indicated by the reduced self-quench-
ing in DNA5. If the right-handed helix of B-DNA is taken
as the standard, the occurrence of a mirror image to DNA1,
DNA3, and DNA6 means an at least partial left-handed hel-
ical arrangement of the PB chromophores in duplex DNA5.
The question is how such a structural scenario can be realiz-
ed in the right-handed duplex framework. We calculated ge-
ometries for duplex DNA5 by using the CHARMM force
field. We applied the canonical B-form DNA conformation
of duplex DNA2 and replaced six adenines by the PB chro-
mophores. Indeed, the calculated structure (Figure 4) gives a
possible explanation for the mirrored CD signal. If the
right-handed helix of this duplex is followed, the angles, q,
between the chromophores follow an alternating sequence
of 35–458 (left) and 85–958 (right). As explained above,
angles of around 908 do not contribute significantly to the


CD spectrum, whereas angles of around 458 do contribute.
Hence, the observable CD signal of DNA5 is only the result
of the PB interactions that are following the left-handed ori-
entation.


Conclusion


PB dimers and hexamers as artificial DNA base substitu-
tions yield a characteristic excimer-type fluorescence inside
the DNA duplex. The interstrand PB dimers of DNA1 and
DNA3 can be regarded as hydrophobically interacting base
pairs. Hence, we proposed a zipperlike recognition motif
that is formed inside duplex DNA for the PB hexamers in
DNA5 and DNA6. The PB zipper shows a characteristic ex-
cimer-type emission as a fluorescence readout signal for the
pairing interaction. The excitation wavelength of the PB
dimer and oligomers (505 nm) is in the range of typical bio-
analytical fluorescence readers. In conjunction with the high
photostability that is typically observed for the PB chromo-
phores, multichromophoric oligonucleotides that are accom-
panied by a red-shifted excimer-type fluorescence upon
DNA hybridization have significant potential for applica-
tions in chemical biology, such as gene or RNAi delivery to
cells, as well as in molecular diagnostics, such as the detec-
tion of base deletions or mutations.[2]


Experimental Section


Materials and methods : ESIMS spectra were measured in the analytical
facility of the institute. All spectroscopic measurements were performed
in quartz glass cuvettes (1 cm) and by using Na-Pi buffer (10 mm). Ab-
sorption spectra and the melting temperatures (1.25 mm duplex, 250 mm


NaCl, 260 nm, 10–90 8C, interval 0.7 8C) were recorded on a Varian
Cary 100 spectrometer equipped with a 6O6 cell-changer unit. CD spec-
troscopy (1.25 mm duplex, 200–650 nm) was performed on a Jasco J-715
spectropolarimeter. The fluorescence spectra (1.25 mm duplex) were re-
corded on a Fluoromax-3 fluorimeter (Jobin-Yvon) and corrected for
Raman emissions from the buffer solution. All emission spectra were re-
corded with a band pass of 2 nm for both excitation and emission and are
intensity corrected. Molecular modeling was performed by using the Hy-
perchem 7.5 software package from Hypercube, including the
CHARMM force field.


Preparation of unmodified and S-modified oligonucleotides (general pro-
cedure): The oligonucleotides were prepared on an Expedite 8909 DNA
synthesizer from Applied Biosystems by standard phosphoramidite pro-
tocols with chemicals and CPG (1 mmol) from Applied Biosystems and
Proligo. The phosphoramidite for the abasic site analogue S was pur-
chased from Glen Research. After preparation, the trityl-off oligonucleo-
tide was cleaved from the resin and deprotected by treatment with concd
NH4OH at 60 8C for 10 h. The oligonucleotide was dried and purified by
HPLC on a semipreparative RP-C18 column (300 0, Supelco) by using
the following conditions: A: NH4OAc buffer (50 mm), pH 6.5; B: MeCN;
gradient: 0–15% B over 45 min. MS (ESI): single-stranded (ss) DNA4 :
m/z calcd: 5372.0; found: 1345 [M4�], 1793 [M3�]; ss DNA7: m/z calcd:
5125.1; found: 1283 [M4�], 1710 [M3�]. The oligonucleotides were lyophi-
lized and quantified by their absorbance at 260 nm on a Varian Cary 100
spectrometer: e260=169400 Lmol


�1 cm�1 for ss DNA4 ; e260=


153500 Lmol�1 cm�1 for ss DNA7. Duplexes were formed by heating to
90 8C (10 min) followed by slow cooling.


Figure 4. Minimized geometry of DNA5 with the PB chromophores
drawn in red.
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Preparation of PB-modified oligonucleotides : These were prepared and
purified according to the published procedure.[27] The only difference was
the purification of the PB-DNA building block by flash chromatography
(SiO2, CH2Cl2:acetone (10:1)) prior to the oligonucleotide synthesis, as
already described for DNA1.[28] MS (ESI): ss DNA3 : m/z calcd: 5697.6;
found: 1426 [M4�], 1901 [M3�]; ss DNA5 : m/z calcd: 6472.6; found: 1620
[M4�], 2159 [M3�]; ss DNA6 : m/z calcd: 6100.8; found: 1526 [M4�], 2035
[M3�]. The PB-modified oligonucleotides were quantified by their ab-
sorbance in DMSO on a Varian Cary 100 spectrometer by using e528=


62500 Lmol�1 cm�1 for ss DNA3 and e500=79600 Lmol
�1 cm�1 for ss


DNA5 and ss DNA6. Duplexes were formed by heating to 90 8C
(10 min) followed by slow cooling.
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Highly Convenient Amine-Free Sonogashira Coupling in Air in a Polar
Mixed Aqueous Medium by trans- and cis-[(NHC)2PdX2] (X=Cl, Br)
Complexes of N/O-Functionalized ACHTUNGTRENNUNGN-Heterocyclic Carbenes


Lipika Ray,[a] Samir Barman,[a] Mobin M. Shaikh,[b] and Prasenjit Ghosh*[a]


Introduction


The Sonogashira cross-coupling reaction provides an all im-
portant answer to the direct alkynation of aryl and alkenyl
halides[1] and, not surprisingly, it has been effectively utilized
over the years to construct conjugated enyne and arylalkyne
frameworks in, for example, natural products,[2,3] pharma-


ceuticals,[4] biologically active molecules,[5] and molecular
electronics.[6] The very popular Sonogashira cross-coupling
reaction is catalyzed by palladium in a basic medium in the
presence of copper as a co-catalyst. A copper–acetylide spe-
cies is generated in situ, which transfers the acetylide moiety
on to the palladium center for the desired sp2–sp coupling
by a reductive elimination pathway.[7] Note, despite its criti-
cal role in catalysis, upon exposure to air or any oxidizing
agents the copper–acetylide species also yields an unwanted
homocoupled side-product by the so-called Glaser coupling
reaction,[8] thereby seriously undermining the cross-coupling
reaction. The extremely high reactivity and the explosive
nature of the copper–acetylide species makes the Sonoga-
shira reaction sensitive to air and moisture.[7,8] Consequently,
a formidable challenge in this area lies in broadening the
scope of the reaction by designing suitable catalysts that
enable the reaction to be carried out under mild conditions
without the need for any additional stringent measures, such
as the exclusion of air and moisture. In this regard it is
worth mentioning that a report of the Sonogashira cross-


Abstract: Two new trans- and cis-
[(NHC)2PdX2] (X=Cl, Br) complexes
of N/O-functionalized N-heterocyclic
carbenes employed in a highly conven-
ient amine-free Sonogashira cross-cou-
pling reaction in air in a polar mixed
aqueous medium are reported. Specifi-
cally, the trans-[{1-benzyl-3-(3,3-di-
methyl-2-oxobutyl)imidazol-2-ylid-
ACHTUNGTRENNUNGene}2ACHTUNGTRENNUNGPdBr2] (3) and cis-[{1-benzyl-3-(N-
tert-butylacetamido)imidazol-2-ylid-
ACHTUNGTRENNUNGene}2ACHTUNGTRENNUNGPdCl2] (4) complexes effectively
catalyzed the Sonogashira cross-cou-
pling reaction of aryl iodides with sub-
stituted acetylenes in air in a mixed
solvent (DMF/H2O, 3:1 v/v) under
amine-free conditions. Interestingly,
these trans- and cis-[(NHC)2PdX2]


(X=Cl, Br) complexes, with two N-
heterocyclic carbene ligands, exhibited
superior activity compared with the
now popular PEPPSI (pyridine en-
hanced precatalyst preparation, stabili-
zation and initiation)-themed ana-
logues, trans-[(NHC)Pd ACHTUNGTRENNUNG(pyridine)X2]
(X=Cl, Br), 3a and 4a, with one N-
heterocyclic carbene ligand and a
“throw away” pyridine ligand in a trans
disposition to each other. The higher
activities of 3 and 4 compared with
PEPPSI analogues 3a and 4a are at-


tributed to more-electron-rich metal
centers, as revealed by DFT studies, in
the former complexes and is in concur-
rence with a more electron-rich metal
center being effective in facilitating the
oxidative addition of aryl halide, often
a rate-determining step in palladium-
mediated cross-coupling reactions.
Complexes 3 and 4 were prepared
from the corresponding silver ana-
logues by transmetalation with
[(cod)PdCl2], whereas the correspond-
ing PEPPSI analogues 3a and 4a were
obtained directly from the imidazolium
halide salts by reaction with PdCl2 in
pyridine in the presence of K2CO3 as
base.
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coupling reaction in air and in water has appeared only re-
cently.[9] The other approach towards circumventing the dif-
ficulties associated with this reaction had been to develop a
copper-free Sonogashira[10] cross-coupling reaction that fo-
cuses on enhancing the reactivity of the catalytic system so
as to make the presence of copper unnecessary. However,
this strategy was of limited success because these copper-
free methods often involve the use of excess amines (even
as solvents), which is not deemed to be environmentally
friendly, and so the ultimate goal lies in developing a
copper- and amine-free Sonogashira coupling reaction.[11]


Our objective was to advance the chemistry of nonfunc-
tionalized and N/O-functionalized N-heterocyclic car-
benes[12,13] for their use in biomedical applications[14] and in
chemical catalysis.[15,16] Of special interest to us are palladi-
um-mediated cross-coupling reactions, and in this regard we
recently reported a highly efficient palladium precatalyst[17]


that exhibits ultrahigh turnover numbers and also a series of
convenient-to-handle air-stable PEPPSI (pyridine-enhanced
precatalyst preparation, stabilization and initiation)-themed
precatalysts[18] for the Suzuki–Miyaura cross-coupling reac-
tion. During the design of these catalysts for cross-coupling
reactions, we became particularly interested in knowing
which of the two types of complexes, that is, the
[(NHC)2PdX2] (X=Cl, Br) complexes with two NHC li-
gands or the newly popular PEPPSI-themed trans-
[(NHC)Pd ACHTUNGTRENNUNG(pyridine)X2] (X=Cl, Br) complexes[19] with one
NHC ligand, would make a better catalyst? We rationalized
that the NHCs, which are extremely good s-donating li-
gands,[12,13, 16b,18,20] would make the metal center in
[(NHC)2PdX2] more electron-rich, thereby assisting the aryl
halide oxidative addition step compared with the corre-
sponding PEPPSI analogues. Our other objective was to
design highly efficient and robust catalysts that would be
air-, moisture-, and functional-group-tolerant, which would
facilitate cross-coupling reactions under ambient aerobic
conditions.


Herein we report two new trans- and cis-[(NHC)2PdX2]
(X=Cl, Br) complexes of N/O-functionalized N-heterocyclic
carbenes, namely, trans-[{1-benzyl-3-(3,3-dimethyl-2-oxobu-
tyl)imidazol-2-ylidene}2PdBr2] (3) and cis-[{1-benzyl-3-(N-
tert-butylacetamido)imidazol-2-ylidene}2PdCl2] (4), for
highly convenient Sonogashira coupling of aryl iodides with
substituted acetylenes in air in a mixed solvent (DMF/H2O,
3:1 v/v) under amine-free conditions. More interestingly,
complexes 3 and 4 were found to exhibit superior activity
compared with the corresponding PEPPSI counterparts 3a
and 4a, which implies that a more electron-rich metal center
yields a better catalyst.


Results and Discussion


Despite being phenomenally successful in the catalysis of
many important transformations,[21–23] the application of N-
heterocyclic carbenes in Sonogashira cross-coupling reac-
tions has remained surprisingly unexplored.[24,25] With our


aim being to explore the utility of N-heterocyclic carbenes
in palladium-mediated cross-coupling reactions, we became
interested in designing N-heterocyclic carbene based preca-
talysts for Sonogashira coupling reactions. In particular, we
were looking to develop highly efficient and robust catalysts
that were tolerant to air, moisture, and various functional
groups so as to allow Sonogashira cross-coupling reactions
in mild aerobic conditions. With regards to the design of
NHC-based catalysts for the cross-coupling reaction, we also
wanted to know whether the more electron-rich
[(NHC)2PdX2] (X=Cl, Br)-type complexes with two NHC
ligands would make better catalysts than the newly popular
PEPPSI-themed trans-[(NHC)Pd ACHTUNGTRENNUNG(pyridine)X2] (X=Cl, Br)-
type complexes containing one NHC ligand, and hence, to
address this issue we set out to synthesize both these types
of complexes to perform a comparative study.


The two new trans- and cis-[(NHC)2PdX2] (X=Cl, Br)
complexes 3 (Scheme 1) and 4 (Scheme 2) were synthesized
from the corresponding silver complexes by a transmetala-
tion reaction with [(cod)PdCl2] in yields of 80–87%, where-
as the corresponding PEPPSI analogues 3a and 4a[18] were
synthesized directly from the corresponding imidazolium


Scheme 1.
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halide salts (Scheme 3) by reaction with PdCl2 in pyridine in
the presence of K2CO3 as base.


Remarkably, two different molecular geometries were ob-
tained for 3 and 4 even though they were synthesized under
very similar conditions. Specifically, the molecular structures
of these complexes revealed that, whereas 3 (Figure 1) ex-
hibited the expected trans geometry around the metal
center, a unique hydrogen-bonded cis arrangement was ob-
served in the case of 4 (Figure 2). In particular, a hydrogen-
bonding interaction was seen between the amido N�H
proton of the functionalized side-arm of one NHC ligand
and the amido oxygen atom of the functionalized side-arm
of the other displaying a close N�H···O contact of 3.061 O,
which is shorter than the sum of the van der Waals radii of
nitrogen and oxygen (3.27 O).[26] Such a cis arrangement is a
rare consequence of a hydrogen-bonding interaction be-
tween the amido-functionalized side-arms of the NHC li-
gands in 4, in the absence of which the trans geometry
would be sterically preferred. The hydrogen-bonding inter-
action in cis complex 4 seriously highlights the rare and in-
teresting structural possibility that emerges as a result of N/
O-functionalization of the N-substituted side-arms of the N-
heterocyclic carbene ligand. To the best of our knowledge,
complex 4 represents the only structurally characterized ex-
ample of a cis-[(NHC)2PdX2] (X=halide)-type complex in
which the two NHC ligands are not conjoined by any cova-
lent linker.


Barring the hydrogen-bonding interaction, the other struc-
tural aspects of complexes 3 and 4 are similar, including the
square-planar metal centers. The metal–carbene (Pd�Ccarb)
distance in 3 (2.018(9) O) is slightly longer than in 4
(1.975(2) and 1.998(2) O), but compares well with the sum
of the individual covalent radii of palladium and carbon


(2.055 O)[27] and also falls well within the range (2.10–
1.93 O) observed in other structurally characterized exam-
ples.[28] The two imidazolyl rings in 3 are coplanar, similar to
that observed in another related trans-(NHC) complex, [{1-
(o-methoxybenzyl)-3-tert-butylimidazol-2-ylidene}2PdCl2].


[17]


Significantly, complex 3 also represents the only example of


Scheme 2.


Scheme 3.


Figure 1. ORTEP drawing of 3 with thermal ellipsoids drawn at the 50%
probability level. Selected bond lengths [O] and angles [8]: N1�C1
1.365(12), N2�C1 1.359(12), Pd1�C1 2.018(9), Pd1�Br1 2.3750(13); C1-
Pd1-Br1 90.8(2), C1-Pd1-C1 180.0(7).


Figure 2. ORTEP drawing of 4 with thermal ellipsoids drawn at the 50%
probability level. Selected bond lengths [O] and angles [8]: N1�C1
1.355(2), N2�C1 1.357(2), N5�C17 1.349(2), N4�C17 1.346(2), Pd1�C17
1.975(2), Pd1�C1 1.998(2), Pd1�Cl1 2.3615(5), Pd1�Cl2 2.3541(5); C17-
Pd1-C1 92.50(8), C1-Pd1-Cl1 90.00(6). The phenyl group is disordered
and for clarity one set of disordered atoms is not shown.
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a structurally characterized palladium bromide derivative of
the type [(NHC)2PdX2] (X=halide).


To obtain a better understanding of the nature of the
NHC�Pd interaction in the trans and cis complexes 3 and 4,
detailed density functional theory (DFT) studies were car-
ried out by computing the geometry-optimized structures of
3 and 4 at the B3LYP/SDD level of theory with the 6-
31G(d) basis set using the atomic coordinates determined
by X-ray analysis. Subsequently a single-point calculation
was performed at the same level of theory for a detailed
prediction of the electronic properties of these complexes.
Further insights into the carbene�metal bond came from a
post-wavefunction analysis using the natural bond orbital
(NBO) method,[29] which was performed on these complexes
as well as on the corresponding ligands and metal-ion frag-
ments. Specifically, both natural and Mulliken charge analy-
ses revealed that upon binding of the two NHC ligands to
the PdX2 (X=Cl, Br) fragment, the metal center in 3 and 4
becomes more electron-rich compared with the free ion and
the PdX2 (X=Cl, Br) fragment (see Tables S4–S7, S12, and
S13 of the Supporting Information). Consequently, the elec-
tron density at the carbene carbon atom in 3 and 4 is lower
relative to that of the free NHC ligand upon coordination to
the PdX2 (X=Cl, Br) fragment. Comparison of the electron-
ic configurations of the metal centers in 3 and 4 with that of
the PdX2 (X=Cl, Br) fragment reveals that electron dona-
tion from the free NHC ligand
to the unfilled 5s orbital of pal-
ladium occurs in these com-
plexes (see Tables S14 and S15
of the Supporting Information).


Further insights into the
nature of the NHC�metal inter-
action were obtained from cor-
relation diagrams depicting the
fragment molecular orbital con-
tribution of the free NHC
ligand and the PdX2 (X=Cl,
Br) fragments to the frontier
molecular orbitals (MOs) of
complexes 3 and 4. Of particu-
lar interest are the molecular
orbitals that represent the
NHC�Pd s interactions, which
were found to be low-lying in 3
(HOMO-37) and 4 (HOMO-35
and HOMO-36). Specifically,
the NHC�Pd s-bonding orbital,
HOMO-37 (53% NHC, 29%
PdBr2), in trans complex 3
showed an interaction of the
carbene lone-pair (HOMO-1 of
the free-NHC fragments) with
a metal-based vacant LUMO
(75% palladium with 33% s
and 40% d character) of the
PdBr2 fragment (Figure 3 and


Figure S1 of the Supporting Information). The correspond-
ing NHC�Pd s interactions in cis complex 4 consist of two
adjacent interactions, HOMO-35 (47% NHC, 38% PdCl2)
and HOMO-36 (37% NHC, 38% PdCl2). In HOMO-35, the
carbene lone-pairs (HOMO (11%) and HOMO-1 (31%))
of the two free NHC fragments were seen to interact with
another metal-based vacant LUMO+1 orbital (92% palla-
dium with 69% s and 18% p character) of the PdCl2 frag-
ment (Figures 4 and 5 and Figure S2 of the Supporting In-
formation). Likewise, the other NHC�Pd s-bonding orbital,
HOMO-36 (37% NHC, 38% PdCl2), showed an interaction
of the carbene lone-pairs (HOMO (11%) and HOMO-1
(31%)) of the two free NHC fragments with the vacant
LUMO (51% Pd, 49% Cl with 39% d character) of the
PdCl2 fragment.


A charge decomposition analysis (CDA) of 3 and 4 high-
lighted the relative extent of the [NHC s!PdX2] forward
donation (X=Br, Cl), designated d, and the [NHC p PdX2]
backward donation (X=Br, Cl), designated b, that occurs in
these complexes. The d/b ratio, a measure of the forward s


donation relative to the backward p donation, for 3 (2.90)
and 4 (2.98) suggests the predominance of the s-bonding in-
teraction in concurrence with the greater s-donating abilities
of the NHC ligands, and the values compare well with those
reported for other Pd�NHC complexes, namely, trans-[{1-
benzyl-3-(N-tert-butylacetamido)imidazol-2-ylidene}Pd(pyr ACHTUNGTRENNUNGi-


Figure 3. Simplified orbital interaction diagram showing the major contributions of the NHC�palladium bond
in 3.
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ACHTUNGTRENNUNGdine)Cl2] (2.59),[18] trans-[1-(2-hydroxycyclohexyl)-3-benzyli-
midazol-2-ylidene]Pd ACHTUNGTRENNUNG(pyridine)Cl2 (2.79),[18] and trans-[1-(o-
methoxybenzyl)-3-tert-butylimidazol-2-ylid ACHTUNGTRENNUNGene]Pd(pyri ACHTUNGTRENNUNGdine)
ACHTUNGTRENNUNGBr2 (3.99)


[18] (see Table S17 of the Supporting Information).
Lastly, the strength of the NHC�Pd interactions in 3 and


4 were computed at the B3LYP/SDD level of theory with
the 6-31G(d) basis set and NHC�Pd bond energies (De) of
74.8 kcalmol�1 in 3 and 75.1 kcalmol�1 in 4 are suggestive of
a strong interaction comparable to those reported for trans-
[{1-benzyl-3-(N-tert-butylacetamido)imidazol-2-ylidene}Pd-
ACHTUNGTRENNUNG(pyridine)Cl2] (81.9 kcalmol�1),[18] trans-[{1-(2-hydroxycyclo-
hexyl)-3-benzylimidazol-2-ylidene}PdACHTUNGTRENNUNG(pyridine)Cl2] (82.4
kcalmol�1),[18] and trans-[{1-(o-methoxybenzyl)-3-tert-butyl-
imidazol-2-ylidene}Pd ACHTUNGTRENNUNG(pyridine)Br2] (77.6 kcalmol�1).[18] The
stronger NHC�Pd interactions in 3 and 4 imply tighter bind-
ing of the ancillary NHC ligand to the metal center, which
imparts greater stability to these complexes.


Significantly, both complexes 3 and 4 enabled highly con-
venient amine-free Sonogashira coupling reactions to take
place in ambient aerobic conditions in a polar mixed aque-
ous medium (Scheme 4 and Tables 1 and 2). Specifically,
when substituted terminal acetylenes were treated with aryl
iodides in the presence of precatalysts 3 or 4 along with the
co-catalyst CuBr, and Cs2CO3 as the base in a mixed DMF/
H2O (3:1 v/v) medium in air, Sonogashira cross-coupled
products were obtained in high yields. A rapid rate of con-


version to products within two
hours was observed for most of
the substrates, which reflects
the high performances of 3 and
4.


Also remarkable is the robust
nature of precatalysts 3 and 4
because the coupling reactions
were successfully carried out in
air in a polar DMF/H2O (3:1
v/v) mixed medium. Thus, the
present catalysis by 3 and 4
under aerobic mixed aqueous
conditions marks a significant
improvement against the back-
drop of the fact that Sonoga-
shira reactions are traditionally
air- and moisture-sensitive
owing to the formation of a
highly reactive copper–acety-
lide intermediate in the catalyt-
ic cycle.[7,8] Another very impor-
tant feature of 3 and 4 is their
high selectivity with regards to
the formation of the desired
cross-coupled product along
with the negligible formation of
the homocoupled product (up
to 15% for 3 and 21% for 4).


Note that the homocoupled products arise from an unwant-
ed side-reaction of the reactive copper–acetylide intermedi-
ate by the so-called Glaser coupling reaction upon exposure
to trace amounts of air or any oxidizing agent (Tables 1 and
2).[8] Lastly, these coupling reactions were carried out in
amine-free conditions with Cs2CO3 as the base instead of
the more frequently used amines, which is of considerable
importance given the fact that amines are not considered
environmentally benign and substantial efforts, at present,
are being directed towards the development of amine-free
Sonogashira cross-coupling reactions.


Note that the Sonogashira cross-coupling reaction can be
extended to heterocyclic terminal alkynes, which has much
potential, particularly from a synthetic perspective, because
many heterocyclic compounds are known to exhibit impor-
tant biological properties.[30] Another notable aspect of the
two precatalysts 3 and 4 is their selectivity towards the iodo
derivative. This is evident from the reactions of the p-bro-
moiodobenzene substrate; Sonogashira coupling was seen to
occur at the iodo end and not at the bromo end, which re-
mained intact.


Figure 4. Simplified orbital interaction diagram showing the major contributions of the NHC�Pd s-bonding or-
bital HOMO-35 in 4.


Scheme 4.
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Despite the existence of numerous phosphine-based cata-
lysts for the Sonogashira reaction,[10] few N-heterocyclic car-
bene-based catalysts are known.[24,25] Also, in the light of the
extraordinary successes enjoyed by NHCs in various catalyt-
ic reactions in general, and in palladium-mediated cross-cou-
pling reactions in particular, the dearth of NHC-based cata-
lysts for Sonogashira reactions prompted us to undertake
the current study. Against this backdrop, complexes 3 and 4
assume importance because they represent the handful of


examples of well-defined N-het-
erocyclic carbene-based palladi-
um precatalysts known for ho-
mogeneous Sonogashira cross-
coupling reactions.


With regards to our initial
objective of finding out whether
mono- or di-NHC-substituted
palladium complexes would ex-
hibit greater activity, a detailed
comparative study of the trans-
and cis-[(NHC)2PdX2] (X=Cl,
Br)-type complexes 3 and 4
were performed with the corre-
sponding PEPPSI analogues 3a
and 4a. Interestingly, complexes
3 and 4, which have two NHC
ligands, were found to exhibit
superior activity compared with
3a and 4a (Tables 1–4). The
better performances of 3 and 4
can be correlated to more-elec-
tron-rich metal centers in these
complexes. For example, a com-
parison of both the natural and
Mulliken charges reveal that
the palladium centers in 3 and
4, which contain two strongly s-
donating NHC ligands, are
more electron-rich than those


of the PEPPSI analogues 3a and 4a stabilized by a single
NHC ligand (see Tables S4–S13 of the Supporting Informa-
tion). In this regard, the more electron-rich metal centers
would greatly promote the oxidative addition of the aryl
halide, which represents a key step in the palladium-mediat-
ed cross-coupling reaction.


A comparison of the N-heterocyclic carbene-based palla-
dium precatalysts 3 and 4 with the related phosphine-based
precatalysts is important.[10] The NHC precatalysts 3 and 4


Figure 5. Simplified orbital interaction diagram showing the major contributions of the NHC�Pd s-bonding or-
bital HOMO-36 in 4.


Table 1. Selected results of the Sonogashira cross-coupling reaction of aryl halides (ArX, X= I) catalyzed by 3.[a]


Catalyst Reagent Reagent Desired cross-coupled
product


Yield[b] [%] Time [h] Unwanted homocoupled
product


Yield[b] [%]


98 2 2


80 2 3


75 2 4


97 2 0


85 2 15


68 2 0


[a] Reaction conditions: aryl halide (ArX, X= I; 0.49 mmol), phenylacetylene (0.98 mmol), Cs2CO3 (2 mmol), catalyst (3 mol%), CuBr (10 mol%),
DMF/H2O (3:1; 10 mL), at 100 8C. [b] The yields were determined by GC using diethyleneglycol-di-n-butyl ether as the internal standard.
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were found to be comparable to many of the phosphine-
based precatalysts. Note that the latter are usually air- and
moisture-sensitive and hence require anaerobic conditions,
higher catalyst loading,[11] and also a longer reaction time
(up to 48 h)[10] at higher temperatures (up to 140 8C).[9]


A tentative mechanism for the Sonogashira cross-coupling
reaction is proposed in Scheme 5. Note that the mechanism
excludes the formation of a copper–acetylide intermediate
in view of the fact that very little or almost negligible
amounts of Glaser-type homocoupled products were ob-
served despite the coupling reactions being performed in air


Table 2. Selected results of the Sonogashira cross-coupling reaction of aryl halides (ArX, X= I) catalyzed by 4.[a]


Catalyst Reagent Reagent Desired cross-coupled
product


Yield[b] [%] Time [h] Unwanted homocoupled
product


Yield[b] [%]


84 12 0


88 2 9


94 2 6


81 2 0


90 2 21


[a] Reaction conditions: aryl halide (0.49 mmol) (ArX, X= I), phenylacetylene (0.98 mmol), Cs2CO3 (2 mmol), catalyst (3 mol%), CuBr (10 mol%),
DMF/H2O (3:1; 10 mL), at 100 8C. [b] The yields were determined by GC using diethyleneglycol-di-n-butyl ether as the internal standard.


Table 3. Selected results of the Sonogashira cross-coupling reaction of aryl halides (ArI) catalyzed by 3a.[a]


Catalyst Reagent Reagent Desired cross-coupled
product


Yield[b] [%] Time [h] Unwanted homocoupled
product


Yield[b] [%]


4 2 5


76 2 5


42 2 0


no reaction 2 0


28 2 14


no reaction 2 0


[a] Reaction conditions: aryl halide (0.49 mmol) (ArX, X= I), phenylacetylene (0.98 mmol), Cs2CO3 (2 mmol), CuBr (10 mol%), catalyst (3 mol%),
DMF/H2O (3:1; 10 mL) at 100 8C. [b] The yields were determined by GC using diethyleneglycol-di-n-butyl ether as the internal standard.


Table 4. Selected results of the Sonogashira cross-coupling reaction of aryl halides (ArX, X= I) catalyzed by 4a.[a]


Catalyst Reagent Reagent Desired cross-coupled
product


Yield[b] [%] Time [h] Unwanted homocoupled
product


Yield[b] [%]


27 2 13


66 2 6


11 2 12


no reaction 2 0


24 2 0


no reaction 2 0


[a] Reaction conditions: aryl halide (ArX, X= I; 0.49 mmol), phenylacetylene (0.98 mmol), Cs2CO3 (2 mmol), CuBr (10 mol%), catalyst (3 mol%),
DMF/H2O (3:1; 10 mL) at 100 8C. [b] The yields were determined by GC using diethyleneglycol-di-n-butyl ether as the internal standard.
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in a mixed aqueous solvent. The copper–acetylide species is
extremely sensitive to air and moisture, and its formation
under these reaction conditions seems highly unlikely. Thus,
the role of the CuBr co-catalyst is restricted to the reduction
of the PdII center in 3 and 4 to the corresponding catalytical-
ly active Pd0 species, which undergoes oxidative addition of
the aryl iodide followed by the coordination and deprotona-
tion of the terminal acetylene in the presence of a base,
which leads to the desired cross-coupled product by a final
reductive elimination step. In this regard, note that our at-
tempt to independently synthesize and isolate the
[(NHC)2Pd


0] species for a direct entry to the catalytic cycle
was not successful.


Conclusions


In summary, two new precatalysts, namely, trans-[{1-benzyl-
3-(3,3-dimethyl-2-oxobutyl)imidazol-2-ylidene}2PdBr2] (3)
and cis-[{1-benzyl-3-(N-tert-butylacetamido)imidazol-2-ylid-
ACHTUNGTRENNUNGene}2PdCl2} (4), have been designed and used in a highly
convenient Sonogashira cross-coupling reaction of aryl io-
dides with substituted acetylenes in air in a mixed solvent
(DMF/H2O, 3:1 v/v) under amine-free conditions. More im-
portantly, these complexes, which have two strong s-donat-
ing NHC ligands, were found to exhibit superior activity
compared with their corresponding PEPPSI counterparts,
3a and 4a, which support a single NHC ligand. Thus, a
more electron-rich metal center acts as a better catalyst for
the cross-coupling reaction.


Experimental Section


General procedures : All manipulations were carried out by using stan-
dard Schlenk techniques. Solvents were purified and degassed by stan-
dard procedures. Ag2O was purchased from SD-Fine Chemicals (India)
and used without any further purification. [(cod)PdCl2],


[31] benzylimida-
zole,[32] 1-benzyl-3-(N-tert-butylacetamido)imidazolium chloride,[18] [{1-
benzyl-3-(N-tert-butylacetamido)imidazol-2-ylidene}AgCl],[13] and trans-


[{1-benzyl-3-(N-tert-butylacetamido)imidazol-2-ylidene}PdACHTUNGTRENNUNG(pyridine)Cl2]
(4a)[18] were prepared according to reported literature procedures. 1H
and 13C{1H} NMR spectra were recorded in CDCl3 on a Varian 400 MHz
NMR spectrometer. 1H NMR signals are labeled as singlet (s), doublet
(d), and multiplet (m). Infrared spectra were recorded on a Perkin–
Elmer Spectrum One FTIR spectrometer with samples as KBr pellets.
Mass spectrometry measurements were performed on a Micromass Q-
Tof spectrometer. GC was carried out on a Shimadzu GC-15A gas chro-
matograph equipped with a FID detector. X-ray diffraction data for 3
and 4 were collected on an Oxford Diffraction Excaliber-S diffractome-
ter. The crystal data collection and refinement parameters are summar-
ized in Table 5. The structures were solved by using direct methods and
standard difference map techniques and were refined by full-matrix least-
squares procedures on F2 with SHELXTL (Version 6.10).[33]


CCDC-643953 (3) and 637065 (4) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.


Synthesis of 1-benzyl-3-(3,3-dimethyl-2-oxobutyl)imidazolium bromide
(1): A mixture of benzylimidazole (0.889 g, 5.50 mmol) and a-bromopina-
colone (1.00 g, 5.50 mmol) was dissolved in toluene (ca. 50 mL) and the
reaction mixture was heated at reflux at 110 8C for 12 h until a white
solid separated out. The solid was isolated by decanting off the solvent
and washed with hot hexane (3Tca. 10 mL) to give 1 as a white solid
(1.12 g, 61%). 1H NMR (CDCl3, 400 MHz, 25 8C, TMS): d=10.07 (s, 1H;
NCHN), 7.56 (br s 1H; NCHCHN), 7.42–7.38 (m, 5H; C6H5), 7.24 (br s
1H; NCHCHN), 5.93 (s, 2H; CH2), 5.47 (s, 2H; CH2), 1.28 ppm (s, 9H;
C ACHTUNGTRENNUNG(CH3)3);


13C{1H} NMR (CDCl3, 100 MHz, 25 8C): d=206.2 (CO), 136.9
(NCN), 132.5 (ipso-C6H5), 128.9 (m-C6H5), 128.2 (p-C6H5), 124.1 (o-
C6H5), 120.6 (NCHCHN), 54.2 (CH2), 52.7 (CH2), 42.9 (C ACHTUNGTRENNUNG(CH3)3),
25.8 ppm (CACHTUNGTRENNUNG(CH3)3); IR (KBr): ñ =1717 cm�1 (nCO); HRMS (ES): m/z
calcd: 257.1654 [NHC-ligand]+; found: 257.1643.


Synthesis of [{1-benzyl-3-(3,3-dimethyl-2-oxobutyl)imidazol-2-ylid ACHTUNGTRENNUNGene}2-
ACHTUNGTRENNUNGAg]Br (2): A mixture of 1-benzyl-3-(3,3-dimethyl-2-oxobutyl)imidazoli-
um bromide (1) (0.500 g, 1.49 mmol) and Ag2O (0.171 g, 0.740 mmol) in
dichloromethane (ca. 60 mL) was stirred at room temperature for 6 h.
The reaction mixture was filtered and the solvent was removed under
vacuum to give 2 as a brown solid (0.412 g, 80%). 1H NMR (CDCl3,
400 MHz, 25 8C, TMS): d =7.34–7.31 (m, 5H; C6H5), 6.92 (br s, 1H;


Scheme 5.


Table 5. X-ray crystallographic data for 3 and 4.


Compound 3 4


lattice monoclinic monoclinic
formula C16H20BrN2O·0.5Pd C32H42Cl2N6O2Pd
formula weight 389.45 720.02
space group P21/a C2/c
a [O] 7.4702(2) 24.2317(5)
b [O] 27.2734(7) 15.2987(4)
c [O] 7.9624(2) 17.7705(4)
a [8] 90.00 90.00
b [8] 94.639(3) 91.655(2)
g [8] 90.00 90.00
V [O3] 1616.93(7) 6585.0(3)
Z 4 8
temperature [K] 120(2) 120(2)
radiation (l [O]) 0.71073 0.71073
1calcd [gcm


�3] 1.600 1.453
m ACHTUNGTRENNUNG(MoKa) [mm�1] 3.079 0.765
q [8] 2.97–25.00 3.05–25.00
no. of data 2848 5775
no. of parameters 190 421
R1 0.0830 0.0226
wR2 0.2354 0.0559
GOF 1.060 0.922
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NCHCHN), 6.89 (br s, 1H; NCHCHN), 5.39 (s, 2H; CH2), 5.29 (s, 2H;
CH2), 1.30 ppm (s, 9H; C ACHTUNGTRENNUNG(CH3)3);


13C {1H} NMR (CDCl3, 100 MHz,
25 8C): d =208.6 (CO), 183.9 (NCN-Ag), 135.7 (ipso-C6H5), 128.6 (m-
C6H5), 127.9 (p-C6H5), 127.5 (o-C6H5), 122.8 (NCHCHN), 120.4
(NCHCHN), 55.1 (CH2), 50.5 (CH2), 43.1 (C ACHTUNGTRENNUNG(CH3)3), 26.0 ppm (C-
ACHTUNGTRENNUNG(CH3)3); IR (KBr): ñ=1719 cm�1 (nCO); HRMS (ES): m/z calcd: 619.2202
[(NHC)2Ag]+ ; found: 619.2212; elemental analysis calcd (%) for
C32H40N4O2AgBr: C 54.87, H 5.76, N 8.00; found: C 55.23, H 6.53, N
8.16.


Synthesis of [{1-benzyl-3-(3,3-dimethyl-2-oxobutyl)imidazol-2-ylid ACHTUNGTRENNUNGene}2-
ACHTUNGTRENNUNGPdBr2] (3): A mixture of [{1-benzyl-3-(3,3-dimethyl-2-oxobutyl)imidazol-
2-ylidene}2Ag}Br (2) (0.151 g, 0.236 mmol) and [(cod)PdCl2] (0.030 g,
0.107 mmol) was heated at reflux in acetonitrile (ca. 30 mL) at 85 8C for
6 h until the formation of an off-white AgBr precipitate was observed.
The reaction mixture was filtered and the solvent was removed under
vacuum to give 3 as a yellow solid (0.067 g, 81%). 1H NMR (CDCl3,
400 MHz, 25 8C, TMS): d =7.37–7.31 (m, 5H; C6H5), 6.92 (br s, 1H;
NCHCHN), 6.86 (br s, 1H; NCHCHN), 5.38 (s, 2H; CH2), 5.21 (s, 2H;
CH2), 1.32 ppm (s, 9H; C ACHTUNGTRENNUNG(CH3)3);


13C{1H} NMR (CDCl3, 100 MHz,
25 8C): d=207.1 (CO), 172.2 (NCN-Pd), 134.8 (ipso-C6H5), 129.0 (m-
C6H5), 128.7 (p-C6H5), 127.9 (o-C6H5), 122.8 (NCHCHN), 120.3
(NCHCHN), 55.0 (CH2), 54.9 (CH2), 43.6 (C ACHTUNGTRENNUNG(CH3)3), 26.2 ppm (C-
ACHTUNGTRENNUNG(CH3)3); IR (KBr): ñ =1721 cm�1 (nCO); elemental analysis calcd (%) for
C32H40Br2N4O2Pd·2 ACHTUNGTRENNUNG(CH3CN): C 50.22, H 5.38, N 9.76; found: C 49.98, H
5.82, N 10.15.


Synthesis of trans-[{1-benzyl-3-(3,3-dimethyl-2-oxobutyl)imidazol-2-
ylidene}Pd ACHTUNGTRENNUNG(pyridine)Br2] (3a): A mixture of 1-benzyl-3-(3,3-dimethyl-2-
oxobutyl)imidazolium bromide (0.306 g, 0.908 mmol), PdCl2 (0.193 g,
1.09 mmol), and K2CO3 (0.627 g, 4.54 mmol) were heated at reflux in pyr-
idine (ca. 5 mL) for 16 h. The reaction mixture was filtered and the sol-
vent was removed under vacuum. Then the residue was washed with
aqueous CuSO4 solution and the aqueous layer was extracted with di-
chloromethane (3Tca. 10 mL). Then the organic layer was collected and
the solvent was removed under vacuum to give 3a as a light-yellow crys-
talline solid (0.182 g, 67%). 1H NMR (CDCl3, 400 MHz, 25 8C, TMS): d=


8.96 (d, 3JHH=8 Hz, 2H; o-NC5H5), 7.77 (t, 3JHH=8 Hz, 1H; p-NC5H5),
7.50 (t, 3JHH=8 Hz, 2H; m-NC5H5), 7.39–7.35 (m, 5H; C6H5), 6.99 (br s,
1H; NCHCHN), 6.77 (br s, 1H; NCHCHN), 5.84 (s, 2H; CH2), 5.71 (s,
2H; CH2), 1.40 ppm (s, 9H; CACHTUNGTRENNUNG(CH3)3);


13C{1H} NMR (CDCl3, 100 MHz,
25 8C): d=206.8 (CO), 153.3 (NCN-Pd), 151.9 (o-NC5H5), 151.1 (m-
NC5H5), 138.0 (ipso-C6H5), 137.9 (p-NC5H5), 129.0 (o-C6H5), 128.9 (m-
C6H5), 128.4 (p-C6H5), 121.2 (NCHCHN), 121.1 (NCHCHN), 54.7 (CH2),
54.4 (CH2), 43.7 (C ACHTUNGTRENNUNG(CH3)3), 26.5 ppm (C ACHTUNGTRENNUNG(CH3)3); IR (KBr): ñ=1718 cm�1


(s, nCO); elemental analysis calcd (%) for C21H25Br2N3OPd·1=3 ACHTUNGTRENNUNG(NC5H5): C
43.35, H 4.28, N 7.43; found: C 43.85, H 4.15, N 8.02.


Synthesis of [{1-benzyl-3-(N-tert-butylacetamido)imidazol-2-ylid ACHTUNGTRENNUNGene}2-
ACHTUNGTRENNUNGPdCl2] (4): A mixture of [{1-benzyl-3-(N-tert-butylacetamido)imidazol-2-
ylidene}AgCl] (0.261 g, 0.631 mmol) and [(cod)PdCl2] (0.090 g,
0.315 mmol) was heated at reflux in acetonitrile (ca. 30 mL) at 85 8C for
6 h when the formation of an off-white AgCl precipitate was observed.
The reaction mixture was filtered and the solvent was removed under
vacuum to obtain 4 as a yellow solid (0.197 g, 87%). 1H NMR (CDCl3,
400 MHz, 25 8C, TMS): d =7.43–7.29 (m, 10H; 2C6H5), 7.04 (br s, 1H;
NCHCHN), 6.99 (br s, 1H; NCHCHN), 6.79 (br s, 1H; NCHCHN), 6.76
(br s, 1H; NCHCHN), 5.77 (s, 2H; CH2), 5.61 (s, 2H; CH2), 5.17 (s, 2H;
CH2), 4.99 (s, 2H; CH2), 1.35 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.25 ppm (s, 9H; C-
ACHTUNGTRENNUNG(CH3)3);


13C{1H} NMR (CDCl3, 100 MHz, 25 8C): d=164.9 (CO), 160.2
(NCN-Pd), 134.3 (ipso-C6H5), 128.9 (m-C6H5), 128.5 (p-C6H5), 128.4 (o-
C6H5), 122.0 (NCHCHN), 121.8 (NCHCHN), 55.1 (CH2), 54.4 (C ACHTUNGTRENNUNG(CH3)3),
51.9 (CH2), 28.5 ppm (C ACHTUNGTRENNUNG(CH3)3); IR (KBr): ñ1626 cm�1 (nCO); elemental
analysis calcd (%) for C32H42N6O2PdCl2: C 53.38, H 5.88, N 11.67; found:
C 53.75, H 5.96, N 11.15.


Computational methods : Density functional theory calculations were per-
formed on the two palladium complexes 3 and 4 using the Gaussian 03[34]


suite of quantum chemical programs. The Becke three-parameter ex-
change functional in conjunction with the Lee–Yang–Parr correlation
functional (B3LYP) was employed in this study.[35,36] The Stuttgart–Dres-
den effective core potential (ECP), which represents 19 core electrons,


along with valence basis sets (SDD) were used for palladium.[37, 38] All
other atoms were treated with the 6-31G(d) basis set.[39] The metal–
ligand donor–acceptor interactions were inspected by using charge de-
composition analysis (CDA).[40] CDA is a valuable tool for analyzing the
interactions between molecular fragments on a quantitative basis, with an
emphasis on electron donation.[41] The orbital contributions in the
[(NHC)2PdX2] (X=Br, Cl)-type complexes 3 and 4 can be divided into
three parts: 1) s donation from the [NHC s!PdX2] fragment, 2) p back
donation from the [NHC p PdX2] fragment, and 3) a repulsive interaction
between the occupied MOs of these two fragments.


The CDA calculations were performed by using the AOMix program[42]


with the B3LYP/SDD, 6-31G(d) wavefunction. Molecular orbital (MO)
compositions and the overlap populations were calculated by using the
AOMix program.[43] Analysis of the MO compositions in terms of occu-
pied and unoccupied fragment orbitals (OFOs and UFOs, respectively),
construction of orbital interaction diagrams, and the charge decomposi-
tion analysis (CDA) were performed by using AOMix-CDA.[44] Natural
bond orbital (NBO) analysis was performed by using the NBO 3.1 pro-
gram implemented in the Gaussian 03 package.[34]


General procedure for the Sonogashira coupling reaction : In a typical
run, performed in air, a 25 mL vial was charged with a mixture of aryl
iodide, arylalkyne, Cs2CO3, and diethyleneglycol-di-n-butyl ether (inter-
nal standard) in a molar ratio of 1:2:4:1. Complexes 3, 3a, 4, or 4a
(3 mol%) and CuBr (10 mol%) were added to the mixture (Tables 1–4).
Finally, a mixed solvent (DMF/H2O, 3:1 v/v, 10 mL) was added to the re-
action mixture and heated at 100 8C for an appropriate period of time,
after which it was filtered and the product was analyzed by gas chroma-
tography using diethyleneglycol-di-n-butyl ether as the internal standard.
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Discovery of New Biocatalysts for the Glycosylation of Terpenoid Scaffolds


Lorenzo Caputi, Eng-Kiat Lim, and Dianna J. Bowles*[a]


Introduction


Terpenoids represent one of the major classes of natural
products with more than 40,000 different chemical structures
described in the literature.[1] The structures are oxygen-con-
taining derivatives of terpenes, such as alcohols, aldehydes,
ketones and carboxylic acids. In nature, synthesis occurs
through either the mevalonic acid pathway or the 2-C-
methyl-d-erythritol 4-phosphate/1-deoxy-d-xylulose 5-phos-
phate pathway (MEP/DOXP pathway).[2–4] In terms of utili-
ty, terpenoids are used in many different applications, from
health care and pharmaceutical uses to colour, flavour and
fragrance compounds in food and cosmetics. Terpenoids
such as taxol already have established utility in cancer treat-


ment[5] and the sesquiterpenoid artemisinin is the active
pharmaceutical ingredient of choice for malaria treatment.[6]


Terpenoids extracted from plants typically occur as glyco-
sides, with the sugars linked to the active groups OH and/or
COOH.[7] Glycosylation influences the chemical properties,
biological activity and utility of terpenoids. For example, in-
creased hydrophilicity impacts on emulsification and deter-
gent properties.[8,9] It is the glycosides rather than the agly-
cones that are extensively used as fragrance ingredients[10,11]


and as food flavours.[12–14] The potential of using terpenoid
glycoconjugates as slow-release aroma compounds in appli-
cations in which the glycosidic bond is cleaved either enzy-
matically or chemically has also been highlighted.[15]


Whilst terpenoid glycosides exist as natural products, their
levels in plant extracts are often limited. This has led to an
increasing interest in synthesis. Several terpenoid glycosides,
such as menthyl-glucoside, linalyl-glucoside, borneoyl-gluco-
side and terpineoyl-glucoside have been synthesized chemi-
cally by using the Koenigs–Knorr reaction involving diverse
catalysts under a range of conditions.[16–19] A limitation in
the use of chemical synthesis for glycosides of terpenoids
with secondary or tertiary alcohols has been observed in


Abstract: The synthesis of terpenoid
glycosides typically uses a chemical
strategy since few biocatalysts have
been identified that recognise these
scaffolds. In this study, a platform of
107 recombinant glycosyltransferases
(GTs), comprising the multigene family
of small molecule GTs of Arabidopsis
thaliana have been screened against a
range of model terpenoid acceptors to
identify those enzymes with high activi-
ty. Twenty-seven GTs are shown to gly-
cosylate a diversity of mono-, sesqui-
and diterpenes, such as geraniol, perill-
yl alcohol, artemisinic acid and retinoic
acid. Certain enzymes showing substan-
tial sequence similarity recognise terpe-


noids containing a primary alcohol, ir-
respective of the linear or cyclical
structure of the scaffold; other GTs
glycosylate scaffolds containing secon-
dary and tertiary alcohols; the carboxyl
group of other terpenoids also repre-
sents a feature that is recognized by
GTs previously known to form glucose
esters with many different compounds.
These data underpin the rapid predic-
tion of potential biocatalysts from GT
sequence information. To explore the


potential of GTs as biocatalysts, their
use for the production of terpenoid gly-
cosides was investigated by using a mi-
crobial-based whole-cell biotransforma-
tion system capable of regenerating the
cofactor, UDP-glucose. A high cell
density fermentation system was shown
to produce several hundred milligrams
of a model terpenoid, geranyl-gluco-
side. The activities of the GTs are dis-
cussed in relation to their substrate rec-
ognition and their utility in biotransfor-
mations as a complement or alternative
to chemical synthesis.Keywords: biotransformations ·
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these works. This arose from steric hindrance of the glycosy-
lation site with consequent low product yields.[16,19]


Typically, current approaches in chemical synthesis in-
volve organic solvents and heavy-metal catalysts. Whilst the
research on chemical glycosylation continues, nevertheless
there is an increasing demand for natural products, directly
extracted or manufactured by using biotechnologies that are
environmentally benign. For example, recent legislation in
the US and EU have classified “natural” flavours as only
those that are extracted from natural sources or involve bio-
processes with precursors isolated from nature.[20] This clas-
sification has led to a preference for synthetic methods in-
volving biotransformations rather than the use of chemistry.


There are a number of alternative glycosylation tools that
can be applied in biotransformation strategies. These include
the use of glycosidases,[21–24] glycosynthases[25] and glycosyl-
transferases (GTs)[26] and in each case their use can be com-
bined with chemical synthesis to increase the flexibility of
the approach.[27–29] In the context of terpenoid glycosylation,
there have been no reports in the literature on the use of
glycosynthases and only one report on the use of a glycosi-
dase.[24] As yet, relatively few GTs have been identified that
recognise terpenoid acceptors. In this context, by using a
functional genomics strategy, we have identified the entire
multigene family of GTs encoded in the genome of the
model plant Arabidopsis thaliana that recognises small-mol-
ecule scaffolds. These enzymes belong to the Family 1 GTs
in the CAZy classification.[39] GTs in this family catalyse in-
verting glycosylation reactions, and typically use UDP-a-glu-
cose as a sugar donor to form b-glucoside products.[26] Other
nucleotide sugars, such as UDP-a-galactose, UDP-a-glucur-
onic acid, UDP-a-xylose and UDP-b-rhamnose, are also
known to be recognised by this family of GTs. We have
used the plant GT sequences to establish a unique platform
which can be screened for catalytic activities towards natural
and non-natural scaffolds in vitro. The platform provides the
basis for identifying and optimising novel biocatalysts, par-


ticularly for those reactions in which a chemical approach is
neither possible nor appropriate.


In this study, we have used our platform of 107 recombi-
nant GTs to explore their activity towards a number of ter-
penoid scaffolds. The data provide insights into sequence-ac-
tivity relationships and a means to identify relevant biocata-
lysts for natural and non-natural terpenoid scaffolds. We
have also demonstrated that the biocatalysts can be used to
prepare research-scale quantities of defined glycosides by
means of a whole-cell biotransformation route.


Results and Discussion


Screen of Arabidopsis GT activities towards model terpe-
noids : To gain an insight into the activity of Arabidopsis
GTs towards terpenoid scaffolds, members of the entire GT
multigene family were first screened against model com-
pounds in batches of six recombinant enzymes (Table 1).


The screen used UDP-[14C]-glucose as the sugar donor,
which was incubated with each batch of enzymes and terpe-
noid acceptor molecule, followed by analysis of the reaction
mixture by using a TLC system known to separate the agly-
cones from glycosides. The presence of radioactively la-
belled compounds was detected by using phosphor-imaging
screens and provided an indication of putative product for-
mation. The data for two model terpenoids, geraniol and far-
nesol, are illustrated in Figure 1A and B, respectively. For
example, in the geraniol screen, incorporation of [14C]-glu-
cose into putative products could be detected in reaction
mixtures from batch groups 4, 6, 8, 11, 13 and 14. In the far-
nesol screen, only four groups displayed potential activity
(groups 8, 11, 13 and 14). The comprehensive screening re-
sults of GT batches against other terpenoid scaffolds are
provided in Figure S1 in the Supporting Information.


Table 1. GT grouping in the initial screen.


Group GTs


1 82A1, 92A1, 84A3, 84A4, 84A2, 84A1
2 84B2, 84B1, 75B2, 75B1, 75D1, 75C1
3 74E1, 74E2, 74C1, 74D1, 74F1, 74F2
4 74B1, 86A1, 86A2, 87A2, 87A1, 83A1
5 76B1, 76E5, 76E6, 76E3, 76E4, 76E1
6 76E2, 76E7, 76E11, 76E12, 76D1, 76C4
7 76C2, 76C3, 76C5, 76C1, 76F2, 76F1
8 85A3, 85A1, 85A2, 85A7, 85A5, 85A4
9 78D1, 78D3, 78D2, 71B8, 71B7, 71B6


10 71B5, 71B2, 71B1, 71D1, 71D2, 71C1
11 71C2, 88A1, 72E2, 72E3, 73E1, 72D1
12 72C1, 72B2, 72B3, 72B1, 71C5, 71C4
13 71C3, 73C3, 73C4, 73C2, 73C5, 73C6
14 73C1, 73B2, 73B3, 73B1, 73B4, 76E9
15 73B5, 73D1, 73C7, 90A1, 90A2, 90A4
16 89B1, 89C1, 89A2, 79B11, 79B10, 79B9
17 79B8, 79B7, 79B4, 79B5, 79B6, 79B2
18 79B3, 79B1, 91A1, 91C1, 91B1, GST
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When putative products were detected in the batch
screen, individual GTs from those batches were assayed sep-
arately against the acceptors and the reaction mixtures ana-
lysed as before. In Figure 1C, the activities of the six GTs
comprising group 8 are illustrated; this shows that only four
of the six enzymes were potentially active towards geraniol.
Similarly, in Figure 1D, when batch group 8, displaying ac-
tivity towards farnesol was further analysed, incorporation
of [14C]-glucose into putative products was found in only
four reaction mixtures.


In total, this screening strategy revealed that twenty-seven
Arabidopsis GTs, from a total number of 107 enzymes, dis-
played potential activity in vitro towards the nine model ter-
penoids. The activities were restricted to groups D, E, G, H
and L of the phylogenetic tree of the GT1 multigene family
of Arabidopsis.[30] These data are summarized in Table 2,
which provides the GT, the phylogenetic group of the tree
within which it is located and its activity towards the accept-
or. The activities from this screen are defined as the per-
centage incorporation of [14C] glucose into putative product
and are colour-coded as low (1–10%), medium (10–40%) or


Figure 1. TLC analysis of the reaction mixtures from the initial activity screen. Two examples of the activity screen are shown, A) geraniol screen and
B) farnesol screen. The groups that displayed putative activity were further analysed with the individual enzymes assayed towards the substrates.
C) and D) show the detailed analysis of group 8 towards geraniol and farnesol, respectively.


Table 2. Arabidopsis GT activities towards model terpenoids.[a]


[a] : 1–10%; : 10–40%; : >40%.
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high (>40%). The products from these reactions were con-
firmed by HPLC-MS, as described in the next section.


Characterization of terpenoid glycosides : To investigate the
nature of the putative products in the reaction mixtures
from the initial screen of Arabidopsis GTs, assays were re-
peated with unlabelled UDP-glucose and products were an-
alysed by using HPLC-MS. Two representative examples are
illustrated in Figure 2 in which the reaction mixtures from


an incubation of GT 73C5 with geraniol and GT 85A1 with
farnesol were analysed. The products were confirmed to be
geranyl-glucoside (Figure 2A and B) and farnesyl-glucoside
(Figure 2C and D). The positive ion-mode MS spectrum of
geranyl-glucoside gave two ions at m/z : 334.23 and 339.19,
which corresponded to the NH4


+ and the Na+ adducts, re-
spectively (Figure 2A). Further in-source fragmentation re-
sulted in the loss of the glucose moiety and gave rise to the
product ion at m/z : 137.15 (Figure 2B), which indicated that
a fragmentation had occurred at the glucosidic linkage. The
positive ion-mode MS spectrum of the farnesyl-glucoside
was very similar to that of geranyl-glucoside, showing the
NH4


+ adduct (m/z : 402.16) and Na+ adduct (m/z : 407.11)
(Figure 2C) and the in-source fragmentation leading to the
breakage of the glucosidic bond and formation of the agly-
cone product ion at m/z : 205.22 (Figure 2D). Examples of
HPLC-MS confirmation of other terpenoid products pro-
duced by GTs from the in vitro reactions are shown in
Figure S2 in the Supporting Information.


In summary, the presence of a radioactively labelled prod-
uct in the reaction mixtures from the initial TLC screen
could be confirmed to represent the corresponding glycoside


of each terpenoid acceptor. The fragmentation data indicat-
ed that O-glucosides were formed.


Whole-cell biotransformations of terpenoids into glycosides :
GTs are known to carry out whole-cell biotransformations
in microbial cells to form glycosides of the substrates added
to the culture medium.[26] The chemicals applied to this ap-
proach in earlier studies were all phenolic compounds.[26]


This study is the first to investigate the utility of GTs as bio-
catalysts to synthesize research-
scale quantities of terpenoid
glycosides. Each of the model
terpenoid scaffolds was provid-
ed as a substrate in a whole-cell
biocatalysis system, which con-
sisted of E. coli expressing a re-
combinant GT with known ac-
tivity towards the specific scaf-
fold. Control batches, in which
E. coli expressed only the
empty vector, were used to con-
firm that the glycoside products
were formed by the recombi-
nant GTs. After 18 h of incuba-
tion, the glycosides produced
through these processes were
purified from the culture
medium by using preparative
HPLC, and were analyzed by
HPLC-MS for purity assess-
ment and NMR spectroscopy
for identity confirmation. The
analyses showed that the purity
of the products was >95%.
These purified glycosides were


used to generate the standard curves for glycoside quantifi-
cation. An example of these analyses is provided in Figure
S3 and Table S1 in the Supporting Information.


Samples from the whole-cell biotransformations were re-
analyzed and quantified by using the standard curves, and
the process yields and productivity are summarized in
Table 3. Thus, after 18 h of incubation, the molar yields of
substrates converted into products ranged from 5% for far-
nesyl-glucoside to 52.8% for menthyl-glucoside. Essentially,


Figure 2. HPLC-MS analysis. A) and B) geranyl-glucoside. C) and D) farnesyl-glucoside.


Table 3. Small-scale (50 mL) whole-cell biotransformations after 18 h in-
cubation.


Product GT Total yield Productivity
ACHTUNGTRENNUNG[mmol] [mg] [%] [mgmL�1 h�1]


geranyl-glucoside 73C5 10.7 3.4 21.4 3.8
citronellyl-glucoside 73C5 3.6 1.1 7.2 1.3
farnesyl-glucoside 73C5 2.3 0.9 4.6 1.0
terpineoyl-glucoside 73C5 15.8 5.0 31.6 5.6
perillyl-glucoside 73C5 10.3 3.2 20.7 3.6
linalyl-glucoside 73C5 10.7 3.4 21.4 3.8
menthyl-glucoside 73C5 26.4 8.4 52.8 9.7
artemisinic acid glucose ester 75D1 9.3 3.7 18.6 4.1
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whole-cell biocatalysis using Arabidopsis GTs was successful
in producing milligram quantities of glycosides of each of
the monoterpenoid scaffolds and two model sesquiterpe-
noids. This whole-cell system was not able to produce the
glucose ester of retinoic acid; this may due to the instability
of the compound in the culture medium.[31]


To test the possibility of a larger-scale production of ter-
penoid glycosides in a more controlled process, glycosylation
of geraniol by E. coli expressing GT 73C5 was studied in a
3L bioreactor. During the transformation process 247 mg of
geranyl-glucoside were formed from 764 mg of geraniol
added to the bioreactor. The highest conversion was 41%
(0.62 mmol, 196 mg of product), obtained at 6 h of the pro-
duction phase (Figure 3).


The relation of substrate recognition and protein primary
structures : In this study, we explored the terpenoid features
recognized by the Arabidopsis GTs by using scaffolds with
different structures (linear and cyclic), sizes (C10-C20) and
functional groups (primary, secondary and tertiary alcohol,
and carboxyl group). Through the evaluation of their in
vitro activity, twenty-seven enzymes from five different phy-
logenetic groups were identified as potential terpenoid bio-
catalysts. The activity screen highlighted several distinct fea-
tures. First, and most significantly, the entire group G recog-
nized terpenoids with primary alcohols as substrates irre-
spective of linear or cyclic structure. This activity can be
found in other groups but is restricted to only a few mem-
bers, for example 4 out of 13 GTs in group D and 4 out of
19 GTs in group H. The preference of group G for primary
alcohols is also reflected in our earlier study reporting the
glycosylation of the primary alcohol on the N6 side chain of
trans-zeatin and dihydrozeatin (adenine scaffolds) by GT
85A1.[32] Thus, the group G enzymes can be prioritized can-
didates for future activity screening towards compounds car-
rying primary alcohol groups. Second, for the glycosylation


of terpenoid scaffolds containing secondary and tertiary al-
cohols, the major activities were detected in groups D and
H. GTs from these groups are also known to glycosylate sec-
ondary alcohols present in a diverse range of compounds,
such as benzoates,[33] phenylpropanoids[34] and flavonoids.[35]


The broad substrate range of these GTs enhances their po-
tential utility in biocatalysis involving natural products or
non-natural scaffolds carrying secondary or tertiary alcohols.
Third, enzymes in one of the phylogenetic groups, group L,
all shared the ability to form ester linkages. This ability of
group L enzymes to recognize carboxyl groups has been pre-
viously reported for other scaffolds, such as benzoates and
phenylpropanoids,[34] and has again been demonstrated in
this study towards terpenoids (i.e. artemisinic acid and reti-
noic acid).


The aim of this study has been to establish a foundation
for the rapid prediction and selection of biocatalyst candi-
dates towards this class of substrates. This advanced knowl-
edge will aid future research in the identification of GT bio-
catalysts for terpenoid glycoside production.


Conclusion


This study has demonstrated that plant GTs can be identi-
fied that recognize terpenoid scaffolds and can be used to
produce a diverse range of natural product glycosides. The
biotransformation route of the synthesis is simple, involves a
single-step and is a useful complement or alternative to the
chemical route of production.


In comparison to the chemical route, enzymatic synthesis
does not require organic solvents and heavy-metal catalysts.
Biotransformation thereby allows terpenoid glycosides to be
made by using a “green” process that can meet regulations
for products to be classified as “natural”.[20] Also, it is signif-
icant that GTs have been identified in this study that glyco-
sylate terpenoids with secondary and tertiary alcohols. Use
of these biocatalysts overcomes the recognized difficulties in
chemical glycosylation of terpenoids, such as menthol and li-
nalool.[16,18, 19]


The bioprocess can be readily scaled-up by using microbi-
al whole-cell biocatalysis systems that regenerate sugar
donors and enable good yields of glycosides without the re-
quirement for cofactor addition.[35–37] Our data underpin the
future design of novel routes of terpenoid glycoside synthe-
sis for those applications that increasingly require green
chemistry, such as those in the fine chemical, flavour, fra-
grance and food additive sectors.


Experimental Section


Model substrates : (� )-Linalool, menthol, farnesol (mixed isomers), (� )-
b-citronellol, (S)-(�)-perillyl alcohol, terpineol (mixed isomers), geraniol
and all-trans-retinoic acid were purchased from Sigma-Aldrich. Artemi-
sinic acid (arteannuic acid) was purchased from Apin Chemicals.


Figure 3. Production of geranyl-glucoside through fed-batch fermenta-
tion. The fermentation process was divided into a growth phase and a
production phase. Bacterial cells were grown to a high density in the cul-
ture phase, and were fed with geraniol substrate during the production
phase. The quantities of geranyl-glucoside produced in the fermenter and
the amount of geraniol added during the production phase are plotted in
the insert figure.
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Preparation of recombinant GTs : Recombinant GTs were expressed as
fusion proteins with glutathione-S-transferase (GST) attached to the N-
terminus of the GTs, by using the GST gene fusion vector pGEX-2T
(Amersham Biotech). The recombinant proteins were prepared as previ-
ously described[30] and quantified by using the Bradford method with
bovine serum albumin as the reference.


GT activity assay : In the initial screen, each reaction mixture (20 mL)
contained Tris-HCl (100 mm, pH 7.0), UDP-[14C] glucose (3.7 mm,


11.6 GBq/mmol, Amersham), substrate (1 mm) and a pool of six different
recombinant GTs (300 ng each). The reaction mixture was incubated at
30 8C for 2 h and stored at �20 8C before TLC analysis. The reaction mix-
tures that showed positive signals in the TLC analysis were further ana-
lyzed by using the same conditions but were incubated with one enzyme
(300 ng) in each assay to identify the GTs active in the initial screen. The
active enzymes were also assessed by HPLC methods. The reaction mix-
ture (200 mL) for HPLC analysis contained Tris-HCl (100 mm, pH 7.0),
UDP-glucose (2.5 mm), substrate (1 mm) and enzyme (1 mg). The reaction
was incubated at 30 8C for 2 h and stored at �20 8C prior to HPLC analy-
sis.


TLC analysis of the GT reaction mixture : TLC analysis was performed
on Silica gel 60 TLC plates in a solvent system consisting of ethylacetate/
acetone/dichloromethane/methanol/water (20:15:6:5:4, v/v/v/v/v). TLC
plates were dried and exposed to phosphor-imaging screens (Molecular
Dynamics) for 24 h. The screens were read by using a Molecular Imager
FX scanner (BioRad) supplied with Quantity One software (BioRad).
The amount of UDP-[14C]-glucose transferred by the enzymes to the sub-
strates was calculated by using a regression equation obtained by analy-
sing UDP-[14C]-glucose standards (0.008–0.555 kBq) with the TLC
method described above.


HPLC analysis of the GT reaction mixture : Reverse-phase HPLC (Spec-
traSYSTEM HPLC system and UV6000LP photodiode array detector,
ThermoQuest) was carried out by using a Columbus 5m C18 column
(250P4.6 mm, Phenomenex) at a flow rate of 1 mLmin�1 with a linear
gradient of solvent A (methanol, 10–50%) against solvent B (10 mm am-
monium acetate) over 10 min, followed by a linear gradient A (50–
100%) over 20 min against B. The column was then washed with A
(100%) for 5 min. Chromatography was monitored at 210 nm.


HPLC-MS analysis of glycosides : Glycosides formed in the enzymatic re-
actions were confirmed by using an Agilent 1100 Series HPLC system
(Agilent Technologies) coupled with a QSTAR hybrid quadrupole-TOF
mass spectrometer (Applied Biosystems). HPLC was performed with a
Columbus 5 m C18 column (150P3.2 mm, Phenomenex) at a flow rate of
0.5 mLmin�1 by following the gradient described in the previous section.
MS analysis was carried out in a positive-ion mode. The mass spectrome-
ter was operated with a capillary voltage of 4.5 kV, by using nitrogen as
the drying gas at 200 8C. Ion-source fragmentation was achieved by using
declustering potentials of 10, 20 and 30 V. Full-scan spectra were record-
ed by scanning from m/z : 150 to 600 for MS analysis and from m/z : 50–
600 for MS-MS studies. Total ion current and ion traces for specific [M+


+H], [M++NH4] and [M++Na] adduct ions were used to detect the com-
pounds. MS and MS-MS analysis were performed simultaneously by
using the Information Dependent Acquisition (IDA) software tool. Data
were collected and processed by using ANALYST QS (Applied Biosys-
tems) software.


Production of terpenoid glycosides by whole-cell biotransformations : E.
coli BL21 cultures for whole-cell biotransformations were grown over-
night at 37 8C in 2PYT medium (50 mL) containing ampicillin (50
mgmL�1). Cells were harvested by centrifugation (5,000Pg, 5 min), and
suspended in M9 minimal medium (50 mL, pH 7.0) containing glucose
(1%) to an OD600 nm reading of 1.0. IPTG (1 mm) was added to the bacte-
rial cultures and terpenoid substrate (50 mmol) was added 6 h later. The
biotransformation processes were carried out for 3 days at 25 8C in a
shaker set at 150 rpm. Samples were harvested at intervals and analyzed
by HPLC-MS for the presence of glycosides in the medium.


Purification of glycosides from the culture medium : The culture broths
containing the glucoside products were harvested by centrifugation
(5000Pg, 5 min). The supernatants were applied to an Amberlite XAD-2
column (100P15 mm). The column was then washed with 3 column vol-


umes of water, followed by 3 column volumes of methanol (25%). To
elute the glycosides, the column was titrated with methanol (70%). The
eluents were evaporated to dryness, suspended in methanol (50%, 2 mL)
and subjected to preparative HPLC (Qkta purifier 10, Pharmacia)
equipped with a fraction collector. Preparative HPLC was performed by
using a Luna 5 m C18 column (250P10 mm, Phenomenex) with a linear
gradient of solvent A (methanol, 10–100%) against solvent B (10 mm


ammonium acetate) over 25 min at a flow rate of 3 mLmin�1. The
column was then washed with A (100%) for 5 min. Chromatography was
monitored at 210 nm. Fractions containing the glycosides were pooled,
evaporated to dryness and stored at 4 8C.


Quantification of terpenoid glycosides by HPLC-MS : The quantification
of glycosides was carried out by interpolation of the peak areas obtained
by HPLC-MS with the standard curves. The standard curves were pre-
pared by HPLC-MS analysis of glycosides (0.1–1000 ng/50 mL) produced
by whole-cell transformations and purified by preparative HPLC (>95%
purity by HPLC). The HPLC-MS analysis for glucoside quantification
was performed with a SpectraSYSTEM HPLC system (ThermoQuest)
coupled with a LCQ ion trap mass spectrometer equipped with a APCI
source (Finnigan MAT). The chromatographic separation was performed
by using a Columbus 5 m C18 (150P4.6 mm, Phenomenex) column, at a
flow rate of 0.5 mLmin�1 with a linear gradient of solvent A (methanol,
10–50%) against solvent B (10 mm ammonium acetate) over 10 min, fol-
lowed by a linear gradient A (50–100%) against B over 20 min. The
column was then washed with A (100%) for 5 min and re-equilibrated
for 5 min. The mass spectrometry analysis was performed in positive
mode (source voltage, 5.09 kV; source temperature, 450 8C; nebulizing
sheath gas flow rate 63.48; auxiliary gas flow rate 29.27; capillary voltage
10.24 V; capillary temperature 514.6 8C). The instrument was operated at
unit resolution in full-scan MS-MS mode, scanning the product ion spec-
trum from m/z : 50–800. The LCQ was interfaced to a computer worksta-
tion running Xcalibur 2.0 software.


Fermentation : Fed-batch fermentation was performed in a stirrer tank bi-
oreactor (3 L, Applikon). The fermentation broth (1 L) contains KH2PO4


(2 g), K2HPO4 (5.79 g), (NH4)2SO4 (0.5 g), glucose (5 g), MgSO4·7H2O
(0.31 g), trace element solution (1.25 mL), vitamin solution (1.25 mL)
ampicillin (50 mgmL�1).[38] Prior to inoculation, the bioreactor was condi-
tioned (37 8C, 150 rpm, 50% dO2 relative to air, pH 7.4) and the pH was
maintained by using NH4OH (20%) and H2SO4 (2n). An overnight cul-
ture was prepared by inoculating 2PYT (30 mL) containing ampicillin
(50 mgmL�1) with a freshly streaked colony and incubating at 37 8C with
agitation (180 rpm). The overnight culture (10 mL) was added to the con-
ditioned fermenter at the beginning of the fermentation process. After
approximately 8 h, when the glucose in the bioreactor was completely
consumed, the culture was fed started Feed 1 (60% glucose, 1.2%
MgSO4, 0.6% (NH4)2SO4, 15 mLL�1 trace element solution and
15 mLL�1 vitamin solution) at a rate of 200 mLday�1. After 12 h of cul-
turing time, the dO2 was set to 25% and the temperature at 25 8C. IPTG
(1 mm) was then added to the culture. After 25 h post-inoculation, the
feed was changed to Feed 2 (4% glycerol, 1.2% MgSO4, 15 mLL�1 trace
element solution and 15 mLL�1 vitamin solution) at a rate of
200 mLday�1 and 1 h later geraniol was added into the bioreactor at a
rate of 26.3 mgh�1. Samples were harvested at intervals for HPLC analy-
sis.
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Introduction


Ribose and 2’-deoxyribose residues are the most prevalent
sugar moieties in Nature.[1] They are usually part of nucleo-
tides, which themselves are the building blocks of ribonucle-
ic acids (RNA) and 2’-deoxyribonucleic acids (DNA).[1] It is
well known that DNA is less sensitive to hydrolysis of the
phosphate diester backbone than RNA due to the absence
of the 2’-hydroxy group.[2,3] In a recent study on model mon-
onucleotides,[4] it was shown that the presence or absence of
the 2’-OH group affects the electronic properties of the nu-


cleotide. Hence, the acid–base properties of the nucleobase
residues in DNA and RNA are also expected to be affected.
On this basis, it was concluded that RNA–RNA duplexes
are more stable than DNA–DNA duplexes.[4] Surprisingly,
however, crucial information on the effects, if any, exerted
by the ribose and 2’-deoxyribose residues on the acid–base
properties of nucleotides is still lacking.[5–7] Detailed knowl-
edge on thus fundamental property of nucleobases is of rele-
vance for several reasons: i) the potential to form hydrogen
bonds,[8,9] as well as metal ion complexes,[10–12] is dependent
on the acid–base properties; ii) only with this information
can one compare certain properties of RNA and DNA;[13,14]


iii) catalysis by several ribozymes,[15,16] as well as by DNA-
zymes,[17,18] is considered to be based on an acid–base mech-
anism with nucleobase functionalities acting as general acids
and/or bases at physiological pH. The latter can only take
place if the pKa values of the nucleic acid building blocks
are strongly perturbed, although the reasons for this remain
largely unknown. Knowledge of the exact pKa values of
both deoxyribose and ribose mononucleotides, and of the ef-


Abstract: The extent to which the re-
placement of a ribose unit by a 2’-deoxy-
ribose unit influences the acid–base
properties of nucleotides has not hith-
erto been determined in detail. In this
study, by potentiometric pH titrations
in aqueous solution, we have measured
the acidity constants of the 5’-di- and
5’-triphosphates of 2’-deoxyguanosine
[i.e. , of H2ACHTUNGTRENNUNG(dGDP)


� and H2ACHTUNGTRENNUNG(dGTP)
2�]


as well as of the 5’-mono-, 5’-di-, and
5’-triphosphates of 2’-deoxyadenosine
[i.e. , of H2ACHTUNGTRENNUNG(dAMP)


� , H2ACHTUNGTRENNUNG(dADP)
�, and


H2 ACHTUNGTRENNUNG(dATP)
2�]. These 12 acidity con-


stants (of the 56 that are listed) are
compared with those of the corre-
sponding ribose derivatives (published


data) measured under the same experi-
mental conditions. The results show
that all protonation sites in the 2’-deoxy-
nucleotides are more basic than those
in their ribose counterparts. The influ-
ence of the 2’-OH group is dependent
on the number of 5’-phosphate groups
as well as on the nature of the purine
nucleobase. The basicity of N7 in gua-
nine nucleotides is most significantly
enhanced (by about 0.2 pK units),
while the effect on the phosphate
groups and the N1H or N1H+ sites is


less pronounced but clearly present. In
addition, 1H NMR chemical shift
change studies in dependence on pD in
D2O have been carried out for the
dAMP, dADP, and dATP systems,
which confirmed the results from the
potentiometric pH titrations and
showed the nucleotides to be in their
anti conformations. Overall, our results
are not only of relevance for metal ion
binding to nucleotides or nucleic acids,
but also constitute an exact basis for
the calculation, determination, and un-
derstanding of perturbed pKa values in
DNAzymes and ribozymes, as needed
for the delineation of acid–base mecha-
nisms in catalysis.
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fects of any modification[8,9,19] or functionalisation, for exam-
ple, of the 2’-OH group, would hence provide a basis for cal-
culating[20] and rationalising the modulation of pKa values in
complex nucleic acid structures.
In the present study, we compare the acid–base properties


of adenine and guanine nucleotides containing either a
ribose or a 2’-deoxyribose moiety (Figure 1). To this end,
the pKa values were determined by potentiometric pH titra-
tions and verified by NMR chemical shift measurements in
D2O. The results obtained by the two methods were found
to be in good agreement. The results show that the basicity
of N7 in the guanine nucleotides is affected most: replacing
the 2’-OH group by a hydrogen atom increases the basicity
of this site by about 0.2 pK units. The N1 site of adenine nu-
cleotides also becomes more basic when ribose is replaced
by 2’-deoxyribose, although the effect is small. The other
acid–base sites are only slightly affected, although the termi-
nal g-phosphate groups of dATP4�/dGTP4� are found to be
more basic than those of ATP4�/GTP4� by about 0.1 pK
units. The listed acidity constants also allow additional com-
parisons to be made, for example concerning the effects of
differently sized phosphate chains on the acid–base proper-
ties of the nucleobase residues.


Results


Potentiometric pH titrations : To cover the acid–base reac-
tions of the nucleotides under focus in this study, we consid-
ered the pH range between about 2.5 and 10. The lower
limit is determined by the deprotonation of the N7H+ site
of H2ACHTUNGTRENNUNG(GMP)


� (Figure 1), which occurs with pKa � 2.5,
while the upper limit is determined by the deprotonation of
the N3H site of dTTP4�, which has a pKa of about 10.1 (see
below). Consequently, the release of the primary protons
from phosphate residues is beyond the scope of this study
because these protons are released from the twofold proton-
ated triphosphate chain, P3O10H2


2�, of H3ACHTUNGTRENNUNG(ATP)
� and H3-


ACHTUNGTRENNUNG(GTP)� with pKa values of 1.7�0.1 and 1.3�0.2, respective-
ly.[21] The release of the protons from the P2O7H2


� and
PO2(OH)2 residues of related nucleoside 5’-di- and mono-
phosphates occurs at even lower pKa values.


[22–24]


By using H2 ACHTUNGTRENNUNG(GMP)
� as an example, three deprotonation


reactions can occur in the aforementioned pH range,
namely from the N7H+ site, from the PO3(OH)


� group, and
from the N1H unit. Hence, the following three general de-
protonation reactions can be expressed for nucleoside 5’-
mono-, di-, and triphosphates (NP2�/3�/4�):


H2ðNPÞ�=�=2� Ð HðNPÞ�=2�=3� þ Hþ ð1aÞ


KH
H2ðNPÞ ¼ ½HðNPÞ


�=2�=3�
½Hþ
=½H2ðNPÞ�=�=2�
 ð1bÞ


HðNPÞ�=2�=3� Ð NP2�=3�=4� þ Hþ ð2aÞ


KH
HðNPÞ ¼ ½NP2�=3�=4�
½Hþ
=½HðNPÞ�=2�=3�
 ð2bÞ


NP2�=3�=4� Ð ðNP�HÞ3�=4�=5� þ Hþ ð3aÞ


KH
NP ¼ ½ðNP�HÞ3�=4�=5�
½Hþ
=½NP2�=3�=4�
 ð3bÞ


It should be noted that (NP�H)3�/4�/5� in Equilibrium (3a) is
to be read as “NP minus H”, meaning that the N1H site of
a guanine residue or the N3H site of a uracil/thymine resi-
due loses its proton. Depending on which nucleobase is con-
sidered, only some of the above equilibria hold. For guanine
nucleotides, Equilibria (1a), (2a), and (3a) hold, whereas for
adenine nucleotides only Equilibria (1a) and (2a) are of
relevance, covering the deprotonation of the N1H+ site
[Eq. (1)] and of the monoprotonated phosphate group


Figure 1. Chemical structures of the nucleobase residues adenine (Ade),
guanine (Gua), uracil (Ura), and thymine (Thy), all of which occur in
this study, are given at the top. Below, from top to bottom, the structures
of the nucleoside and 2’-deoxynucleoside 5’-triphosphates (NTP4�,
dNTP4�), 5’-diphosphates (NDP3�, dNDP3�), and 5’-monophosphates
(NMP2�, dNMP2�) are shown. Attachment of the nucleobase residues
(R) in the depicted orientation to the 1’-position of the (2’-deoxy)nucleo-
side 5’-phosphates results in the anti conformation. Besides the (2’-de-
oxy)nucleosides, adenosine (Ado), 2’-deoxyadenosine (dAdo), guanosine
(Guo), and 2’-deoxyguanosine (dGuo), the following nucleotides (given
with their abbreviations) have also been studied: adenosine 5’-mono-, di-,
and triphosphate (AMP2�, ADP3�, ATP4�); 2’-deoxyadenosine 5’-mono-,
di-, and triphosphate (dAMP2�, dADP3�, dATP4�); guanosine 5’-mono-,
di-, and triphosphate (GMP2�, GDP2�, GTP4�); 2’-deoxyguanosine 5’-
mono-, di-, and triphosphate (dGMP2�, dGDP2�, dGTP4�); uridine 5’-
mono-, di-, and triphosphate (UMP2�, UDP3�, UTP4�); and thymidine 5’-
mono-, di-, and triphosphate (dTMP2�, dTDP3�, dTTP4�).
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[Eq. (2); cf. also Figure 1]. In the case of uracil/thymine nu-
cleotides, only Equilibria (2a) and (3a) need to be consid-
ered, quantifying the release of the proton from the monop-
rotonated phosphate residue [Eq. (2)] and the deprotonation
of the N3H site [Eq. (3)].
In this study, we have determined a total of 12 new acidity


constants, that is, those of H2 ACHTUNGTRENNUNG(dGDP)
�, H2ACHTUNGTRENNUNG(dGTP)


2�, H2-
ACHTUNGTRENNUNG(dAMP)� , H2ACHTUNGTRENNUNG(dADP)


�, and H2ACHTUNGTRENNUNG(dATP)
2� (Figure 1), by po-


tentiometric pH titrations[25] (Table 1). The acidity constants
of the corresponding ribose derivatives, which are needed
for comparison and discussion, have been taken from the lit-
erature,[21–23,26–32] as have those of several related nucleo-
tides.[21,24, 27,29, 33] All of these constants are summarised in
Table 1.
In the 2’-deoxy series, only a few values have been pub-


lished previously,[5–7] namely those for H2 ACHTUNGTRENNUNG(dAMP)
� and H2-


ACHTUNGTRENNUNG(dGTP)2� (as well as for H2ACHTUNGTRENNUNG(dGMP)
�). Those for the gua-


nine derivatives[34,35] are roughly about 0.1 to 0.2 pK units
higher than the values listed in Table 1, the differences most
likely originating from different calibration procedures of
the electrodes used. The values measured by Stuehr et al.[36]


for H2 ACHTUNGTRENNUNG(dAMP)
� : pKH


H2ðdAMPÞ = 3.99 and pKH
HðdAMPÞ = 6.27


(15 8C; I = 0.1m, KNO3) are in excellent agreement with
ours listed in Table 1 (entry 4), despite the different temper-
atures used in the experiments. The internal consistency of
the values listed in Table 1 is evident from the interrelations
between the various acidity constants shown in Figure 2,
where the pKa=PO2ðOHÞ and pKa/N1H values of the guanine de-
rivatives are plotted in dependence on the pKa/N7H constants.
The various acid–base sites are expected to affect each
other in a systematic way, and this is nicely observed. A plot
of pKa=PO2ðOHÞ versus pKa=N1H for the adenine nucleotides
leads to the corresponding observation.
For completeness of Table 1 and for some comparisons, it


is helpful to also include the acidity constants of the nucleo-
sides. However, because we are aware[5–7] of only an estimat-
ed value (pKa = 3.8)[37] for 2’-deoxyadenosine under the
present conditions, we preferred to estimate the correspond-
ing pKa value for N1H


+ deprotonation ourselves, as de-
scribed in the following. The influence of the 2’-OH group
on the acid–base properties of guanine compounds is mani-
fested in the acidity differences, DpKa = pKH


HðdGuoÞ�pKH
HðGuoÞ


= (2.30�0.04)�(2.11�0.04) =


0.19�0.06 and DpKa =


pKH
H2ðdGMPÞ�pK


H
H2ðGMPÞ = (2.69�


0.03)�(2.48�0.04) = 0.21�
0.05 (Table 1; entries 1 and 3).
These values are identical
within their error limits, mean-
ing that the difference in N7
basicity is the same for the gua-
nosine/2’-deoxyguanosine and
HACHTUNGTRENNUNG(GMP)�/H ACHTUNGTRENNUNG(dGMP)� pairs,
even though the absolute pKa


values differ. Hence, the same
equality can be expected for
the adenosine/2’-deoxyadeno-
sine and H ACHTUNGTRENNUNG(AMP)�/H ACHTUNGTRENNUNG(dAMP)�


pairs, from which it follows
that: pKH


HðdAdoÞ = pKH
HðAdoÞ +


(pKH
H2ðdAMPÞ�pK


H
H2ðAMPÞ) =


(3.61�0.03) + [(3.97�
0.02)�(3.84�0.02)] = 3.74�
0.04 (entry 2 in Table 1).
As a control of the obtained


values, we can compare the dif-
ference for the HACHTUNGTRENNUNG(AMP)�/H-
ACHTUNGTRENNUNG(dAMP)� pair,
pKH


H2ðdAMPÞ�pK
H
H2ðAMPÞ = (3.97�


0.02)�(3.84�0.02) = 0.13�
0.03 (Table 1, entry 4) with that
observed for the cytosine nucle-
otides,[33] that is,
pKH


H2ðdCMPÞ�pK
H
H2ðCMPÞ = (4.46�


0.01)�(4.33�0.04) = 0.13�
0.04. These two values are
equal, which is to be expected
because both the purine and


Table 1. Comparison of the negative logarithms of the acidity constants [Eqs. (1–3)] as determined by poten-
tiometric titrations in aqueous solution for guanosine/2’-deoxyguanosine and adenosine/2’-deoxyadenosine nu-
cleotides, together with corresponding data for some related nucleosides and nucleotides (25 8C; I=0.1m,
NaNO3).


[a,b]


No. Acid pKa values for the sites
N1H+ or N7H+ PO2(OH)


� N1H or N3H
N/dN N/dN N/dN N/dN


1[c,d] H ACHTUNGTRENNUNG(Guo)+/H ACHTUNGTRENNUNG(dGuo)+ 2.11�0.04/2.30�0.04 9.22�0.01/9.24�0.03
2[c,e] H ACHTUNGTRENNUNG(Ado)+/H ACHTUNGTRENNUNG(dAdo)+ 3.61�0.03/3.74�0.04


3[c,f] H2 ACHTUNGTRENNUNG(GMP)
�/H2 ACHTUNGTRENNUNG(dGMP)


� 2.48�0.04/2.69�0.03 6.25�0.02/6.29�0.01 9.49�0.02/9.56�0.02
4[c,g] H2 ACHTUNGTRENNUNG(AMP)


�/H2 ACHTUNGTRENNUNG(dAMP)
� 3.84�0.02/3.97�0.02 6.21�0.01/6.27�0.04


5[h,i] H2ACHTUNGTRENNUNG(CMP)
�/H2 ACHTUNGTRENNUNG(dCMP)


� 4.33�0.04/4.46�0.01 6.19�0.02/6.24�0.01
6[h] H ACHTUNGTRENNUNG(UMP)�/– 6.15�0.01/– 9.45�0.02/–
7[h] –/H ACHTUNGTRENNUNG(dTMP)� –/6.36�0.01 –/9.90�0.03
8[j] H ACHTUNGTRENNUNG(NMP)�/H ACHTUNGTRENNUNG(dNMP) 6.20�0.05/6.27 �0.05


9[k,g] H2 ACHTUNGTRENNUNG(GDP)
�/H2 ACHTUNGTRENNUNG(dGDP)


� 2.67�0.02/2.91�0.07 6.38�0.01/6.46�0.03 9.56�0.03/9.64�0.04
10[l,g] H2 ACHTUNGTRENNUNG(ADP)


�/H2 ACHTUNGTRENNUNG(dADP)
� 3.92�0.02/4.00�0.03 6.40�0.01/6.45�0.01


11[m] H ACHTUNGTRENNUNG(UDP)2�/– 6.38�0.02/– 9.47�0.02/–
12[m] –/H ACHTUNGTRENNUNG(dTDP)2� –/6.44�0.01 –/9.93�0.02
13[n] H ACHTUNGTRENNUNG(NDP)2�/– 6.39�0.02/–


14[o,g] H2 ACHTUNGTRENNUNG(GTP)
2�/H2 ACHTUNGTRENNUNG(dGTP)


2� 2.94�0.02/3.16�0.05 6.50�0.02/6.64�0.02 9.57�0.02/9.66�0.04
15[o,g] H2ACHTUNGTRENNUNG(ATP)


2�/H2 ACHTUNGTRENNUNG(dATP)
2� 4.00�0.01/4.14�0.02 6.47�0.01/6.62�0.03


16[o] H ACHTUNGTRENNUNG(UTP)3�/– 6.48�0.02/– 9.57�0.02/–
17[o] –/H ACHTUNGTRENNUNG(dTTP)3� –/6.52�0.02 –/10.08�0.05
18[p] H ACHTUNGTRENNUNG(NTP)3�/– 6.49�0.05/–


[a] So-called practical (or mixed) constants[25] are listed; see the Experimental Section. [b] The error limits are
three times the standard error of the mean value (3s) or the sum of the probable systematic errors, whichever
is the larger. [c] From ref. [26]. [d] From ref. [27]. [e] See the Results Section. [f] From ref. [28]. [g] This study.
[h] From ref. [29]; the deprotonation site in H2 ACHTUNGTRENNUNG(CMP)


� is N3H+ . [i] From ref. [33]; the deprotonation site in
H2 ACHTUNGTRENNUNG(dCMP)


� is N3H+ . [j] Average of the five values measured for H ACHTUNGTRENNUNG(UMP)� (6.15�0.01),[29] H ACHTUNGTRENNUNG(CMP)� (6.19�
0.02),[29] H ACHTUNGTRENNUNG(AMP)� (6.21�0.01),[26] H ACHTUNGTRENNUNG(IMP)� (6.22�0.01),[26] and H ACHTUNGTRENNUNG(GMP)� (6.25�0.02),[26] and of the three
values measured for H ACHTUNGTRENNUNG(dGMP)� (6.29�0.01),[28] H ACHTUNGTRENNUNG(dAMP)� (6.27�0.04),[g] and H ACHTUNGTRENNUNG(dCMP)� (6.24�0.01).[33]
[k] From ref. [30]; see also refs. [22, 31,32]. [l] From ref. [23]. [m] From ref. [24]. [n] Average of the five values
measured for H ACHTUNGTRENNUNG(UDP)2� (6.38�0.02),[24] H ACHTUNGTRENNUNG(CDP)2� (6.39�0.02),[24] H ACHTUNGTRENNUNG(ADP)2� (6.40�0.01),[23] H ACHTUNGTRENNUNG(IDP)2�


(6.38�0.02),[k] and H ACHTUNGTRENNUNG(GDP)2� (6.38�0.01).[k] [o] Taken from the list given in ref. [21]. [p] Average of the five
values measured for H ACHTUNGTRENNUNG(UTP)3� (6.48�0.02), H ACHTUNGTRENNUNG(CTP)3� (6.55�0.02), H ACHTUNGTRENNUNG(ATP)3� (6.47�0.01), H ACHTUNGTRENNUNG(ITP)3� (6.47�
0.02), and H ACHTUNGTRENNUNG(GTP)3� (6.50�0.02); see list in ref. [21].
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pyrimidine moieties in H2ACHTUNGTRENNUNG(AMP)
�/H2ACHTUNGTRENNUNG(dAMP)


� and H2-
ACHTUNGTRENNUNG(CMP)�/H2 ACHTUNGTRENNUNG(dCMP)


� are in the anti conformation. Conse-
quently, the N1H+ and N3H+ sites are directed away from
the sugar ring and its 2’-OH/H position. In contrast, N7H+


in H2ACHTUNGTRENNUNG(GMP)
�/H2ACHTUNGTRENNUNG(dGMP)


� is spatially much closer to 2’-
OH/H, and hence the effect is larger, that is,
pKH


H2ðdGMPÞ�pK
H
H2ðGMPÞ = (2.69�0.03)�(2.48�0.04) = 0.21�


0.05 (Table 1, entry 3).
The reliability of the constants assembled in Table 1 is fur-


ther confirmed by the following comparison. The acidity
constants measured for the deprotonation of N1H+ in the
cyclic 3’,5’-phosphate diester, H ACHTUNGTRENNUNG(cAMP)� (pKa = 3.80�
0.02; estimated error),[38] and in the H2 ACHTUNGTRENNUNG(AMP)


� species
(pKH


H2ðAMPÞ = 3.84�0.02; Table 1, entry 4) bearing a 5’-
OPO2(OH)


� residue are virtually identical. They are even
more so if one converts the given concentration constant[38]


for H ACHTUNGTRENNUNG(cAMP)� into the so-called practical constant
(Table 1; footnote [a]),[25] giving pKH


HðcAMPÞ = (3.80�0.02) +


0.02 = 3.82�0.02. In fact, comparing pKH
HðcAMPÞ�pKH


HðAdoÞ =


(3.82�0.02)�(3.61�0.03) = 0.21�0.04 with
pKH


H2ðAMPÞ�pK
H
HðAdoÞ = (3.84�0.02)�(3.61�0.03) = 0.23�


0.04 shows that the basicity increasing effects of the two
singly negatively charged phosphate residues (lying at about
the same distance from N1) are identical within the error
limits.


1H NMR shift measurements : Potentiometric pH titrations
allow the determination of acidity constants in an exact
manner, but this method does not provide any information
about the sites from which the protons are released. This,
however, is not the case with 1H NMR shift experiments.[39]


Although the assignment of the sites for the “simple” sys-
tems considered here is not a problem because the binding
sites of the protons are known (see the preceding section
and Table 1), we measured the chemical shift data to check
the compatibility of the two methods and to possibly gain
additional structural information. For the NMR experi-
ments, we selected the 2’-deoxyadenosine 5’-phosphates for


two reasons: i) compared to the 2’-deoxyguanosine 5’-phos-
phates, one more proton is available at the nucleobase resi-
due, that is, H2 (see Figure 1); ii) some information on other
adenine nucleotides is available,[39–41] which could be helpful
for making comparisons. Hence, we measured the chemical
shifts of the various protons in dependence on pD for H2-
ACHTUNGTRENNUNG(dAMP)� , H2ACHTUNGTRENNUNG(dADP)


�, and H2 ACHTUNGTRENNUNG(dATP)
2� in D2O, with the


aim of fitting these shift data to the acidity constants deter-
mined in water.
Acidity constants valid for H2O as solvent can be trans-


formed into the corresponding acidity constants valid for
D2O as solvent[8,9] by means of Equation (4):[42]


pKa=D2O
¼ ð1:015 pKa=H2O


Þ þ 0:45 ð4Þ


Transformation of the acidity constants of the 2’-deoxy-
adenine series obtained by potentiometric pH titrations in
H2O (Table 1) by applying Equation (4) gave the following
results:


D2ðdAMPÞ� : pKD
D2ðdAMPÞ ¼ 4:48 and pKD


DðdAMPÞ ¼ 6:81


ð5Þ


D2ðdADPÞ� : pKD
D2ðdADPÞ ¼ 4:51 and pKD


DðdADPÞ ¼ 7:00


ð6Þ


D2ðdATPÞ2� : pKD
D2ðdATPÞ ¼ 4:65 and pKD


DðdATPÞ ¼ 7:17


ð7Þ


The dependences on pD of the chemical shifts of H2, H8,
H1’, H2’, H2’’, H5’, and H5’’ for all three D2 ACHTUNGTRENNUNG(dNP)


� /�/2� sys-
tems are shown in Figure 3. The fits with the abovemen-
tioned pKa=D2O


values are excellent for all three systems.
The solid curves in Figure 3 are the calculated best fits of
the experimental data by applying the above pKa=D2O


values
[Eqs. (5)–(7)]. The chemical shift data for the H2 ACHTUNGTRENNUNG(dNP)


� /�/2�,
HACHTUNGTRENNUNG(dNP)�/2�/3�, and dNP2�/3�/4� species obtained by these cal-
culations are assembled in Table 2, together with those for
the H2ACHTUNGTRENNUNG(AMP)


� system,[39] which was studied earlier (note
that for simplification we write here, as well as in Table 2,
the proton (H+) instead of the deuteron (D+)).
The resonances were assigned by means of [1H,1H]-


ROESY (rotating frame nuclear Overhauser effect spectros-
copy) experiments. For example, of the two multiplets be-
tween d = 2.5 and 2.9 ppm, attributable to H2’ and H2’’,
only the downfield resonance shows a cross-peak with H8 of
the adenine residue as well as with H5’. This pattern befits
H2’, as this proton is located above the sugar plane. The up-
field resonance of H2’’, on the other hand, exhibits stronger
couplings with H1’ and H4’, since all three are located
below the sugar plane. The other resonances could be as-
signed analogously.
Comparison of the chemical shifts of the various protons


in the H2ACHTUNGTRENNUNG(dNP)
� /�/2� species and H2ACHTUNGTRENNUNG(AMP)


� (Figure 3 and
Table 2) reveals that the chemical shifts of H2 are practically
identical (average dH = 8.443 ppm). This means that the re-


Figure 2. Interrelations between the various acidity constants for the gua-
nine derivatives. Plots of the pKa/N1H (upper part) and pKa=PO2ðOHÞ (lower
part) values in dependence on pKa/N7H (constants from Table 1). The lines
represent the calculated best fits. Upper part: The open circles refer to
guanosine, GMP, GDP, and GTP (from left to right) and the filled circles
to the corresponding 2’-deoxy compounds. Lower part: The open squares
refer to GMP, GDP, and GTP (from left to right) and the filled squares
to the corresponding 2’-deoxy compounds.
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placement of -OH by -H at the 2’-position of the sugar resi-
due does not affect the electron density at the H2-position
of the adenine moiety. Likewise, deprotonation of the


PO2(OH)
� group does not


affect H2 of any of the adenine
species, as exemplified by H-
ACHTUNGTRENNUNG(dAMP)�. In contrast, deproto-
nation of the neighbouring
N1H+ strongly affects H2, to
about the same extent in all
four systems (Dd �0.2 ppm;
Table 2, column 6).
The chemical shift of H8 is


also quite constant for all of the
H2 ACHTUNGTRENNUNG(dNP)


� /�/2� species, including
H2 ACHTUNGTRENNUNG(AMP)


� (Table 2). For all
adenine nucleotides, deprotona-
tion of the N1H+ site leads to a
significant downfield shift
(average DdH = 0.168 ppm).
Deprotonation of the
PO2(OH)


� groups leads to a
strong change in the electron
density at H8, but in the oppo-
site sense. In the case of H-
ACHTUNGTRENNUNG(AMP)� and H ACHTUNGTRENNUNG(dAMP)�, a sig-
nificant so-called[41] “wrong
way” downfield shift occurs
(Table 2, column 7), which is
practically unobserved with H-
ACHTUNGTRENNUNG(dADP)2� and HACHTUNGTRENNUNG(dATP)3�. This
seems to be a general phenom-
enon, as indicated by analogous
previous observations[43] of a
weak downfield shift of the
signal of H8 for HACHTUNGTRENNUNG(ATP)3� and
HACHTUNGTRENNUNG(ITP)3� (see also point (ii) in
the Discussion).
The chemical shifts of H1’ in


H2 ACHTUNGTRENNUNG(AMP)
� and H2ACHTUNGTRENNUNG(dAMP)


�


differ significantly due to the
different neighbouring 2’-OH/H
sites. Likewise, deprotonation
of the N1H+ site affects H1’
relatively strongly in all four
adenine nucleotides (Figure 3;
Table 2, column 6), whereas the
deprotonation of PO2(OH)


�


has little or no influence
(Table 2, column 7). Similarly,
in all of the species, the signals
of H2’ and H2’’ show a signifi-
cant upfield shift upon deproto-
nation of the N1H+ site
(Figure 3). In contrast, deproto-
nation of PO2(OH)


� has differ-
ent effects: H2’ and H2’’ of H-


ACHTUNGTRENNUNG(dADP)2� and HACHTUNGTRENNUNG(dATP)3� are hardly affected by the distant
terminal phosphate, their respective signals displaying only
minor upfield shifts, whereas in HACHTUNGTRENNUNG(dAMP)� both resonances


Figure 3. Variation of the chemical shift dH for protons of dAMP, dADP, and dATP (1 mm) in dependence on
pD (25 8C; I = 0.1m, NaNO3; see also the Experimental Section). The solid curves are the calculated best fits
of the experimental data using the pKa=D2O


values given in the text [Eqs. (5)–(7)].


Table 2. Chemical shifts (in ppm) of the protons for protonated, that is, deuterated, and free forms of dAMP,
dADP, and dATP, as determined in D2O from the experiments that yielded the data plotted in Figure 3 (25 8C;
I=0.1m, NaNO3).


[a] The shift differences, Dd, resulting from increasing deprotonation of the species are also
listed, that is, Dd2=dH2ðNPÞ�dHðNPÞ and Dd1= dHðNPÞ�dNP. The corresponding data for AMP are from the litera-
ture[39] and are given for comparison (25 8C; I=0.1m, NaNO3).


[b]


NP H dH2ðNPÞ dHðNPÞ dðNPÞ Dd2 Dd1


AMP H2 8.447�0.002 8.243�0.002 8.245�0.001 0.204�0.003 �0.002�0.002
H8 8.637�0.002 8.463�0.002 8.605�0.002 0.174�0.003 �0.142�0.003
H1’ 6.206�0.001 6.129�0.001 6.127�0.001 0.077�0.001 0.002�0.001
H5’ 4.161�0.004 4.137�0.003 4.009�0.003 0.024�0.005 0.128�0.004
H5’’ 4.129�0.004 4.105�0.003 3.974�0.004 0.024�0.005 0.131�0.005


dAMP[c] H2 8.440�0.002 8.243�0.003 8.243�0.002 0.197�0.004 0.000�0.004
H8 8.610�0.004 8.437�0.005 8.549�0.005 0.173�0.006 �0.112�0.007
H1’ 6.582�0.002 6.516�0.002 6.507�0.001 0.066�0.003 0.009�0.002
H2’ 2.851�0.003 2.812�0.003 2.832�0.003 0.039�0.004 �0.020�0.004
H2’’ 2.654�0.004 2.602�0.004 2.570�0.004 0.052�0.006 0.032�0.006
H5’/H5’’ 4.068�0.005 4.055�0.006 3.926�0.005 0.013�0.008 0.129�0.008


dADP H2 8.445�0.004 8.256�0.004 8.243�0.004 0.189�0.006 0.013�0.006
H8 8.642�0.006 8.478�0.005 8.495�0.005 0.164�0.008 �0.017�0.007
H1’ 6.579�0.001 6.524�0.002 6.503�0.001 0.055�0.002 0.021�0.002
H2’ 2.866�0.002 2.825�0.002 2.815�0.002 0.041�0.003 0.010�0.003
H2’’ 2.653�0.002 2.597�0.002 2.590�0.001 0.056�0.003 0.007�0.002
H5’ 4.168�0.004[d] 4.138�0.010[d] 4.182�0.002 0.030�0.010 �0.042�0.010
H5’’ 4.168�0.004[d] 4.138�0.010[d] 4.109�0.002 0.030�0.010 0.029�0.010


dATP H2 8.440�0.005 8.249�0.004 8.249�0.004 0.191�0.006 0.000�0.006
H8 8.638�0.003 8.476�0.002 8.489�0.002 0.162�0.004 �0.013�0.003
H1’ 6.569�0.001 6.520�0.001 6.511�0.001 0.049�0.001 0.009�0.001
H2’ 2.888�0.001 2.826�0.001 2.820�0.001 0.062�0.001 0.006�0.001
H2’’ 2.656�0.001 2.613�0.001 2.611�0.001 0.043�0.001 0.002�0.001
H5’ 4.204�0.004[d] 4.213�0.003 4.235�0.003 �0.009�0.005 �0.022�0.004
H5’’ 4.204�0.004[d] 4.148�0.003 4.163�0.003 0.056�0.005 �0.015�0.004


[a] The chemical shifts were calculated by using the values of the acidity constants (pKa=D2O
) given in the text.


[b] The specified error ranges for the calculated chemical shifts (d) and the shift differences (Dd) are twice the
standard deviation (2s) in each case. [c] The resonance signals for H5’ and H5’’ are not separated in this case.
[d] At low pH, the resonance signals of H5’ and H5’’ are not separated. The values given above for the limiting
shifts are the averages (with an estimated error limit) of the two fits shown in Figure 3.
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are much more strongly affected by the close proximity of
the PO2(OH)


� group. The signal of H2’’ thus displays an up-
field shift, whereas that of H2’ displays a “wrong way”
downfield shift (Figure 3) (see also point i) in the Discus-
sion).
The H5’ and H5’’ resonances of the dAMP species are


overlapped over the whole pH range, whereas the corre-
sponding resonances in AMP run in parallel with a separa-
tion of about 0.033 ppm (Table 2, column 7). All of these
resonances show a significant upfield shift as a result of the
two deprotonation steps, the effect of N1H+ deprotonation
being small. On the other hand, the H5’ and H5’’ resonances
of H2ACHTUNGTRENNUNG(dADP)


� and H2 ACHTUNGTRENNUNG(dATP)
2� (Figure 3) have the same


chemical shift at low pH but separate upon deprotonation;
the former first undergoes an upfield and then a downfield
shift, whereas the latter is only shifted upfield. The reso-
nance of H5’ of H2ACHTUNGTRENNUNG(dATP)


2� is downfield shifted as a result
of both deprotonation reactions, whereas the resonance of
H5’’ is upfield shifted upon deprotonation of N1H+ but
downfield shifted upon the release of H+ from PO2(OH)


�.
The divergent chemical shift behaviour for H5’ and H5’’ of
the different (2’-deoxy)adenosine nucleotides, as well as the
“wrong way” downfield shifts, are of the utmost interest
(Figure 3) as they directly reflect the nucleotide conforma-
tion, as discussed in the following section.


Discussion


The various changes in chemical shifts illustrated in Figure 3
and listed in Table 2, as well as the acidity constants assem-
bled in Table 1, allow many comparisons to be made, a few
of which are indicated below:


i) The fact that the chemical shift of H2 in all of the ade-
nine nucleotides is strongly affected by the deprotona-
tion of the N1H+ site but is essentially unaffected by
the release of the proton from PO2(OH)


� confirms
that the anti conformation prevails in each of the spe-
cies (Figure 1).[39–41] The observed deshielding of H2’ in
H ACHTUNGTRENNUNG(dAMP)� upon deprotonation of PO2(OH)


� is con-
sistent with this interpretation, since it can be taken as
an indication of an even higher preference for the anti
conformation (see also point (ii) below).


ii) The very strong “wrong way” downfield shift[41] of the
resonance of H8 upon deprotonation of HACHTUNGTRENNUNG(AMP)�


(Table 2, column 7),[39] as we have also observed for H-
ACHTUNGTRENNUNG(dAMP)� and to a much lesser extent for H ACHTUNGTRENNUNG(dADP)2�


and H ACHTUNGTRENNUNG(dATP)3� (Figure 3), has received much atten-
tion and has been the subject of many interpretations.
The once proposed hydrogen-bond formation between
PO2(OH)


� and N7, that is, “macrochelate” formation
(see also below in point (ix)), cannot be the reason (or
at least the sole reason) for this, because a similar
“wrong way” shift is observed in the case of H-
ACHTUNGTRENNUNG(TuMP)�.[39] In TuMP2� (= tubercidin 5’-monophos-
phate), N7 is replaced by a CH unit, and hence no hy-


drogen-bond formation is possible. It thus appears that
the anisotropy of the phosphate group,[44] together with
an increasing preference for the anti conformation
about the glycosyl bond upon deprotonation of phos-
phate,[40,41] is responsible for the observed “wrong way”
downfield shift of the resonance of H8. The same ex-
planation also holds for the “wrong way” downfield
shifts observed for the signals of the other protons
(Figure 3), meaning that the (terminal) phosphate
group and the nucleobase moiety face each other in
the anti conformation, thereby affecting the chemical
shift of the H8 proton.


iii) A further interesting observation is the chemical shift
separation between the signals of H5’ and H5’’ upon
deprotonation of HACHTUNGTRENNUNG(dADP)2� and HACHTUNGTRENNUNG(dATP)3�


(Figure 3). This indicates that “free” rotation about the
C4’-C5’ bond is hampered, possibly because of some
degree of bridging between the phosphate group and
N7 by a water molecule in dADP3� and dATP4� (see
also point (ix) below).


iv) If one considers the acidity constants listed in Table 1,
the most obvious feature is clearly the effect of the
substitution of the 2’-OH group on the sugar ring by a
hydrogen atom on the acid–base equilibria of the nu-
cleobase and phosphate moieties. Looking at the effect
of the 2’-OH on N7H+ deprotonation within the gua-
nine series, one obtains the following acidity differen-
ces: HACHTUNGTRENNUNG(dGuo)+/HACHTUNGTRENNUNG(Guo)+ , 0.19�0.06 (from entry 1);
H2ACHTUNGTRENNUNG(dGMP)


�/H2 ACHTUNGTRENNUNG(GMP)
� , 0.21�0.05 (from entry 2);


H2ACHTUNGTRENNUNG(dGDP)
�/H2 ACHTUNGTRENNUNG(GDP)


�, 0.24�0.07 (from entry 9); and
H2ACHTUNGTRENNUNG(dGTP)


2�/H2ACHTUNGTRENNUNG(GTP)
2�, 0.22�0.05 (from entry 14).


These DpKa values are identical within their error
limits, giving an average of DpKa = 0.22�0.03. This
means that the 2’-deoxy derivative is always more basic
by about 0.2 pK units and that the length and charge
of the phosphate residue has no significant influence
on the deoxyribose/ribose pairs, as is also nicely seen
in Figure 4.


Figure 4. Variations in the acidities of the respective deprotonation sites
within the different a) guanine and b) adenine derivatives upon replace-
ment of the 2’-OH by a hydrogen atom. The plots show the resulting in-
creases in basicity, that is, the DpKa values for the N7H


+ sites (black
bars), the phosphate groups (grey bars), and the N1H/N1H+ sites (empty
bars). The error bars represent 3s ; see footnote [a] of Table 1.
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v) The differences in acidity of the N1H+ sites between
the dAP2�/3�/4� and AP2�/3�/4� species amount, on aver-
age, to only DpKa = 0.12�0.05, but here again the de-
oxyribose derivatives are more basic than the ribose
compounds. Obviously, the influence of the 2’-OH
group is smaller (compared to the guanine series) be-
cause the N1 site is more distant from C2’ than N7 (see
Figure 4b).


vi) An influence of the phosphate group(s) is observed for
all of the acid–base sites in the systems discussed if one
considers the absolute values of the acidity constants
(Figure 5). For example, on addition of an increasing
number of phosphate groups to the guanosine 5’-phos-
phate (GP) and the 2’-deoxyguanosine 5’-phosphate
(dGP) series at C5’, the basicity of N7 increases con-
comitantly: pKH


HðdGuoÞ = 2.30�0.04 < pKH
H2ðdGMPÞ =


2.69�0.03 < pKH
H2ðdGDPÞ = 2.91�0.07 < pKH


H2ðdGTPÞ =


3.16�0.05 (Figure 5a). It is evident that the addition of
the first 5’-phosphate group to the nucleoside has the
largest effect (DpKa = 0.39�0.05), and that thereafter


the effect decreases (0.22�0.08) and levels off with the
third phosphate group (0.25�0.09) within the error
limits. A similar situation is observed for the corre-
sponding ribose and adenine series (Figure 5b).


vii) The basicity of the terminal phosphate group increases
in the series HACHTUNGTRENNUNG(NMP)� < H ACHTUNGTRENNUNG(NDP)2� < HACHTUNGTRENNUNG(NTP)3�


(pKH
HðNMPÞ = 6.20�0.05; pKH


HðNDPÞ = 6.39�0.02;
pKH


HðNTPÞ = 6.49�0.05; Table 1, entries 8, 13, and 18).
This trend is to be expected due to the increasing nega-
tive charge (and in accordance with the values plotted
in Figures 4 and 5). The good agreement of the pKa


values of the corresponding nucleotides, giving the
above three averages, demonstrates that the nature of
the nucleobase has no significant impact on the phos-
phate basicity. For the 2’-deoxynucleotides, only an
average value for the deoxynucleoside 5’-monophos-
phates can be defined (entry 8) as insufficient data are
available for the di- and triphosphates. The average
pKH


HðdNMPÞ = 6.27�0.05, encompassing the results for
the 5’-monophosphates of 2’-deoxyguanosine, 2’-deoxy-
adenosine, and 2’-deoxycytidine, illustrates (if com-
pared with pKH


HðNMPÞ = 6.20�0.05) that the effect of
the 2’-OH/H site is again small.


viii) The pKa value for HACHTUNGTRENNUNG(dTMP)� (entry 7) deserves special
attention because, at 6.36�0.01 (entry 7), it is slightly
higher than pKH


HðdNMPÞ. Because its sister nucleotide H-
ACHTUNGTRENNUNG(UMP)� behaves “normally”, it is evident that besides
the 2’-OH/H interchange, the methyl group at C5 also
affects the deprotonation of the phosphate group to
some extent. Indeed, once the thymine residue is far
away, as in HACHTUNGTRENNUNG(dTTP)3�, the pKa value (6.52�0.02;
entry 17) falls into the pKa range defined by the NTPs
(pKH


HðNTPÞ = 6.49�0.05; entry 18).
ix) With the preceding observation in mind, the following


numbers are clearly notable: pKH
HðdGTPÞ�pKH


HðGTPÞ =


(6.64�0.02)�(6.50�0.02) = 0.14�0.03 and
pKH


HðdATPÞ�pKH
HðATPÞ = (6.62�0.03)�(6.47�0.01) =


0.15�0.03. The question then arises as to why the
effect of the 2’-OH/H is significantly larger in these
purine nucleoside 5’-triphosphates than it is in the case
of the corresponding di- and monophosphates or the
H ACHTUNGTRENNUNG(UTP)3�/HACHTUNGTRENNUNG(dTTP)3� pair. The only conceivable ex-
planation is that the triphosphate chain can fold back
and that the proton at the terminal g-phosphate group
forms a hydrogen bond to N7. The formation of such a
“macrochelate” is corroborated by the fact that the N7
site of dNTP4� is more basic than that in NTP4�. This
“macrochelate” may thus be formed to a greater
extent, thereby inhibiting the release of the proton
from the P3O10H


3� residue in the dNTPs. The forma-
tion of such a macrochelate is consistent with the find-
ing of a recent study on dAMP,[45] in which it was con-
cluded on the basis of density functional theory calcu-
lations that a water molecule bridges a phosphate
oxygen and N7, forming a so-called semi-chelate. This
is also consistent with our NMR results, as discussed in
points (ii) and (iii) above. Analogously, the high degree


Figure 5. Trends in the acidity constants (pKa values) of the different
ribose (empty symbols) and deoxyribose (filled symbols) derivatives con-
taining a a) guanine or an b) adenine residue. The pKa values of the
N7H+ sites (circles), the terminal phosphate groups (squares), and the
N1H sites (triangles) are plotted. It can clearly be seen that the basicity
of each site increases with the addition of each phosphate group as well
as with the replacement of the 2’-OH by a hydrogen atom.
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of macrochelate formation in M ACHTUNGTRENNUNG(NTP)2� complexes of
divalent metal ions is well known.[10,31]


x) Of further interest is the effect of 2’-OH/H on the de-
protonation reaction at the N1H site of the guanine
nucleotide species. The difference between the pKa


values of dGP2�/3�/4� and GP2�/3�/4� (Table 1; column 5,
entries 3, 9, 14) amounts, on average, to DpKa =


0.08�0.02 (see also Figure 4a). This effect is clearly
small, but, within the error limits, corresponds to that
observed for the N1H+ deprotonation of the adenine
nucleotides, DpKa = 0.12�0.05 (see also point v). This
agreement is comforting because the distance between
the N1 and the 2’-OH/H sites is the same in both series
and thus the effect (despite the different charges)
should also be the same.


Conclusions


Several conclusions regarding the fundamental properties of
(2’-deoxy)nucleotides may be drawn from this study. The
NMR measurements have confirmed that all of the purine
nucleotides considered here predominantly exist in their
anti conformation in aqueous solution over the measured
pH range. Substitution of the 2’-OH group in ribose by a hy-
drogen atom enhances the basicity of all basic sites in the
nucleosides and nucleotides studied, that is, the pKa values
of N7H+ , PO2(OH)


�, and N1H or N1H+ are somewhat
higher in the 2’-deoxynucleotides compared to their ribose
counterparts. This is because the substitution of the 2’-OH
by a hydrogen atom makes the whole nucleotide slightly less
hydrophilic, thereby affecting its solvation by water mole-
cules and consequently also its deprotonation reactions.
Along the same lines, it has recently been concluded, on the
basis of density functional theory calculations, that water
solvation affects the properties of 2’-deoxynucleoside 5’-
monophosphates.[45]


Overall, the N7 site of guanine is clearly the most mark-
edly affected, with the basicity enhancement amounting to
0.22�0.03 pK units (Figure 4). In other words, the effects of
the replacement of the ribose by a 2’-deoxyribose moiety on
N1H/N1H+ and on the phosphate groups are significantly
smaller. Only when the phosphate chain is long enough to
form a macrochelate with N7, that is, with the triphosphates,
do these effects become more marked once more (about
0.15 pK units), as is reflected in the acidity constants of the
monoprotonated g-phosphate groups (Table 1, entries 14
and 15).
It has recently been shown that fundamental properties of


mononucleotides, such as metal ion binding, can be directly
extrapolated to large RNA and DNA molecules.[13] There-
fore, a possible consequence of a greater degree of “macro-
chelate” formation in 2’-deoxypurine nucleoside 5’-triphos-
phates, involving the protonated g-phosphate group and the
N7 site, is that a greater degree of formation of the analo-
gous macrochelates might be expected in the corresponding


metal ion complexes of the 2’-deoxynucleotides as compared
to those of the ribose species. Similarly, one may predict
that within nucleic acids, N7 of guanine in DNA will have a
somewhat higher metal ion affinity than N7 of guanine in
RNA.


Experimental Section


Materials : Nitric acid and potassium hydrogen phthalate (both pro analy-
si) were purchased from Merck KGaA (Darmstadt, Germany). The nu-
cleotides dAMP, dADP, dATP, dGDP, and dGTP were obtained from
Sigma-Aldrich Co. (St. Louis MO, USA). Sodium hydroxide solution
(Fixanal) and sodium nitrate (puriss p. a.) were purchased from Riedel-
de-HaPn GmbH (Seelze, Germany); tetramethylammonium bromide
(97%) was purchased from Fluka AG (Buchs, Switzerland). D2O
(99.998% D), NaOD (40% in D2O; 99.9% D), and DNO3 (65% in
D2O; 99.5% D) were obtained from Armar Chemicals (Doettlingen,
Switzerland). The buffer solutions used (pH 4.00, 7.00, 9.00) were based
on standard reference materials (SRM) of the US National Institute of
Science and Technology (NIST) and were purchased from Metrohm AG
(Herisau, Switzerland). All solutions were prepared using deionised,
ultra-pure (TKA GenePure, Niederelbert, Germany), CO2-free water.


The concentration of the NaOH solution used was determined using po-
tassium hydrogen phthalate. Stock solutions of the nucleotides were
freshly prepared daily. The exact concentrations of these ligand solutions
were determined in each experiment by evaluation of the appropriate ti-
tration pair, that is, the difference in NaOH consumption between HNO3


solutions with and without the ligand (see below).


Potentiometric pH titrations : The pH titrations were performed with an
E536 potentiograph connected to an E665 dosimat and a 6.0253.100
Aquatrode-plus combined macro glass electrode (all from Metrohm AG,
Herisau, Switzerland). The instruments were calibrated using the buffer
solutions mentioned above. The acidity constants determined at I =


0.1m (NaNO3) and 25 8C are so-called practical, mixed, or Brønsted con-
stants,[25] which may be converted into the corresponding concentration
constants by subtracting 0.02 from the measured pKa values.


[25] The ionic
product of water (Kw) does not enter into our calculations because the
differences in NaOH consumption between solutions with and without
nucleotides are evaluated.


Determination of the equilibrium constants : The acidity constants KH
H2ðAPÞ


[Eq. (1)] and KH
HðAPÞ [Eq. (2)] of H2ACHTUNGTRENNUNG(dAMP)


� , H2 ACHTUNGTRENNUNG(dADP)
�, and H2-


ACHTUNGTRENNUNG(dATP)2� as well as KH
H2ðGPÞ [Eq. (1)], K


H
HðGPÞ [Eq. (2)], and KH


GP [Eq. (3)]
of H2 ACHTUNGTRENNUNG(dGDP)


� and H2 ACHTUNGTRENNUNG(dGTP)
2� were determined by titrating 50 mL of


aqueous 1.667 mm HNO3 (25 8C; I = 0.1m, NaNO3) under N2 with up to
2 mL of 0.06m NaOH in the presence and absence of 0.6 mm dAMP;
0.21, 0.30, and 0.41 mm dADP; 0.34 mm dATP; 0.13, 0.19, and 0.27 mm


dGDP; and 0.13, 0.16, 0.21, and 0.27 mm dGTP. It should be emphasised
that in cases in which more than one ligand concentration was applied,
the calculated acidity constants showed no dependence on the nucleotide
concentration. Clearly, self-association is of no relevance under the given
experimental conditions.[26]


The experimental data were evaluated by means of a curve-fitting proce-
dure using a Newton–Gauss nonlinear least-squares program that utilised
the difference in NaOH consumption between the aforementioned pairs
of titrations, that is, with and without nucleotide, at increments of 0.1 pH
units. The acidity constants of H2ACHTUNGTRENNUNG(dAP)


� /�/2� were calculated within the
pH range 3.5 to 8.0 and those of H2 ACHTUNGTRENNUNG(dGP)


� /�/2� between pH 3.0 and 10.0.
This corresponds to an initial degree of neutralisation of about 25%,
24%, 19%, 55%, and 41% for the equilibria H2 ACHTUNGTRENNUNG(dAMP)


�/H ACHTUNGTRENNUNG(dAMP)�,
H2 ACHTUNGTRENNUNG(dADP)


�/H ACHTUNGTRENNUNG(dADP)2�, H2 ACHTUNGTRENNUNG(dATP)
2�/H ACHTUNGTRENNUNG(dATP)3�, H2 ACHTUNGTRENNUNG(dGDP)


�/H-
ACHTUNGTRENNUNG(dGDP)2�, and H2 ACHTUNGTRENNUNG(dGTP)


2�/H ACHTUNGTRENNUNG(dGTP)3�, respectively. The final degrees
of neutralisation of the equilibria HACHTUNGTRENNUNG(dAMP)�/dAMP2�, H ACHTUNGTRENNUNG(dADP)2�/
dADP3�, H ACHTUNGTRENNUNG(dATP)3�/dATP4�, dGDP3�/ ACHTUNGTRENNUNG(dGDP�H)4�, and
dGTP4�/ ACHTUNGTRENNUNG(dGTP�H)5� amounted to about 98, 97, 96, 70, and 68%, re-
spectively.
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The final acidity constants quoted for each of the nucleotides are the
averages of at least six independent pairs of titrations. All error limits are
three times the standard error of the mean value (3s) or the sum of the
probable systematic errors, whichever is the larger.
1H NMR shift experiments : 1H NMR spectra of the dNPs (1 mm) in D2O,
in dependence on pD, were recorded on a Bruker AV2-500 spectrometer
(500 MHz) with a TXI probehead at 25 8C and I = 0.1m (NaNO3). The
centre peak of the tetramethylammonium ion triplet (ca. 0.5 mm) at d =


3.174 ppm (D2O) relative to 3-(trimethylsilyl)propane-1-sulfonate was
used as an internal reference.[39, 46] (CH3)4N


+ has been repeatedly proven
to be a reliable internal reference in the presence of nucleotides and
their derivatives.[8,9, 39, 46, 47] [1H,1H]-ROESY spectra were recorded under
the same conditions using a mixing time of 100 ms.


The pD of the solutions was adjusted by dotting with a glass stick using
relatively concentrated DNO3 or NaOD solutions and by measuring the
actual pD by means of a Hamilton Minitrode glass electrode (Hamilton
AG, Bonaduz, Switzerland) connected to a Metrohm 605 digital pH
meter (Metrohm AG, Herisau, Switzerland). The final pD of the D2O
solutions was obtained by adding 0.40 to the pH meter reading.[48] The
1H NMR signals of the adenine nucleotides were assigned as previous-
ly.[39,46]


The experimental data were analysed by means of the Newton–Gauss
nonlinear least-squares method. Results were obtained with the aid of a
computer-based curve-fitting program, which was based on the general
equation published previously.[8,39] This equation relates the observed
chemical shift, dobsd, with the pK


H
H2ðdNPÞ and pK


H
HðdNPÞ values and the chemi-


cal shifts for the species H2 ACHTUNGTRENNUNG(dNP)
� /�/2�, H ACHTUNGTRENNUNG(dNP)�/2�/3�, and dNP2�/3�/4�.
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and Tetrahydroquinoline Derivatives
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Introduction


The importance of gold catalysis as a powerful tool for or-
ganic synthesis is continuously increasing;[1] the cyclization
of enynes is playing a major role.[2a,b] In our group, we devel-
oped a gold-catalyzed phenol synthesis (Scheme 1), in which
the first step, like all the other ene–yne cyclizations, proba-
bly involves a cyclopropyl carbenoid (A) or an electronically
related structure, but then due to the additional enol ether
substructure follows a different pathway (via B and the va-
lence tautomers 3/4) to ultimately form the aromatic phe-
nols 2.[3] This methodology has proven to be a powerful tool
for the synthesis of various heterocycles, such as dihydro-


ACHTUNGTRENNUNGisoindoles,[3a–c, f,h, i, k, l] tetrahydroisoquinolines,[3a, f, i–l,n] dihydro-
ACHTUNGTRENNUNGisobenzofurans,[3a,m] and isochromans.[3m] All of these hetero-
cycle syntheses are based on a propargylic moiety connected
to the heteroatom in the tether of the substrate 1. Herein,
we report on our efforts to use alkynyl moieties directly
connected to the heteroatom as reactive units in the side
chain of the furans, namely alkynyl amides and alkynyl
ethers. This should provide access to other types of hetero-
cycles, such as dihydroindoles, dihydrobenzofurans, chro-
mans, and tetrahydroquinolines.


So far only very few examples of the gold-catalyzed ene–
ynamide[4a] and ene–ynol ether[5] cyclizations have been re-
ported. The gold-catalyzed cyclization of 1,6-ene–ynamides
5 developed by Cossy et al. delivered cyclobutanones 6 as
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catalysis


Abstract: Different furans containing an ynamide or alkynyl ether moiety in the
side chain were prepared. The gold-catalyzed transformation of these compounds
delivered dihydroindole, dihydrobenzofuran, chroman, and tetrahydroquinoline
derivatives at room temperature through very fast reactions. Furthermore, the sta-
bilizing effect of the heteroatom directly attached to the intermediate arene oxides
led to highly selective reactions, even in the case of only mono-substituted furans,
which is quite different from previous results obtained with non-heteroatom-sub-
stituted alkynes.
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Scheme 1. Gold-catalyzed phenol synthesis.
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major products,[4a] whereas similar substrates in platinum-
catalyzed reactions delivered exclusively formal metathesis
products 7 (Scheme 2).[4b,c] The different chemoselectivity
can be explained by the milder reaction conditions of the
gold-catalyzed reactions. Here a ring expansion of the pri-
mary cyclopropyl carbenoid C, leads to a cyclobutyl cation
D (stabilized by the neighbouring heteroatom). After elimi-
nation of the metal and addition of water to cyclobutene 8,
products 6 are formed. A double cleavage of the primary
carbenoid complex C in the platinum-catalyzed reaction de-
livers carbenoid E, which finally results in products 7 after
elimination of the metal.


By the use of substrate 9, which contains a propargylic al-
cohol moiety, the cyclopropyl carbenoid F could be trapped
by a 1,2-hydride shift to deliver the ketone 10 (Scheme 3).[4]


The products formed by the gold-catalyzed cyclization of
siloxy enynes 11, reported by Kozmin et al.,[5] are also influ-
enced by a stabilizing effect of the attached heteroatom.
After the initial formation of the cyclopropylcarbenoid G,
ring expansion, leading to cyclobutyl cations H, and a subse-
quent skeletal rearrangement via I to carbenoid J, could ex-
plain the shift of the silyl ether group in the final products
12 or 13 (depending on the substitution pattern, Scheme 4).


Results and Discussion


The introduction of the side chain for the dihydrobenzofur-
an syntheses was achieved by the addition of lithiated furans
14 to oxiranes 15.[3m] The corresponding three-carbon-atom
chain for chroman synthesis was introduced by Michael ad-


dition of furans 14 to enones
19 and subsequent reduction of
the carbonyl group of 20 to the
alcohol 21.[6–8] Alternatively, a
boron trifluoride etherate
mediated addition of lithiated
furan to oxetane 17 provided
direct access to the alcohol 18
in good yield (Scheme 5).[9]


The resulting alcohols 16, 18
and 21 were transformed into
the dichlorovinyl ethers 23a–d
(Table 1) by following a proto-
col of Greene et al.[10] The ad-
dition of the alcohols to tri-
chloroethene in THF provided


23a–d in yields of 66–80%. The addition of decanol (22) to
trichloroethene yielded the alkyl vinyl ether 23e in 70%
yield.


The starting points for the ynamide syntheses were the
toluenesulfonamides 24a–d (Table 2), which were prepared
by literature procedures from the corresponding amines.[3l,n]


Toluenesulfonamides 24e/24g, containing a three-carbon-
atom unit were synthesized from the corresponding alcohols


Scheme 2. Pathways for metal-catalyzed enyne cyclization of ynamides. Ts= tosyl; Cbz=benzyl ACHTUNGTRENNUNGoxycarbonyl.


Scheme 3. A third pathway for gold-catalyzed enyne cyclization of yn-
ACHTUNGTRENNUNGamides.


Scheme 4. Reactions of alkynyl ethers in gold-catalyzed reactions. TIPS=


triisopropylsilyl.


Scheme 5. Synthesis of furans with hydroxy groups in the side chain.
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18a/21a by a Mitsunobu reaction with N-tert-butyloxycar-
bonyl-p-toluenesulfonamide[11] and subsequent deprotection
of 28a/28b with trimethylsilyl iodide (Scheme 6).[12] A de-
protection under acidic conditions led to decomposition of
the starting materials. Alternatively, TiCl4-mediated tosyli-
mine formation and reduction delivered amide 24 f in mod-
erate overall yield (Scheme 6). To introduce the alkyne
moiety, we used a procedure published by WitulskiLs
group.


[13] Addition of deprotonated amides in toluene to tri-
methylsilylethynylphenyliodonium triflate[14] 25 and depro-
tection with tetrabutylammonium fluoride delivered yn-
ACHTUNGTRENNUNGamides 27a–d in moderate overall yields (Table 2). A partial
loss of product might result from problems during purifica-
tion. Unfortunately, amides 24e and 24 f containing a three-
carbon-atom unit did not react—only a slow decomposition
could be detected by TLC.


As a consequence, we switched to a protocol of BrDckner
et al. (Table 3).[15] Our inten-
tion was the direct introduc-
tion of the tosylated nitrogen
under Mitsunobu conditions.
The necessary alcohols 28 are
easily available. A Mitsunobu
reaction of N-formyl toluene-
sulfonamide 29 delivered mix-
tures of N- and O-alkylated
products 30/31, which—with-
out purification—were directly
converted to the dichlorovinyl
amides 32a–c in moderate to
good overall yields (depending
on the steric demand of the al-
cohols 28, which led to differ-
ent N/O ratios of the inter-
mediate products 30 and 31
that were formed by substitu-
tion of the ambident forma-
mide nucleophile). Chloride
elimination with nBuLi led to
ynamides 33a–c in excellent
yields.


For the gold-catalyzed for-
mation of oxygen heterocycles
we used two different proce-
dures (methods A and B as de-
scribed in Scheme 7). Elimina-
tion to 34 with tBuLi at �78 8C
delivered cleaner crude alkynyl
ethers than elimination with
nBuLi. The isolated alkynyl
ethers 34a–e were used for
gold catalysis without further
purification. Both solvents
CH3CN and CHCl3 were suit-
ACHTUNGTRENNUNGable for the gold-catalyzed
transformations. When CH3CN
was used, a competitive addi-


Table 1. Formation of the dichlorovinyl ethers 23.


Entry 16,18,21 R Product (yield [%])


1 16a 23a (79)


2 16b 23b (80)


3 18a 23c (66)


4 21a 23d (75)


5 22 23e (70)


Table 2. Synthesis of compounds 27 via alkynyliodonium salts.[a]


Entry R Reaction time 26 (yield [%]) yield of 27 ([%])


1 3 d 26a (65) 27a (100)


2 16 h 26b (65) 27b (100)


3 16 h 26c (43) 27c (99)


4 2 d 26d (48) 27d (99)


5 2 d slow decomposition –


6 2 d slow decomposition –


[a] TMS= trimethylsilyl ; TBAF= tetrabutylammonium fluoride


Scheme 6. Different routes to tosylamides 24. DIAD=diisopropyl azodicarboxylate.
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tion of water to substrate 34a finally led to ester 36 as a side
product. All reactions proceeded nicely and very quickly at
room temperature with 3–5 mol% AuCl3. The XRD analysis
of dihydrobenzofuran 35b (Figure 1) shows two independent
molecules with rather similar dimensions.[16] The molecules
are connected by intermolecular hydrogen bonds in zig-zag


chains, which are also stabi-
lized by C�H–p interactions.
Remarkably, the unsubstituted
furans 34a and 34d reacted se-
lectively as well; the oxygen
atom directly attached to the
intermediate arene oxides 28
led to a selective ring opening;
this is in accord with our
recent studies on the mecha-
nism, which indicated that the
substrate and not the catalyst
determine the selectivity of the
last step, the opening of the in-
termediate arene oxide
(Scheme 8).[17] The position of
the oxygen atom could be
proven by XRD analysis.


Figure 2 shows the four independent conformers of the ele-
mental cell of a single crystal of 35d together with two
water molecules. The corresponding furans with propargylic
heteroatoms in the tether always delivered a mixture of con-
stitutional isomers.[3a] Unfortunately, efforts to achieve an in-
termolecular reaction of substrate 34e, analogous to previ-
ously reported results, with 2,5-dimethylfuran were unsuc-
cessful (Scheme 9).[18]


Table 3. Synthesis of ynamides via N-formyl toluenesulfonamides.


Entry R�OH R Reaction time [h] 32 (yield [%]) 33 (yield [%])


1 21a 16 32a (21) 33a (82)


2 21b 16 32b (20) 33b (90)


3 18 48 32c (57) 33c (98)


Scheme 7. Synthesis and gold-catalyzed conversions of the alkynyl ethers. TMEDA=N,N,N’,N’-tetramethylethylenediamine.


Figure 1. Solid state structure of 35b.
Scheme 8. The influence of the alkoxy substituent on the ring opening of
the arene oxides.
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The gold-catalyzed dihydroindole formation with substi-
tuted furan 27a delivered the product 39a in good yield and
with a very short reaction time (short reaction time relative
to other substrates in the phenol synthesis in which a hetero-
ACHTUNGTRENNUNGatom is not directly attached to the alkyne, Table 4) by
using 5 mol% AuCl3 as the catalyst. Single crystals for XRD
analysis could be obtained (Figure 3). An intramolecular hy-
drogen bond between the phenolic hydrogen atom and the
oxygen atom is observed. Problems occurred for unsubstitut-
ed substrate 27b. In this case, the reaction was very unselec-
tive for gold(I) complexes and only the pyridine–goldACHTUNGTRENNUNG(III)
complexes 40[19] and 41 delivered a small amount of product
39b. During preparation of complex 41, single crystals were


also obtained. The X-ray crys-
tal structure (Figure 4) shows
the typical square-planar sur-
roundings of the gold atom.


Tetrahydroquinolines 42b
and 42c were formed very
quickly and in good to excel-
lent yields from 33b/33c with
AuCl3 in CHCl3. In comparison
to earlier studies for the for-
mation of benzo-anellated six-
membered rings in the phenol
synthesis, the reaction times
here are much shorter. Again,
the unsubstituted furan 33a de-
livered a lower yield of 42a.
Once more, the yield of 42a
could be improved by switch-


ing to pyridine complexes 40 and 41 (Table 5) in CD3CN.
Fortunately, single crystals for 42a could be obtained. The
X-ray crystal structure (Figure 5) unambiguously shows the
position of the oxygen atom at the 8-position of the tetrahy-
droquinoline structure. Two intermolecular hydrogen bonds
between the phenolic hydroxyl group and the oxygen atom
of the tosyl group are observed. The X-ray crystal structure
of product 42b shows two different conformers, which are
stabilized by two intermolecular hydrogen bonds (Figure 6).
Compound 42c also gave crystals suitable for XRD analysis


Figure 2. Solid state structure of 35d.


Scheme 9. No efficient intermolecular phenol synthesis was observed
with the alkynyl ether 3e. Mes=mesityl; Tf= triflate.


Table 4. Gold-catalyzed conversion of the ynamines 27.


Entry 27 Catalyst Loading
[mol%]


Reaction
time


39 (yield
[%])


1 27a AuCl3 5 5 min 39a (62)


2 27b 3 5 min 39b (13)


3 27b 3 1 h 39b (9)


Figure 3. Solid state structure of 39a.


Figure 4. Solid state structure of catalyst 41.
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(Figure 7). The molecule shows an intramolecular hydrogen
bond between the phenolic hydrogen atom and the oxygen
atom of the tosyl group. The intermolecular reaction of 27d
with dimethylfuran turned out to be unselective


(Scheme 10). Compound 27c, with only one carbon atom in
the side chain, also did not produce a selective reaction.


Conclusion


The routes presented here, allow an efficient access to chro-
mans, dihydrobenzofurans, dihydroindoles, and tetrahydro-
quinolines from furans by two simple steps and a subsequent
gold-catalyzed reaction of the substrates containing an yn-
ACHTUNGTRENNUNGamide and ynol ether moiety in the side chain. In contrary
to the reported gold-catalyzed reactions, no ring expansion
of the primary cyclopropyl carbenoids could be observed.
This indicates a very fast ring opening of the strained cyclo-
propyl carbenoid A, to form the monocyclic carbenoid B.
Furthermore, due to the stabilizing effect of the heteroatom,
which was directly attached to the intermediate pentadienyl
cation, selectivity problems were not observed for unsubsti-
tuted furans. Relative to other, previously described sub-
strate types for the phenol synthesis, the donor-substituted
alkynes reacted very quickly.
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Table 5. Gold-catalyzed conversion of the ynamines 33.


Entry 33 Catalyst Loading
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T
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Solvent Reaction
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Figure 5. Solid state structure of product 42a.


Figure 6. Solid state structure of product 42b.


Figure 7. Solid state structure of product 42c.


Scheme 10. No selective intermolecular phenol synthesis was observed
with 27d.
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A New Catalytic Route to Boryl- and Borylsilyl-Substituted Buta-1,3-dienes


Jȩdrzej Walkowiak, Magdalena Jankowska-Wajda, and Bogdan Marciniec*[a]


Introduction


The well-known transition-metal (TM)-catalysed reactions
(developed by our group) of vinyl-substituted metalloid
(E=Si, Ge, B) compounds with olefins, called silylative cou-
pling (trans-silylation), trans-germylation and trans-boryla-
tion, respectively, are based on the activation of the =C�E
bond and =C�H bonds of olefins in the presence of M�H
and M�E catalysts [M=metal; see Eq. (1)].[1–3]


This process was recently extended to the activation of sp-
hybridised C�H bonds in reaction with vinyl-silicon and
-germanium compounds [Eq. (2)].[4–5]


The reactions are widely recognised as efficient catalytic ac-
tivations of =C�H, �C�H and =C�E bonds of a vinylmetal-
loid with evolution of ethylene. The mechanisms of these re-
actions involve the insertion of vinyl–E into the TM�H
bond and b-hydrogen transfer to the metal with elimination
of ethylene and generation of the TM�E bond. This is fol-
lowed by the insertion of alkene or alkyne into the TM�E
bond and b-hydrogen transfer to the metal to eliminate
silyl-, germyl- or borylethene, or the substituted silyl- or ger-
mylethyne, respectively. The latter step is directly responsi-
ble for metallative coupling of olefins and acetylenes.[1b]


In recent years, several applications of alkynyl, alkenyl
and dienyl boron derivatives have been developed as func-
tionalised building blocks in the synthesis of organic and
natural products.[6,7] This fact has made this topic a growing
and steadily more appealing field of research.
Therefore, analogously to organosilicon and germanium


derivatives, we used vinylboronates in reaction with terminal
acetylenes catalysed by [Ru]�H complexes, but, unexpected-
ly, instead of boryl-substituted ethynes, boryl-functionalised
buta-1,3-dienes were obtained in very good yields with high
regioselectivity.
Dienylboronates and particularly dienylsilylboronates


constitute a class of functionalised building blocks common-
ly used in the synthesis of organic and natural products, as
the boronate moiety (as well as the silyl group) can be
easily converted into other functional groups (see
Scheme 1).[8,9]


Simultaneous unsymmetrical functionalisation of buta-1,3-
dienes with boryl and silyl groups opens the possibility for


Abstract: Vinyl-substituted boronates
in the presence of complexes contain-
ing Ru�H bonds (preferably
[Ru(CO)ClH ACHTUNGTRENNUNG(PCy3)2], Cy: cyclohexyl)
react regioselectively with terminal
ethynes (involving silyl ACHTUNGTRENNUNGethynes), albeit
with the exception of phenylacetylene,
to produce boryl- and borylsilyl-substi-
tuted buta-1,3-dienes with a preference
for E,E-diene. The reaction opens a


new catalytic route for the preparation
of dienylboronates, and particularly di-
enylsilylboronates, that are functional-
ised building blocks in the synthesis of
organic and natural products. The


mechanism of this new reaction was
proved to involve an insertion of
alkyne into Ru�H bonds followed by
an insertion of coordinated vinyl boro-
nate into the Ru�C= bond and b-hy-
drogen transfer to the metal to elimi-
nate boryldiene or borylsilyldiene.Keywords: alkynes · butadiene ·


homogeneous catalysis · silylacety-
lene · vinylboronates
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selective replacement of one of these groups with retention
of the other and the use of the latter in the further function-
alisation in a different process.


p–p conjugated C=C bonds occur often in natural polyen-
ic compounds, which exhibit significant biological activity.
Indeed, a number of them have found clinical utility as
drugs and antibacterial and antifungal compounds.[6–7]


Boryl-substituted 1,3-dienes can be prepared by classic
stoichiometric routes using or-
ganometallic reagents[10,11] or
by more recently applied cata-
lytic methods, such as hydrobo-
ration of enynes,[12] cross-cou-
pling of 1,1-diborylated al-
kenes with alkenyl halides,[13]


Heck coupling of vinylboro-
nate with vinylarylic iodid-
es,[8e,14] as well as cross-meta-
thesis of vinylboronates with
1,3-dienes.[15] Additionally, si-
lylboryl-substituted dienes can
be synthesised by means of
nickel-catalysed silaborative di-
merisation of alkynes.[16]


Herein we report a new cat-
alytic transformation of vinyl-
substituted boronates with se-
lected terminal ethynes (also
silylethynes) occurring in the
presence of ruthenium com-


plexes containing the Ru�H
bond.


Results and Discussion


The reaction, catalysed by
[Ru(CO)ClH ACHTUNGTRENNUNG(PCy3)2] (I ; Cy:
cyclohexyl), [Ru(CO)ClH-
ACHTUNGTRENNUNG(PiPr3)2] (II) or cationic
[Ru(CO)ClH ACHTUNGTRENNUNG(MeCN2) ACHTUNGTRENNUNG(PCy3)2]-
ACHTUNGTRENNUNG[BF4] (III), is a convenient new
method for selective synthesis
of 1-boryl- and 1-silyl-4-boryl-
substituted buta-1,3-dienes
[(a)+ (b)], sometimes accom-
panied by traces of ethyne di-
merisation (c) and/or vinylbor-
onate homocoupling (d) [see
Eq. (3) and Table 1].
Most of the reactions exam-
ined here proceed with high
conversion of acetylene (quan-
titatively under optimal condi-
tions) and in very good yields
to give predominantly E,E-1,3-


diene (a) accompanied by one E,Z isomer (b). Although vi-
nylborane has to be used in excess, its homocoupling[3] has
been practically insignificant in this reaction. On the other
hand, dimerisation of acetylene has been observed, but in
the presence of most catalysts used, only as a side reaction
affording traces of byproducts (c). A threefold excess of vi-
nylborane over acetylene was tested as the optimum
amount for the co-dimerisation process to reduce acetylene


Scheme 1. Potential applications of borylsilyl-substituted buta-1,3-dienes.


Table 1. Co-dimerisation of terminal acetylenes with 2-vinyl-1,3-dioxaborinane (A).


Entry ��R Cat.[d] Conversion [%][e] Selectivity a/b/c/d [%][f] Isolated yield
of (a) [%]


Product no.[g]


1 I[a] 100 83/15/traces/2 74 1


2 I[b] 77 86/14/0/0
3 II 93 81/19/traces/traces
4 III[c] 49 77/23/0/0
5 IV 67 11/0/89/0
6 V[c] 20 0/0/100/0


7 I, IV 0 0/0/0/0


8 V[c] 46 0/0/100/0


9 I 85 84/16/0/0 66 2


10 I 97 81/19/0/0 70 3


11 I 99 60/40/0/0/ 4


[a] Reaction conditions unless otherwise stated: [Ru]/[acetylene]/ ACHTUNGTRENNUNG[borane]=2I10�2 :1:3; open system, toluene
(0.5m), t=18 h, T=80 8C. [b] [Ru]/[acetylene]/ ACHTUNGTRENNUNG[borane]=10�2 :1:3. [c] Dichloroethane (0.5m) as a solvent.
[d] Catalyst: [Ru(CO)ClH ACHTUNGTRENNUNG(PCy3)2] (I), [Ru(CO)ClH ACHTUNGTRENNUNG(PiPr3)2] (II), [Ru(CO)H ACHTUNGTRENNUNG(MeCN2) ACHTUNGTRENNUNG(PCy3)2] ACHTUNGTRENNUNG[BF4] (III),
[Ru(CO)ClH ACHTUNGTRENNUNG(PPh3)3] (IV), [RuCl ACHTUNGTRENNUNG(PCy3) ACHTUNGTRENNUNG(p-cymene)]OTf (V). [e] Substituted acetylene conversion; deter-
mined by GC analysis. [f] Determined by GC analysis and 1H NMR spectroscopy. [g] See the Experimental
Section.


www.chemeurj.org C 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 6679 – 66866680



www.chemeurj.org





dimerisation, as well as homocoupling of vinylboronate.
However, when six-coordinated [RuCO(Cl)H ACHTUNGTRENNUNG(PPh3)3] (IV)
is used as the initial catalyst, then dimerisation of acetylene
is a major reaction.
In our research we observed that the co-dimerisation re-


action with vinylboronates occurred not only for terminal
organic acetylenes, but also for alkynylsilanes (see Table 2).
Triethylgermylacetylene was also tested in the reaction with
2-vinyl-1,3-dioxaborinane, but its homocoupling played, in
this case, a significant role (see Table 2).
Optimisation of the synthesis parameters was carried out


for the reaction of triethylsilylacetylene with 2-vinyl-1,3-di-
oxaborinane. The best results (the highest yield and selectiv-
ity) were observed for the reaction carried out at 80 8C for
18 h and at a threefold excess of borane compound (see
Table 2). A fivefold excess of boronate over acetylene in-
creased the contribution of the side reaction of vinylboro-
nate homocoupling.


Similarly to the previously described trans-metalation re-
actions of vinylmetalloid with olefins and acetylenes[2–5] (for
a review see ref. [1]), [Ru(CO)ClH ACHTUNGTRENNUNG(PCy3)2] (IV) was the
most effective and selective catalyst for this process.
Application of 2-vinyl-1,3-dioxaborolane as a reagent in


the reactions with terminal silyl and organic acetylenes with
the optimal process parameters gives boryl- and borylsilyl-
substituted dienes also with good yields and selectivity com-
parable to the reactions with 2-vinyl-1,3-dioxaborinane (see
Table 3).
Our separate study of the reaction of equimolar amounts


of the ruthenium–boryl complex [Ru ACHTUNGTRENNUNG(BO2C6H4)(CO)Cl-
ACHTUNGTRENNUNG(PCy3)2] (VI) and silylacetylene monitored by 1H NMR
spectroscopy and GC–MS reveals that the insertion of acety-
lene into the Ru�B bond occurs to a very low degree (silyl-
boryl-substituted ethyne is not observed in the GC–MS
spectrum and only traces of regenerated Ru�H bond (triplet
at d=�24.3 ppm) were detected by 1H NMR spectroscopy).


This is the reason why contrary
to vinylsilane[4] and vinylger-
mane,[5] the metalation of acet-
ylene with vinylboronate was
not observed during the cata-
lytic process. Instead, the co-
dimerisation of vinylboronate
with most terminal acetylenes
(except phenylacetylene) was
noted.
It is well recognised that


ruthenium–hydride complexes
react with terminal acetylenes
very smoothly at room temper-
ature (with phenylacetylene
reaction occurred immediately
even at �20 8C) to form the vi-
nylphenylruthenium com-
plex[4,17,18] according to Equa-
tion (4).
These complexes are there-


fore well known as catalysts of
acetylene dimerisation occur-
ring by means of insertion of


Table 2. Co-dimerisation of terminal silylacetylenes and triethylgermylacetylene with 2-vinyl-1,3-dioxabori-
nane (A).[a]


Entry ��R Cat.[f] T
[8C]


Conversion
[%][g]


Selectivity a/b/c/d
[%][h]


Isolated
yield
of (a) [%]


Product
no.[i]


1 I[b] 80 88 80/13/7/traces
2 I 80 98 84/16/traces/traces 78 5
3 I[c] 83 82/18/traces/traces
4 I[d] 80 99 78/14/0/8
5 I 40 10 89/11/traces/traces
6 I 60 35 88/12/traces/traces
7 I 100 100 70/15/15/0
8 II 80 91 80/20/0/traces
9 III[e] 80 54 72/28/0/0
10 IV 80 73 12/7/81/0
11 V[e] 80 35 0/0/100/0
12 I 100 83/17/traces/traces 79 6
13 I 100 84/16/0/0 81 7
14 I 94 90/10/0/traces 79 8
15 I 43 40/5/55/0 9
16 I 88 44/14/21/23 10


[a] Reaction conditions unless otherwise stated: [Ru]/[acetylene]/ ACHTUNGTRENNUNG[borane]=2I10�2 :1:3; open system, toluene
(0.5m), t=18 h. [b] [Ru]/[acetylene]/ ACHTUNGTRENNUNG[borane]=2I10�2 :1:2. [c] [Ru]/[acetylene]/ ACHTUNGTRENNUNG[borane]=10�2 :1:3. [d] [Ru]/
[acetylene]/ ACHTUNGTRENNUNG[borane]=2I10�2 :1:5. [e] Dichloroethane (0.5m) as a solvent. [f] Catalyst: [Ru(CO)ClH ACHTUNGTRENNUNG(PCy3)2]
(I), [Ru(CO)ClH ACHTUNGTRENNUNG(PiPr3)2] (II), [Ru(CO)H ACHTUNGTRENNUNG(MeCN2) ACHTUNGTRENNUNG(PCy3)2] ACHTUNGTRENNUNG[BF4] (III), [Ru(CO)ClH ACHTUNGTRENNUNG(PPh3)3] (IV), [RuCl-
ACHTUNGTRENNUNG(PCy3) ACHTUNGTRENNUNG(p-cymene)]OTf (V). [g] Substituted acetylene conversion; determined by GC analysis. [h] Determined
by GC analysis and 1H NMR spectroscopy. [i] See the Experimental Section.
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the second molecule of acetylene into the Ru�vinyl complex
and were also observed in an experiment with [Ru(CO)ClH-
ACHTUNGTRENNUNG(PPh3)3] (IV) used as the initial
catalyst.
To check why the reaction


of vinylboronates with termi-
nal acetylenes occurs different-
ly from those with vinylsilanes
and vinylgermanes, as well as
to identify the mechanism of
the co-dimerisation process,
we carried out stoichiometric
reactions of ruthenium hydride
complex [Ru(CO)ClHACHTUNGTRENNUNG(PCy3)2]
(I) with silylacetylene and vi-
nylboronate.
The first step leads to the


synthesis of a vinylene rutheni-
um complex (two doublets at
d=5.62–5.66 and 8.80–
8.85 ppm) [see Eq. (5) and Fig-
ure 1a].
The reaction was carried out


for 24 h. After the total disap-
pearance of the Ru�H bond
(triplet at d=�24.3 ppm), the
equimolar amount of vinylbor-


onate was added to the reac-
tion mixture. The [Ru]�H
complex was monitored after
24 h (by 1H NMR spectrosco-
py), whereas borylsilyl-substi-
tuted dienes (yield 47%) were
monitored by GC–MS analy-
ses. Reduction of the reso-
nance line characteristic of vi-
nylene–ruthenium complexes
and the appearance of new
lines typical of olefinic protons
also proved the co-dimerisa-
tion route (Figure 1b).
During stoichiometric pro-


cesses we also observed evolu-
tion of ethylene (singlet at d=5.25 ppm) in the 1H NMR
spectrum. We can explain this fact by formation of the Ru�
B complex followed by insertion of the vinylboronate used
in excess to the regenerated (after elimination of borylsilyl-
substituted buta-1,3-diene) Ru�H complex [see Eq. (6)].
Bis ACHTUNGTRENNUNG(boryl)ethene as a product of vinylboronate homocou-


Table 3. Co-dimerisation of terminal acetylenes with 2-vinyl-1,3-dioxaborolane (B).


Entry ��R Conversion [%][b] Selectivity a/b/c/d [%][c] Isolated yield of (a) [%] Product no. [d]


1 95[a] 83/14/3/0 71 11
2 92 86/14/0/0 12
3 84 83/17/traces/0 74 13
4 88 75/25/0/0 63 14


5 78 70/30/traces/0 15


6 73 89/11/0/0 16


7 96 82/18/0/0 17


[a] Reaction conditions unless otherwise stated: [Ru(CO)ClH ACHTUNGTRENNUNG(PCy3)2]/[acetylene]/ ACHTUNGTRENNUNG[borane]=2I10
�2 :1:3; open


system, toluene (0.5m), t=18 h, T=80 8C. [b] Substituted acetylene conversion; determined by GC analysis.
[c] Determined by GC analysis and 1H NMR spectroscopy. [d] See the Experimental Section.


Figure 1. a) 1H NMR spectrum of silylvinylene ruthenium complex generated in situ; b) 1H NMR spectrum of
the stoichiometric reaction of silylvinylene ruthenium complex with 2-vinyl-1,3-dioxaborolane, monitored after
24 h.
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pling is also observed in the GC–MS spectrum (for detailed
experiments of vinylborane homocoupling see ref. [3]).
The above-described experiment provides convincing evi-


dence for the mechanism of the new catalytic reaction oc-
curring in the presence of [Ru(CO)ClH ACHTUNGTRENNUNG(PCy3)2] (I) (see
Scheme 2).


The crucial point of this mechanism (contrary to that es-
tablished in vinylsilane and vinylgermane) is the fact that re-
action of Ru�H with vinylboronate does not compete with
that with acetylene. The latter is preferred in this case to
yield the Ru�vinylene complex (instead of Ru�silyl and
Ru�germyl complexes, which are preferred in the previous
systems[4,5]) directly responsible for the final step yielding
co-dimerisation products.
The co-dimerisation process of inactivated olefins with


terminal acetylenes, such as phenyl and cyclohexyl, was pre-
viously reported to be catalysed by the cationic ruthenium
complex [RuCp ACHTUNGTRENNUNG(PPh3)2Py] (generated in situ; Cp: cyclopen-
tadienyl) to yield a mixture of E,E- and E,gem-dienes
(100 8C, 10 h, NaPF6, pyridine), but neither boryl nor silyl
compounds were studied. Our experiments on the reaction
of vinylboronate with phenyl-, cyclohexyl- and triethylsilyl-
ACHTUNGTRENNUNGacetylene carried out in the presence of cationic complex
[RuCl ACHTUNGTRENNUNG(p-cymene)ACHTUNGTRENNUNG(PCy3)] ACHTUNGTRENNUNG[OTf] (V; OTf: trifluoromethane-
sulfonate) show the exclusive presence of the products of


acetylene dimerisation (see Tables 1 and 2). The mechanism
of the reaction was proposed to involve the ruthenium vinyl-
idene complex as an active intermediate responsible for this
catalytic process.[19]


Conclusion


We have developed a new catalytic route for the efficient
coupling of vinylboronates with terminal alkynes involving
silylacetylenes (except phenylacetylenes) catalysed by ruthe-
nium complexes containing a Ru�H bond. This leads to
boryl- and borylsilyl-substituted buta-1,3-dienes in high
yield with a preference for the E,E-diene. It is worth noting
that we have established the optimal reaction parameters to
obtain the target compound without any byproducts.


Experimental Section


General methods : 1H (300 MHz), 13C (75 MHz), 29Si (79 MHz) and
11B NMR (96 MHz) spectra were recorded by using a Varian XL
300 MHz spectrometer with samples in a solution of CDCl3 or
[D8]toluene (C6D5CD3). Chemical shifts are reported in ppm with refer-
ence to the residue portion solvent (CH3Cl) peak for


1H and 13C, to TMS
for 29Si and to BF3–Et2O for 11B. Analytical GC analyses were performed
by using a Varian Star 400CX with a DB-5 fused-silica capillary column
(30 mI0.15 mm) and thermal-conductivity detector (TCD). Mass spectra
of the substrates and products were obtained by GC–MS analysis (Var-
ianSaturn 2100T, equipped with a BD-5 capillary column (30 m) and an
ion-trap detector). Elemental analyses were carried out by using a Vario
EL III system and high-resolution (HR) MS analyses were performed by
using an AMD-402 instrument. Thin-layer chromatography (TLC) was
carried out by using plates coated with 250 mm-thick silica gel (Aldrich
and Merck), and the column chromatography was performed by using
silica gel 60 (70–230 mesh; Fluka). Toluene was dried by distillation using
sodium and hexane from sodium hydride. Liquid substrates were also
dried and degassed by using bulb-to-bulb distillation. All of the reactions
were carried out under a dry argon atmosphere. The chemicals were ob-
tained from the following sources: toluene, dodecane and hexane were
purchased from Fluka; ethyl acetate from POCH; CDCl3 and C6D5CD3


from Dr. Glaser, A.G. Basel. The substituted acetylene was bought from
Aldrich. 2-Vinyl-1,3-dioxaborolane and 2-vinyl-1,3-dioxaborinane were
synthesised according to the literature with some modifications.[20,21] The
ruthenium complexes I–VI were prepared according to the litera-
ture.[3, 22–25]


Representative experimental procedure for synthesis of boryl- and boryl-
silyl-substituted buta-1,3-diene : In a typical test, the ruthenium catalyst I
(2 mol%) was dissolved in toluene and placed in a glass ampoule under
an argon atmosphere. The reagents and dodecane as internal standard
(all components 5% by volume), acetylene and vinylborane (usually
used in the molar ratio [Ru]/[acetylene]/[vinylborane] 2I10�2:1:3) were
added. Subsequently, the ampoule was heated to 80–90 8C and main-
tained at that temperature for 24 h. The progress of the reaction was
monitored by GC and GC–MS analyses. The conversion and chemoselec-
tivity of the reactions and yields were calculated by using the internal


Scheme 2. Mechanism of co-dimerisation of terminal acetylene (silyl ACHTUNGTRENNUNGacet-
ACHTUNGTRENNUNGylene) with vinylboronates.
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standard method. The final products were separated from the residues of
the catalyst and reactants by purification using a silica gel column with
hexane/ethyl acetate (1:1) as eluent. All products of catalytic transforma-
tion of terminal alkynes with vinylboronates were pale yellow oily liq-
uids.


Experimental procedure for stoichiometric reaction : Complex I (0.01 g,
0.012 mmol), triethylsilylacetylene (0.01 g, 0.018 mmol) and [D8]toluene
(0.6 mL) were placed in an NMR tube under an argon atmosphere. The
reaction was carried out at 100 8C and after disappearance of Ru�H and
appearance of Ru�CH=CH�SiEt3 bonds (monitored by 1H NMR spec-
tra), 2-vinyl-[1,3,2]dioxaborinane (0.019 mmol) was added and the course
of the reaction was monitored by using 1H NMR spectroscopy.


Syntheses


ACHTUNGTRENNUNG(1E,3E)-1-(1’,3’-Dioxaborinan-2’-yl)-4-cyclohexylbuta-1,3-diene (1): Com-
plex I (0.015 g, 0.02 mmol), toluene (1 mL), 1-ethynylcyclohexane (0.11 g,
1 mmol) and 2-vinyl-1,3-dioxaborinane (0.34 g, 3 mmol) were placed in a
glass ampoule and heated under an argon atmosphere at 80 8C for 18 h.
Then the excess of borane and solvent were removed under vacuum and
the crude product was separated from the residues of the catalyst and re-
actants using a column of silica gel (hexane/ethyl acetate 1:1) to afford 1
as a pale yellow liquid (0.163 g, 0.740 mmol, 74% isolated yield).
1H NMR (300 MHz, CDCl3, 25 8C): d =0.85 (t, 4H; C6H11), 1.25 (br, 2H;
C6H11), 1.69 (br, 4H; C6H11), 0.83–1.65 (brm, 10H; C6H11), 1.30 (s, 3H;
CCH3), 1.96 (quintet, J ACHTUNGTRENNUNG(H,H)=5.5 Hz, 2H; BOCH2CH2CH2O), 4.03 (t, J-
ACHTUNGTRENNUNG(H,H)=5.5 Hz, 4H; BOCH2), 5.33 (d, J ACHTUNGTRENNUNG(H,H)=17.6 Hz, 1H; B�CH=


CH), 5.78 (d, J ACHTUNGTRENNUNG(H,H)=15.4 Hz, 1H; �CH=CH�C), 6.07 (dd, J ACHTUNGTRENNUNG(H,H)=


9.9, 15.4 Hz, 1H; �CH=CH�C), 6.89 ppm (dd, J ACHTUNGTRENNUNG(H,H)=10.2, 17.6 Hz,
1H; B�CH=CH�); 13C NMR (75 MHz, CDCl3, 25 8C): d=25.91 (3,5-
C6H5), 26.1 (4-C6H5), 27.4 (BOCH2CH2), 32.5 (2,6-C6H5), 40.7 (1-C6H5),
62.7 (BOCH2CH2), 129.8 (CH=CH�C), 144.2 (CH=CHC), 148.1 ppm
(B�CH=CH); Ca to boron atom is not observed; 11B NMR (96 MHz,
CDCl3 25 8C, BF3�Et2O): d =27.6 ppm; MS (EI): m/z : 220 (49) [M+], 205
(11), 177 (32), 164 (61), 151 (7), 138 (17), 121 (69), 110 (28), 105 (43), 91
(54), 79 (100), 67 (54); HRMS: m/z calcd for C13H21BO2 [M


+]: 220.16347;
found: 220.16193.


ACHTUNGTRENNUNG(1E,3E)-1-(1’,3’-Dioxaborinan-2’-yl)-5-methyl-5-trimethylsiloxyhepta-1,3-
diene (2): Compound 2 was prepared from the appropriate starting mate-
rials according to the above procedure for 1. The reaction afforded 2 as a
colourless liquid (0.186 g, 0.659 mmol, 66% isolated yield). 1H NMR
(300 MHz, CDCl3, 25 8C): d=0.09 (s, 9H; OSi�ACHTUNGTRENNUNG(CH3)3), 0.81 (t, 3H;
CCH2CH3), 1.30 (s, 3H; CCH3), 1.51 (quartet, 2H; CCH3), 1.97 (quintet,
J ACHTUNGTRENNUNG(H,H)=5.5 Hz, 2H; BOCH2CH2CH2O), 4.04 (t, J ACHTUNGTRENNUNG(H,H)=5.5 Hz, 4H;
BOCH2), 5.43 (d, J ACHTUNGTRENNUNG(H,H)=17.3 Hz, 1H; B�CH=CH), 5.83 (d, J ACHTUNGTRENNUNG(H,H)=


15.4 Hz, 1H; �CH=CH�C), 6.17 (dd, J ACHTUNGTRENNUNG(H,H)=10.4, 15.4 Hz, 1H; �CH=


CH�C), 6.90 ppm (dd, J ACHTUNGTRENNUNG(H,H)=10.4, 17.6 Hz, 1H; B�CH=CH�);
13C NMR (75 MHz, CDCl3, 25 8C): d=2.48 (OSi�ACHTUNGTRENNUNG(CH3)3), 8.39
(CCH2CH3), 26.84 (CCH3), 27.39 (BOCH2CH2), 36.35 (CCH2CH3), 61.75
(BOCH2CH2), 75.82 (CCH2CH3), 129.59 (C�CH=CH�), 144.22 (B�CH=


CH�), 147.20 ppm (C�CH=CH�); Ca to boron atom is not observed in
13C NMR spectrum; 11B NMR (96 MHz, CDCl3, 25 8C, BF3�Et2O): d=


27.7 ppm; MS (EI): m/z (%): 282 (11) [M+], 267 (11), 253 (97), 193 (16),
183 (19), 159 (58), 145 (6), 131 (26), 117 (29), 105 (16), 93 (35), 73 (100),
59 (7); HRMS: m/z calcd for C15H27BO3Si [M


+]: 282.18225; found:
282.18308.


ACHTUNGTRENNUNG(1E,3E)-1-(1’,3’-Dioxaborinan-2’-yl)-4-(1’’-trimethylsiloxycyclohex-1’’-
yl)buta-1,3-diene (3): Compound 3 was prepared from the appropriate
starting materials according to the above procedure for 1. The reaction
afforded 3 as a colourless liquid (0.216 g, 0.700 mmol, 70% isolated
yield). 1H NMR (300 MHz, CDCl3, 25 8C): d =0.07 (s, 9H; OSi�ACHTUNGTRENNUNG(CH3)3),
0.83–1.65 (brm, 10H; C6H10), 1.30 (s, 3H; CCH3), 1.97 (quintet, J ACHTUNGTRENNUNG(H,H)=


5.5 Hz, 2H; BOCH2CH2CH2O), 4.04 (t, J ACHTUNGTRENNUNG(H,H)=5.5 Hz, 4H; BOCH2),
5.44 (d, J ACHTUNGTRENNUNG(H,H)=17.6 Hz), 1H; B�CH=CH), 5.90 (d, J ACHTUNGTRENNUNG(H,H)=15.4 Hz,
1H; �CH=CH�C), 6.18 (dd, J ACHTUNGTRENNUNG(H,H)=10.2, 15.7 Hz, 1H; �CH=CH�C),
6.89 ppm (dd, J ACHTUNGTRENNUNG(H,H)=10.2, 17.6 Hz, 1H; B�CH=CH�); 13C NMR
(75 MHz, CDCl3, 25 8C): d=2.57 (OSi�ACHTUNGTRENNUNG(CH3)3), 22.28 (3,5-C6H10), 25.72
(4-C6H10), 27.39 (BOCH2CH2), 38.35 (2,6-C6H10), 61.76 (BOCH2CH2),
74.07 (1-C6H10), 130 (C�CH=CH), 144.18 (B�CH=CH�), 147.32 ppm
(C�CH=CH�); Ca to boron atom is not observed in 13C NMR spectrum;


11B NMR (96 MHz, CDCl3 25 8C, BF3�Et2O): d=27.5 ppm; MS (EI): m/z
(%): 308 (7) [M+], 293 (9), 279 (5), 265 (35), 251 (16), 238 (5), 209 (11),
193 (28), 167 (25), 159 (24), 134 (38), 119 (49), 105 (29), 91 (95), 73 (100),
59 (9); HRMS: m/z calcd for C15H21BO2Si [M


+]: 272.14038; found:
272.13880.


2-[(1E,3E)-Nona-1,3-dienyl]-1,3-dioxaborinane (4): MS (EI): m/z (%):
208 (43) [M+], 193 (11), 179 (23), 165 (47), 151 (27), 138 (27), 123 (13),
110 (30), 93 (57), 79 (100), 67 (54), 53 (13).


ACHTUNGTRENNUNG(1E,3E)-1-Triethylsilyl-4-(1’,3’-dioxaborinan-2’-yl)buta-1,3-diene (5):
Compound 5 was prepared from the appropriate starting materials ac-
cording to the above procedure for 1. The reaction afforded 5 as a pale
yellow liquid (0.196 g, 0.77 mmol, 78% isolated yield). 1H NMR
(300 MHz, CDCl3, 25 8C): d=0.59 (quartet, J ACHTUNGTRENNUNG(H,H)=7.9 Hz, 6H; Si�
CH2�CH3), 0.92 (t, J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 9H; Si�CH2�CH3), 1.97 (quintet, J-
ACHTUNGTRENNUNG(H,H)=5.5 Hz, 2H; BOCH2CH2CH2O), 4.04 (t, J ACHTUNGTRENNUNG(H,H)=5.5 Hz, 4H;
BOCH2), 5.44 (d, J ACHTUNGTRENNUNG(H,H)=17.3 Hz, 1H; B�CH=CH), 5.98 (d, J ACHTUNGTRENNUNG(H,H)=


18.4 Hz, 1H; �CH=CH�Si), 6.58 (dd, J ACHTUNGTRENNUNG(H,H)=10.2, 18.4 Hz, 1H; �CH=


CH�Si), 6.89 ppm (dd, J ACHTUNGTRENNUNG(H,H)=10.2, 17.6 Hz, 1H; B�CH=CH�);
13C NMR (75 MHz, CDCl3, 25 8C): d=3.35 (Si�CH2CH3), 7.32 (Si�
CH2CH3), 27.39 (BOCH2CH2), 61.76 (BOCH2CH2), 134.47 (Si�CH=CH�),
147.07 (B�CH=CH�), 149.75 (Si�CH=CH�); Ca to boron atom is not
observed in 13C NMR spectrum; 11B NMR (96 MHz, CDCl3 25 8C, BF3�
Et2O): d=27.6 ppm; 29Si NMR (79 MHz, CDCl3, 25 8C, TMS): d=


�0.83 ppm; MS (EI): m/z (%): 237 (1) [M+�15], 223 (76), 209 (2), 195
(100), 181 (4), 167 (45), 153 (6), 139 (32), 109 (58), 81 (25), 59 (16); ele-
mental analysis calcd (%) for C13H25BO2Si: C 61.90, H 9.99; found: C
61.99, H 10.12.


ACHTUNGTRENNUNG(1E,3E)-1-Tri(isopropylsilyl)-4-(1’,3’-dioxaborinan-2’-yl)buta-1,3-diene
(6): Compound 6 was prepared from the appropriate starting materials
according to the above procedure for 1. The reaction afforded 6 as a pale
yellow liquid (0.232 g, 0.788 mmol, 79% isolated yield). 1H NMR
(300 MHz, CDCl3, 25 8C): d=0.97–1.14 (m, 21H; Si�CH� (CH3)2), 1.97
(quintet, J ACHTUNGTRENNUNG(H,H)=5.5 Hz, 2H; BOCH2CH2CH2O), 4.04 (t, J ACHTUNGTRENNUNG(H,H)=


5.5 Hz, 4H; BOCH2), 5.45 (d, J ACHTUNGTRENNUNG(H,H)=17.6 Hz, 1H; B�CH=CH), 5.94
(d, J ACHTUNGTRENNUNG(H,H)=18.4 Hz, 1H; �CH=CH�Si), 6.62 (dd, J ACHTUNGTRENNUNG(H,H)=10.7,
18.4 Hz, 1H; �CH=CH�Si), 6.90 ppm (dd, J ACHTUNGTRENNUNG(H,H)=9.9, 16.8 Hz, 1H; B�
CH=CH�); 13C NMR (75 MHz, CDCl3, 25 8C): d=10.85 (Si�CH ACHTUNGTRENNUNG(CH3)2),
18.58 (Si�CH ACHTUNGTRENNUNG(CH3)2), 27.39 (BOCH2CH2), 61.78 (BOCH2CH2), 132.76
(Si�CH=CH�), 147.84 (B�CH=CH�), 150.02 ppm (Si�CH=CH�); Ca to
boron atom is not observed in 13C NMR spectrum; 11B NMR (96 MHz,
CDCl3 25 8C, BF3�Et2O): d=27.8 ppm; 29Si NMR (79 MHz, CDCl3,
25 8C, TMS): d =�0.45 ppm; MS (EI): m/z (%): 251 (78) [M+�43], 223
(26), 209 (100), 193 (3), 181 (88), 165 (35), 153 (54), 139 (40), 123 (56),
111 (38), 95 (47), 81 (18), 59 (26); elemental analysis calcd (%) for
C16H31BO2Si: C 65.29, H 10.62; found: C 65.35, H 10.69.


ACHTUNGTRENNUNG(1E,3E)-1-(Dimethyl(tert-butyl)silyl)-4-(1’,3’-dioxaborinan-2’-yl)buta-1,3-
diene (7): Compound 7 was prepared from the appropriate starting mate-
rials according to the above procedure for 1. The reaction afforded 7 as a
pale yellow liquid (0.204 g, 0.809 mmol, 81% isolated yield). 1H NMR
(300 MHz, CDCl3, 25 8C): d=0.04 (s, 6H; Si ACHTUNGTRENNUNG(CH3)2), 0.86 (s, 9H; SiC-
ACHTUNGTRENNUNG(CH3)3), 1.97 (quintet, J ACHTUNGTRENNUNG(H,H)=5.5 Hz, 2H; BOCH2CH2CH2O), 4.04 (t,
J ACHTUNGTRENNUNG(H,H)=5.5 Hz, 4H; BOCH2), 5.46 (d, J ACHTUNGTRENNUNG(H,H)=17.6 Hz, 1H; B�CH=


CH), 6.01 (d, J ACHTUNGTRENNUNG(H,H)=18.4 Hz, 1H; �CH=CH�Si), 6.55 (dd, J ACHTUNGTRENNUNG(H,H)=


10.2, 18.4 Hz, 1H; �CH=CH�Si), 6.76 ppm (dd, J ACHTUNGTRENNUNG(H,H)=9.9, 17.6 Hz,
1H; B�CH=CH�); 13C NMR (75 MHz, CDCl3, 25 8C): d=�6.25 (Si�
ACHTUNGTRENNUNG(CH3)2), 16.65 (Si�C ACHTUNGTRENNUNG(CH3)3), 26.40 (Si�C ACHTUNGTRENNUNG(CH3)3) 27.38 (BOCH2CH2),
61.77 (BOCH2CH2), 135.24 (Si�CH=CH�), 147.02 (B�CH=CH�),
149.60 ppm (Si�CH=CH�); Ca to boron atom is not observed in
13C NMR spectrum; 11B NMR (96 MHz, CDCl3 25 8C, BF3�Et2O): d=


27.7 ppm; 29Si NMR (79 MHz, CDCl3, 25 8C, TMS): d=0.34 ppm; MS
(EI): m/z (%): 237 (2) [M+�15], 195 (100), 137 (81), 125 (19), 109 (7), 95
(34), 73 (11), 59 (11); elemental analysis calcd (%) for C13H25BO2Si: C
61.90, H 9.99; found: C 61.95, H 10.05.


ACHTUNGTRENNUNG(1E,3E)-1-(Dimethylphenylsilyl)-4-(1’,3’-dioxaborinan-2’-yl)buta-1,3-
diene (8): Compound 8 was prepared from the appropriate starting mate-
rials according to the above procedure for 1. The reaction afforded 8 as a
pale yellow liquid (0.215 g, 0.789 mmol, 79% isolated yield). 1H NMR
(300 MHz, CDCl3, 25 8C): d =0.034 (s, 6H; Si�ACHTUNGTRENNUNG(CH3)2), 1.97 (quintet, J-
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ACHTUNGTRENNUNG(H,H)=5.5 Hz, 2H; BOCH2CH2CH2O), 4.04 (t, J ACHTUNGTRENNUNG(H,H)=5.5 Hz, 4H;
BOCH2), 5.49 (d, J ACHTUNGTRENNUNG(H,H)=17.6 Hz, 1H; B�CH=CH), 6.12 (d, J ACHTUNGTRENNUNG(H,H)=


18.1 Hz, 1H; �CH=CH�Si), 6.63 (dd, J ACHTUNGTRENNUNG(H,H)=10.2, 17.9 Hz, 1H; �CH=


CH�Si), 6.91 (dd, J ACHTUNGTRENNUNG(H,H)=10.1, 17.6 Hz, 1H; B�CH=CH�), 7.36 (m,
3H; m,p-C6H5), 7.46 ppm (m, 2H; o-C6H5);


13C NMR (75 MHz, CDCl3,
25 8C): d=�2.68 (Si�ACHTUNGTRENNUNG(CH3)2), 27.37 (BOCH2CH2), 61.77 (BOCH2CH2),
127.76 (C6H5), 128.99 (C6H5), 133.84 (C6H5), 135.09 (Si�CH=CH�),
147.37 (B�CH=CH�), 149.26 ppm (Si�CH=CH�); Ca to boron atom in
13C NMR spectrum; 11B NMR (96 MHz, CDCl3 25 8C, BF3-Et2O): d=


27.7 ppm; 29Si NMR (79 MHz, CDCl3, 25 8C, TMS): d =�22 ppm; MS
(EI): m/z (%): 271 (6) [M+�1], 257 (36), 215 (19), 199 (33), 187 (26), 171
(41), 157 (65), 143 (65), 121 (36), 101 (100), 91 (38) 77 (50), 59 (15);
HRMS: m/z calcd for C15H21BO2Si [M


+]: 272.14038; found: 272.13880.


ACHTUNGTRENNUNG(1E,3E)-1-Trimethylsilyl-4-(1’,3’-dioxaborinan-2’-yl)buta-1,3-diene (9):
MS (EI): m/z (%): 210 (3) [M+], 195 (35) 167 (10), 153 (10), 137 (100),
125 (25), 109 (23), 95 (65), 59 (12).


ACHTUNGTRENNUNG(1E,3E)-1-Triethylgermyl-3-(1’,3’-dioxaborinan-2’-yl)buta-1,3-diene (10):
MS (EI): m/z (%): 269 (100), 268 (78) [M+�CH2CH3], 239 (39), 213
(22), 183 (25), 155 (15), 133 (4), 101 (26), 75 (8).


ACHTUNGTRENNUNG(1E,3E)-1-(Triethylsilyl)-4-(1’,3’-dioxaborolan-2’-yl)buta-1,3-diene (11):
Complex I (0.015 g, 0.02 mmol), toluene (1 mL), triethylsilylacetylene
(0.14 g, 1 mmol) and 2-vinyl-1,3-dioxaborolane (0.29 g, 3 mmol) were
placed in a glass ampoule and heated under an argon atmosphere at
80 8C for 18 h. Then the excess of borane and solvent were removed
under vacuum and the crude product was separated from the residues of
the catalyst and reactants using a column of silica gel (hexane/ethyl ace-
tate 1:1) to afford 11 as a pale yellow liquid (0.169 g, 0.709 mmol, 71%
isolated yield). 1H NMR (300 MHz, CDCl3, 25 8C): d=0.61 (q, J ACHTUNGTRENNUNG(H,H)=


8.0 Hz, 6H; SiCH2CH3), 0.93 (t, J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 9H; SiCH2CH3), 4.24
(s, 4H; BO2 ACHTUNGTRENNUNG(CH2)) 5.57 (d, J ACHTUNGTRENNUNG(H,H)=17.6 Hz, 1H; B�CH=CH�), 6.04 (d,
J ACHTUNGTRENNUNG(H,H)=18.5 Hz, 1H; Si�CH=CH), 6.60 (dd, J ACHTUNGTRENNUNG(H,H)=9.9, 18.5 Hz, 1H;
�CH=CH�Si), 7.00 ppm (dd, J ACHTUNGTRENNUNG(H,H)=10.0, 17.6 Hz, 1H; �B�CH=CH);
13C NMR (75 MHz, CDCl3, 25 8C): d=3.3 (Si ACHTUNGTRENNUNG(CH2CH3)3), 7.31 (Si-
ACHTUNGTRENNUNG(CH2CH3)3), 65.6 (BO2C2H4), 129.8 (CH=CH�C), 136.4 (CH=CHSi),
146.7 (B�CH=CH), 152.8 ppm (HC=CHSi); Ca to boron atom is not ob-
served; 11B NMR (96 MHz, CDCl3 25 8C, BF3�Et2O): d=6.6 ppm; MS
(EI): m/z (%): 209 (42) [M+�29], 181 (100), 165 (6) 153 (38), 137 (18),
109 (31), 81 (20), 67 (2); elemental analysis calcd (%) for C12H23BO2Si: C
60.51, H 9.73; found: C 60.59, H 9.81.


ACHTUNGTRENNUNG(1E,3E)-1-Tri(isopropylsilyl)-4-(1’,3’-dioxaborolan-2’-yl)buta-1,3-diene
(12): MS (EI): m/z (%): 252 (14) [M+�28], 237 (100), 209 (33), 195 (84),
181 (8) 167 (42), 151 (47), 137 (23), 123 (69), 109 (24), 95 (52), 81 (19), 67
(7), 59 (27).


ACHTUNGTRENNUNG(1E,3E)-1-(Dimethyl(tert-butyl)silyl)-4-(1’,3’-dioxaborolan-2’-yl)buta-1,3-
diene (13): Compound 13 was prepared from the appropriate starting
materials according to the above procedure for 11. The reaction afforded
13 (0.176 g, 0.738 mmol, 74% isolated yield) as a pale yellow liquid.
1H NMR (300 MHz, CDCl3, 25 8C): d=0.05 (s, 6H; Si ACHTUNGTRENNUNG(CH3)2(CACHTUNGTRENNUNG(CH3)3)),
0.87 (s, 9H; Si ACHTUNGTRENNUNG(CH3)2(CACHTUNGTRENNUNG(CH3)3)), 4.25 (4H; s, BO2 ACHTUNGTRENNUNG(CH2)) 5.58 (d, J-
ACHTUNGTRENNUNG(H,H)=17.6 Hz, 1H; B�CH=CH), 6.09 (d, J ACHTUNGTRENNUNG(H,H)=18.4 Hz, 1H; �Si�
CH=CH), 6.60 (dd, J ACHTUNGTRENNUNG(H,H)=10.7, 18.1 Hz, 1H; �CH=CH�Si), 7.00 ppm
(dd, J ACHTUNGTRENNUNG(H,H)=10.0, 17.6 Hz, 1H; B�CH=CH�); 13C NMR (75 MHz,
CDCl3, 25 8C): d=16.65 (Si ACHTUNGTRENNUNG(CH3)2(C ACHTUNGTRENNUNG(CH3)3)), 26.4 (SiACHTUNGTRENNUNG(CH3)2(C ACHTUNGTRENNUNG(CH3)3)),
65.6 (BO2C2H4), 137.1 (CH=CHSi), 146.7 (B�CH=CH), 152.7 ppm (HC=


CHSi); Ca to boron atom is not observed; 11B NMR (96 MHz, CDCl3
25 8C, BF3�Et2O): d=7.6 ppm; MS (EI): m/z (%): 181 (100) [M+�57],
137 (100), 95 (87), 73 (12), 57 (6); elemental analysis calcd (%) for
C12H23BO2Si: C 60.51, H 9.73; found: C 60.63, H 9.85.


ACHTUNGTRENNUNG(1E,3E)-1-(Dimethylphenylsilyl)-4-(1’,3’-dioxaborolan-2’-yl)butadi-1,3-
ene (14): Compound 14 was prepared from the appropriate starting ma-
terials according to the above procedure for 11. The reaction afforded 14
(0.163 g, 0.631 mmol, 63% isolated yield) as a pale yellow liquid.
1H NMR (300 MHz, CDCl3, 25 8C): d =0.37 (s, 6H; Si ACHTUNGTRENNUNG(CH3)2), 4.25 (s,
4H; BO2 ACHTUNGTRENNUNG(CH2)) 5.60 (d, J ACHTUNGTRENNUNG(H,H)=17.9 Hz, 1H; B�CH=CH�), 6.18 (d, J-
ACHTUNGTRENNUNG(H,H)=18.1 Hz, 1H;�Si�CH=CH), 6.65 (dd, J ACHTUNGTRENNUNG(H,H)=9.2, 18.1 Hz, 1H;
�CH=CH�Si), 7.03 (dd, J ACHTUNGTRENNUNG(H,H)=9.9, 17.9 Hz, 1H; B�CH=CH�), 7.38
(t, 1H; p-C6H5), 7.51 (t, 2H; m-C6H5), 7.60 ppm (d, 2H; o-C6H5);
13C NMR (75 MHz, CDCl3, 25 8C): d=�2.76 (Si ACHTUNGTRENNUNG(CH3)2 ACHTUNGTRENNUNG(C6H5)), 65.6


(BO2C2H4), 127.8 (C6H5), 129.1 (C6H5), 133.8 (C6H5), 137.0 (CH=CHSi),
146.9 (B�CH=CH), 152.3 ppm (HC=CHSi); Ca to boron atom is not ob-
served; 11B NMR (96 MHz, CDCl3 25 8C, BF3�Et2O): d=7.7 ppm; MS
(EI): m/z (%): 257 (3) [M+�1], 243 (35), 228 (3), 215 (58), 187 (100), 171
(64), 157 (87), 135 (30), 129 (93), 87 (56), 77 (46); elemental analysis
calcd (%) for C13H21BO2Si: C 65.12, H 7.42; found: C 65.00, H 7.51.


ACHTUNGTRENNUNG(1E,3E)-1-(1’,3’-Dioxaborolan-2’-yl)-5-methyl-5-trimethylsiloxyhepta-1,3-
diene (15): MS (EI): m/z (%): 268 (9) [M+], 253 (7), 239 (90), 145 (18),
119 (12), 105 (8), 73 (100), 67 (5).


ACHTUNGTRENNUNG(1E,3E)-1-(1’,3’-Dioxaborolan-2’-yl)-4-(1’’-trimethylsiloxycyclohex-1’’-
yl)buta-1,3-diene (16): MS (EI): m/z (%): 294 (3) [M+], 279 (7), 265 (1),
251 (29), 237 (11), 183 (7), 167 (13), 145 (10), 134 (15), 119 (29), 105 (16),
91 (58), 73 (100), 67 (7).


ACHTUNGTRENNUNG(1E,3E)-1-(1’,3’-Dioxaborolan-2’-yl)-4-cyclohexylbuta-1,3-diene (17): MS
(EI): m/z (%): 206 (37) [M+], 191 (6), 177 (7), 163 (24), 150 (41), 121
(50), 105 (35), 93 (55), 79 (100), 67 (78), 53 (19).
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Introduction


Mercury(II) ions often form bonds with a high degree of co-
valency, which favors low coordination numbers. The config-


uration of monodentate ligands around mercury(II) is
mostly dominated by linear, trigonal, and tetrahedral ar-
rangements; six-coordinated complexes are few and often
distorted.[1] The first apparently regular six-coordinated
complex was reported for the solid hexakis(pyridine 1-oxi-
de)mercury(II) perchlorate, [HgACHTUNGTRENNUNG(ONC5H5)6] ACHTUNGTRENNUNG(ClO4)2, with six
equidistant Hg�O bonds at 2.35(2) ., which was determined
crystallographically.[2] Subsequently, the crystal structures of
other oxygen-donor ligands, that is, hexaaquamercury(II)
perchlorate and hexakis(dimethyl sulfoxide)mercury(II) tri-
fluoromethanesulfonate, also displayed solvated mercury(II)
ions in sites with six equidistant Hg�O bonds at 2.341(6)
and 2.347(5) ., respectively.[3,4] For hexakis(dimethyl sulfox-
ide)mercury(II) perchlorate the octahedral coordination is
slightly distorted with the two axial Hg�O bonds somewhat
longer, 222.376(6) ., than the four equatorial ones, 22
2.317(6) and 222.320(6) ..[5] The tetragonal elongation of
the octahedral configuration becomes more pronounced
with the somewhat softer electron-pair donor pyridine[6] in
hexakis ACHTUNGTRENNUNG(pyridine)mercury(II) trifluoromethanesulfonate,
with the equatorial and axial Hg�N distances within the
ranges 2.402–2.442 and 2.497–2.499 ., respectively.[7] Very


Abstract: The structure of the solvated
mercury(II) ion in water and dimethyl
sulfoxide has been studied by means of
large-angle X-ray scattering (LAXS)
and extended X-ray absorption fine
structure (EXAFS) techniques. The
distribution of the Hg�O distances is
unusually wide and asymmetric in both
solvents. In aqueous solution, hexahy-
drated [Hg ACHTUNGTRENNUNG(OH2)6]


2+ ions in a distorted
octahedral configuration, with the cent-
roid of the Hg�O distance at
2.38(1) ., are surrounded by a diffuse
second hydration sphere with Hg···OII


distances of 4.20(2) .. In dimethyl sulf-
oxide, the six Hg�O and Hg···S distan-
ces of the hexasolvated [Hg{OS-
ACHTUNGTRENNUNG(CH3)2}6]


2+ complex are centered
around 2.38(1) and 3.45(2) ., respec-
tively. The crystal structure of hexakis-
ACHTUNGTRENNUNG(pyridine 1-oxide)mercury(II) perchlo-
rate has been redetermined. The space
group R3̄ implies six equal Hg�O dis-


tances of 2.3416(7) . for the [Hg-
ACHTUNGTRENNUNG(ONC5H5)6]


2+ complex at 100 K. How-
ever, EXAFS studies of this com-
pound, and of the solids hexaaquamer-
cury(II) perchlorate and hexakis(di-
methyl sulfoxide)mercury(II) trifluoro-
methanesulfonate, also with six equi-
distant Hg�O bonds according to crys-
tallographic results, reveal in all cases
strongly asymmetric Hg�O distance
distributions. Vibronic coupling of va-
lence states in a so-called pseudo-Jahn–
Teller effect probably induces the dis-
torted configurations.


Keywords: dimethyl sulfoxide ·
hydrates · Jahn–Teller distortion ·
mercury · structure elucidation
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soft electron-pair donors promote high covalency in the
bonds and reduce the coordination number. In liquid ammo-
nia and concentrated aqueous ammonia solutions the mer-
cury(II) ion coordinates four ammonia ligands in a distorted
tetrahedral configuration, as well as in the solid state.[8] The
mercury(II) ion is four-coordinated in the sulfur-donor sol-
vent N,N-dimethylthioformamide, but it was only possible to
crystallize a disolvate with linear S�Hg�S coordination.[9,10]


Di- and tridentate sulfur-donor ligands are required to form
six-coordinated mercury(II) complexes.[11–13] The destabiliza-
tion of regular six-coordinated mercury(II) complexes, in-
cluding small monodentate ligands, such as ammonia, is
often attributed to a contribution of the mercury(II) 5dz2


atomic orbital to the bonding molecular orbitals by vibronic
coupling of pseudo-degenerate electronic states in a so-
called pseudo-Jahn–Teller effect (PJTE).[14–18] Another ex-
planation for the strong preference for linear two-coordina-
tion with a strong covalent contribution by the heavy d10


ions mercury(II) and gold(I) has also been suggested: rela-
tivistic spin–orbit coupling splits the three 6p orbitals and in-
duces a lower energy for one 6p1=2


orbital in relation to two
degenerate 6p3=2


orbitals, and the increased closeness of the
6s and 6p valence states thus promotes sp hybridization.[19]


However, although relativistic effects certainly contribute to
the special properties of the heaviest atoms, this suggestion
is not consistent with the similar, albeit weaker, tendency to-
wards the linear two-coordination exhibited by the lighter
d10 ions silver(I) and copper(I), also with close valence shell
states, although no similar tendency of linear coordination is
found for cadmium(II).


Theoretical self-consistent field (SCF) calculations of the
structures of the hexasolvated divalent ions of Group 12,
zinc, cadmium, and mercury, show that the vibronic coupling
mode shifts towards lower frequency and increases in ampli-
tude for increasing bond covalency of hexasolvated mercu-
ry(II) ions.[18] In addition, the IR spectra display an anoma-
lously broad distribution for the decoupled O�D stretching
vibrations of the water molecules in the first hydration
sphere around partly deuterated hydrated mercury(II) ions,
consistent with dynamic distortions of the Hg�O bonds.[20]


Molecular dynamics simulations with a two-body pair po-
tential for mercury(II) ions in water lead to strongly deviat-
ing results, for example, a hydration number of nine. The in-
clusion of three-body corrections combined with ab initio
quantum mechanics/molecular mechanics molecular dynam-
ics (QM/MM-MD) simulations corrected some, but not all,
discrepancies, as determined by Kritayakomupong and
Rode.[21] Their study using the QM/MM-MD method with
three-body correction reported a distorted octahedral first
hydration sphere with an average Hg�O distance of 2.42 .,
and a second sphere with 22 water molecules at a mean
Hg�O distance of 4.6 ..[21]


In a recent study that combined X-ray absorption spectro-
scopic (extended X-ray absorption fine structure (EXAFS)
and extended adsorption near edge structure (XANES))
and QM/MD calculations using two-body pair potentials, a
flexible seven-coordinated structure with C2 symmetry was


advocated instead of the generally accepted six-coordina-
tion.[22] The EXAFS analysis could not distinguish between
six-, seven-, or eight-coordination and resulted in an ex-
tremely asymmetric distribution of Hg�O distances with a
peak maximum at 2.32 ., independent of the coordination
number (CN), and with very large values for the width (s2)
and asymmetry (C3) of the bond-distance distribution,
0.025 .2 and 0.0065 .3, respectively, for CN=6 (even some-
what larger for CN=7 and 8). For six-coordination, our
evaluation shows that the reported parameters would corre-
spond to an Hg�O centroid value of 2.46 ., assuming that
the reported Hg�O distance is the peak maximum of the
distribution. The QM/MD simulations were interpreted as
favoring a seven-hydrated ion, even though the energy dif-
ferences between six-, seven-, and eight-coordination were
very small. XANES calculations were performed and a
seven-coordinated configuration with two short Hg�O dis-
tances was reported to reproduce the experimental XANES
better than regular octahedral or Jahn–Teller-distorted octa-
hedral configurations, in particular, the shoulder on the
rising edge in the XANES spectrum. However, we show in
this study that similar shoulders appear for all of the studied
six-coordinated mercury(II) solvates in the solid state and in
solution. This shoulder is especially pronounced for diaqua-
mercury(II) trifluoromethanesulfonate, which has two very
short Hg�O distances of 2.11 . in an almost linear Hg-
ACHTUNGTRENNUNG(OH2)2


2+ entity and four longer distances to the oxygen
atoms of the trifluoromethanesulfonate ions at 2.5 ., which
complete the distorted octahedral configuration (see Fig-
ure S1 in the Supporting Information).[23]


The structural parameters of the hydrated mercury(II) ion
in heavy water were very recently obtained from a neutron-
scattering study by using the isotopic substitution tech-
nique.[24] The Hg�O and Hg···D distances were found to be
2.48(5) and 3.08(5) . for 6�1 hydrating water molecules.
However, the difference between the diffraction patterns of
solutions with different isotopic mercury(II) composition is
small and the accuracy of the structural parameters is low.


The distortions induced by the subtle symmetry-reducing
PJTE on structures can often more easily be ascertained in
solution studies in the absence of competing packing or lat-
tice forces. In this study, six-coordinated mercury(II) com-
plexes in the solid state are found to be distorted even when
the configuration appears to be regular. For the correspond-
ing solvated mercury(II) ions in water and dimethyl sulfox-
ide, the high disorder (Debye–Waller) parameters have pre-
viously been found to reflect much larger variations in the
bond lengths than is normally found in solvates of divalent
metal ions.[25] The high lability of the ligands is also a char-
acteristic feature of the mercury(II) ion, even in complexes
with two strong linear Hg�S bonds with thiol groups.[26,27]


Recently, EXAFS studies showed that hexaaquacopper-
(II) bromate and hexakis(pyridine 1-oxide)copper(II) per-
chlorate, reported in crystallographic studies to have six
equidistant Cu�O bonds in space groups of high symme-
try,[28,29] in reality contained Jahn–Teller-distorted, tetrago-
nally elongated CuO6 octahedra.[30] Hence, in such cases,
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when the crystallographic
space-group symmetry appears
higher than the actual site sym-
metry of the individual com-
plexes, the results become de-
ceptive. Structural studies
should then be complemented
with a lattice-independent,
structure-sensitive method, such
as EXAFS.


With this knowledge, the reg-
ular Hg�O six-coordination in
hexasolvated mercury(II) ions seen in crystal structures was
carefully appraised in this study. Hexaaquamercury(II) per-
chlorate, hexakis(dimethyl sulfoxide)mercury(II) trifluoro-
methanesulfonate, and hexakis(pyridine 1-oxide)mercury(II)
perchlorate all crystallize in high-symmetry space groups,
trigonal or hexagonal,[2,4,5] with a site symmetry that would
seem to exclude distortions of the complexes. The aims of
this study were to evaluate possible dynamic or static struc-
tural distortions in oxygen-coordinated solvated mercury(II)
ions and to ascertain reliable mean Hg�O distances both in
solution and in the solid state, especially for the hydrated
mercury(II) ion. Two parallel strategies were employed:
1) solution studies without perturbing lattice effects and
2) structure studies for the solids by the lattice-independent
EXAFS method as a complement to crystallographic inves-
tigations. The measurements were performed at ambient
temperature for the aqueous and dimethyl sulfoxide solu-
tions of mercury(II), at room temperature for the crystalline
hexaaquamercury(II) and hexakis(pyridine 1-oxide)merc-
ury(II) perchlorates, and at 298 and 10 K for the hexakis(di-
methyl sulfoxide)mercury(II) perchlorate and trifluorome-
thanesulfonate compounds, respectively. The previous crys-
tallographic study of hexakis(pyridine 1-oxide)mercury(II)
perchlorate was undertaken with photographic intensity
data at room temperature.[4] This structure has been re-ex-
amined at both 100 and 298 K (there is no phase transition
between 298 and 100 K); we report only the low-tempera-
ture structure herein. The structures of the hydrated and di-
methyl sulfoxide solvated mercury(II) ions in solution have
also been re-examined with large-angle X-ray scattering
(LAXS) and with improved experimental data quality and
description of the hydrated perchlorate ion.[31] For the
LAXS data, careful modeling of the contribution from the
intramolecular O···O distances in the perchlorate ion is es-
sential for reliable evaluation of the Hg�O distance because
of their severe overlap.


Results and Discussion


The hydrated mercury(II) ion : The EXAFS oscillations of
the hydrated mercury(II) ion show both for the 0.5 moldm�3


solution (D, Table 1) and the hexahydrated perchlorate salt
1 a clear damping of the amplitude and also a significant
phase shift at high k values, k>9 .�1 (Figure 1), which indi-


cates a wide and asymmetric distribution of the Hg�O dis-
tances.[32] This observation is in contrast with the high ampli-
tude of the EXAFS oscillation at high k values reported by
Chillemi et al.[22] (cf. Figure 1), which is probably an artifact
caused by the very large and unrealistic C3 value reported
for the model refinement using the program package
GNXAS, and/or the presence of a substantial amount of the
hydrolysis complex [Hg(OH)2] with short linear O�Hg�O
bonds.[44] The very large C3 cumulant value causes a very
steep slope on the short distance side of the Hg�O distribu-
tion, which corresponds to a small disorder (Debye–Waller)
parameter and that part of the distribution thereby provides
an artificially large contribution to the EXAFS function, in
particular at high k values. However, for our two samples,
by a careful choice of starting parameters in GNXAS, the
EXAFS splines and envelopes became almost identical to
those obtained by the program packages EXAFSPAK[33]


and WinXAS[34] (the complete data treatment is not present-
ed herein because the results are in very close agreement
with those obtained by GNXAS). The data treatment was
performed in three different ways:


1) The full EXAFS raw data range was modeled assuming
an asymmetric bond distribution (GNXAS), resulting in
large, but reasonable, C3 cumulant parameters (Table 2).
The mean Hg�O distance obtained for the hexahydrated
ion in the solid compound [Hg ACHTUNGTRENNUNG(H2O)6] ACHTUNGTRENNUNG(ClO4)2 is Rc =


2.36(1) ., whereas the peak maximum appears at Rm =


2.33(1) .. The corresponding values in solution are Rc =


Table 1. Solutions studied by LAXS and EXAFS.


Solution ACHTUNGTRENNUNG[Hg2+]
[moldm�3]


ACHTUNGTRENNUNG[ClO4
�]


[moldm�3]
[H+]
[moldm�3]


ACHTUNGTRENNUNG[Solvent] 1[a]


[g�1 cm�3]
m[b]


[cm�1]
Solvent Method


A 2.00 4.70 0.70 45.32 1.686 50.22 water LAXS
B 3.041 6.518 0.436 42.67 2.027 75.48 water LAXS
C 0.911 1.821 13.07 1.385 26.77 Me2SO LAXS
D 0.500 1.100 0.100 water EXAFS
E 0.500 1.000 Me2SO EXAFS


[a] Density at ambient temperature. [b] Linear absorption coefficient at ambient temperature for MoKa


radiation.


Figure 1. Fit of k2-weighted EXAFS data for solid [HgACHTUNGTRENNUNG(H2O)6] ACHTUNGTRENNUNG(ClO4)2


(upper) and 0.5 moldm�3 mercury(II) perchlorate in acidic aqueous solu-
tion ACHTUNGTRENNUNG(lower) at room temperature with Gaussian (sym) and asymmetric
distributed (asym) Hg�O distances. The dotted regions of the experimen-
tal data have been excluded in the refinements.
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2.38(1) . and Rm =2.33(1) .. The Debye–Waller coeffi-
cients are large, s2 =0.019(1) and 0.022(1) .2, respective-
ly. The fitting of the model to the EXAFS data is shown
in Figure 1, and in Figure S2 of the Supporting Informa-
tion the separate contributions are displayed. The multi-
ple scattering within the HgO6 core is very small in solu-
tion and cannot be discerned in the solid state. No signif-
icant contribution from the Hg···H interactions was
found, probably due to the large distribution of the Hg�
O bonds, see above.


2) The entire range of raw EXAFS data was fitted with a
model in which Gaussian distributions of the distances
were assumed (GNXAS and EXAFSPAK). A model de-
scribing the Hg�O distances as a single Gaussian distri-
bution resulted in a mean value of 2.34(1) . with
Debye–Waller coefficients similar to those obtained for
the asymmetric models. A summary of the refined pa-
rameters is given in Table S1 of the Supporting Informa-
tion.


3) A wide Fourier filter (r�Dr�1–3 .) was applied and the
back-Fourier-transformed oscillation was analyzed within
restricted k ranges by fitting a Gaussian Hg�O distance
distribution (EXAFSPAK) to evaluate how the contribu-
tion shifts in different k ranges (Figure S3 of the Sup-
porting Information). For low k values, all Hg�O distan-
ces contribute significantly to the EXAFS oscillations,
whereas a fit in the high k range discriminates against
weaker bonds with high Debye–Waller parameters. The
mean Hg�O distance contribution to the k range 6–
10 .�1, dominated by the more strongly bound water
molecules in the hydrated mercury(II) ion, is 2.31(1) .,
whereas for the k range 2–6 .�1 the contribution corre-
sponds to a mean Hg�O distance of 2.34(1) ..


The three data treatment procedures are all consistent
with a wide distribution of Hg�O distances around a peak
maximum at 2.34 ., which corresponds to a large C3 asym-
metry factor, and with a fraction of short and strong Hg�O
bonds with a smaller Debye–Waller factor.


From the LAXS data obtained for the two aqueous mer-
cury(II) perchlorate solutions (A and B, Table 1), the radial
distribution functions (RDFs) have three peaks at 1.4, 2.3,
and 4.2 . (see Figures 2 and S3). The peak at 1.4 . corre-
sponds to the Cl�O bond length of the perchlorate ion. The
peak at 2.3 . has two contributions: the main part is in the
first hydration shell from the Hg�O distances, together with
a contribution from the intramolecular O···O distance of the
tetrahedral perchlorate ion (Figure 3). The peak at 4.2 .
corresponds to the second hydration shell, Hg···OII. The
shoulder at around 3 . corresponds to O···O distances
within the aqueous bulk, Ow···Ow, between the water mole-
cules in the first and second hydration sphere, OI···OII, and
to O···O distances between water molecules hydrogen-
bonded to perchlorate oxygen atoms. The range of the scat-
tering variable, s= (4p/l)sinV is, for a fixed wavelength (l)
by geometry, restricted to a max value, smax�16 .�1, which
corresponds to k�8 .�1 in the backscattering for pair inter-


actions in EXAFS. This restriction, and also the overlapping
interactions from all pairs of distances in solution, does not
allow asymmetric distributions to be introduced. All analy-
ses of the LAXS data are therefore performed with Gaussi-
an distributions of distances. However, for long distances,
such as to the second hydration sphere, the contribution to
the LAXS intensities makes the LAXS data much more in-
formative than the more highly damped backscattering in
the EXAFS measurements.[35]


The Gaussian distributions of the Hg�O distances could
for the two LAXS solutions be refined to 2.339(4) and
2.342(4) . with large displacement factors of s=0.082 and
0.088 ., respectively; s is the half-width at half-height of
the Gaussian distributed bond length distribution. These
values are significantly larger than those normally obtained
and imply that the OI�(H)···OII distribution of the Hg�O
bonds in the hydrated mercury(II) ion is at least 0.05 .
wider than that expected for regular octahedral hydrated di-


Figure 2. LAXS radial distribution curves for a 3.0 moldm�3 acidic aque-
ous solution of mercury(II) perchlorate. Top: separate model contribu-
tions: the mercury(II) ion with the first and second hydration spheres
(c), the hydrated perchlorate ion (c), and hydrogen-bonded
Ow···Ow in the aqueous bulk (g). Middle: experimental RDF:
D(r)�4pr21o (c), sum of the model contributions (c, upper), and
the difference (c, lower). Bottom: structure-dependent LAXS intensi-
ty functions: siexp(s) (c) and model sicalcd(s) (c).
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valent transition-metal ions.[35] This result is consistent with
the EXAFS results and indicates wide and asymmetric dis-
tributions of the hydrated mercury(II) ion in both aqueous
solution and in the solid state (see above).


A second hydration sphere is clearly indicated with a
wide distribution around 4.2 . (Figure 2), and the mean
Hg···OII distance was refined to 4.20(2) and 4.20(1) . for
the 3.0 and 2.0 moldm�3 aqueous solutions, respectively. By
assuming 12 water molecules in the second hydration
sphere, reasonable values for the disorder parameter (s) of
about 0.2 . were obtained (Table 2). However, the correla-
tion with the hydration number is strong and the number of
water molecules present in the second sphere is uncertain.


The previous infrared absorption difference study of iso-
topically isolated O�D stretching vibrations resulted in a
higher hydrogen-bond strength from the first to the second
shell water molecules around the mercury(II) ion than for
the hydrated zinc(II) and cadmium(II) ions in aqueous solu-
tion, that is, the water molecules bound to the mercury(II)
ion are more polarized. Furthermore, the distribution, as es-
timated from the hydrogen-bond strength of the aqua li-
gands, is about 0.2 . broader. The IR study, which was per-


formed for a 0.24 moldm�3 solution of mercury(II) perchlo-
rate, also resulted in about 12 hydrogen-bonded water mole-
cules in the second shell.[20] However, in the concentrated
solutions studied in this work, the number of water mole-
cules is not sufficient for an unperturbed second hydration
shell (Table 1).


The previous IR study also examined in a similar way the
isotopically isolated O�D stretching frequencies of the solid
hydrated perchlorates, [M ACHTUNGTRENNUNG(OH2)6]ACHTUNGTRENNUNG(ClO4)2 (M=Zn, Cd, or
Hg).[20] The hydrogen-bond strength of the aqua ligands of
the hydrated complexes [M ACHTUNGTRENNUNG(OH2)6]


2+ was found to be signif-
icantly weaker in the solids in which the perchlorate oxygen
atoms are acceptors. Otherwise, a similar picture emerged
with slightly stronger average hydrogen-bond strengths
(average OI···OII distance estimated to be �2.93 . for mer-
cury, �2.96 . for cadmium) with a wider distribution
(�0.2 . larger) for the hydrated mercury(II) ion. It was
concluded that the pseudo-Jahn–Teller effect affects the
Hg�O bonding to a similar extent in the solid structure and
in the aqueous solution.[20]


The structure of the hydrated perchlorate ion in the
2.0 moldm�3 mercury(II) perchlorate solution, in which free
(bulk) water molecules are present, was found to be identi-
cal to that previously reported with a Cl�O bond length of
1.453(2) ..[31] However, for the 3.0 moldm�3 mercury(II)
perchlorate solution, in which stoichiometrically most water
molecules are expected to hydrate mercury(II) or be in con-
tact with perchlorate ions, a somewhat shorter Cl�O bond
length was obtained, 1.434(2) ., possibly due to weaker hy-
drogen bonding in the perturbed water structure.


To summarize, the hydrated mercury(II) ion in aqueous
solution is six-coordinated with a broad asymmetric distribu-
tion of the Hg�O distances around 2.34(1) ., a centroid
value of 2.38(1) ., and with a second hydration sphere
around 4.20(2) .. The apparent regular octahedral symme-
try of the hexahydrated mercury(II) ions in the solid com-
pound [Hg ACHTUNGTRENNUNG(OH2)6]ACHTUNGTRENNUNG(ClO4)2 (1), as given by the high crystal
symmetry in the P3̄m1 space group, is evidently an average
of randomly oriented PJTE distorted complexes with lower
site symmetry, similar to that found for some hexahydrated
copper(II) compounds (see the Introduction). However, the
structural distortion of the PJTE operating in the hydrated
mercury(II) ion is much smaller than the Jahn–Teller distor-
tion described for the hydrated copper(II) ions.[27]


The dimethyl sulfoxide solvated mercury(II) ion : The di-
methyl sulfoxide solvated mercury(II) ion in solution (E,
Table 1) and in the solid perchlorate compound [Hg{OS-
ACHTUNGTRENNUNG(CH3)2}6]ACHTUNGTRENNUNG(ClO4)2 (2) revealed large and asymmetric Hg�O
distance distributions in the model fitting of the EXAFS
data (Table 2). The mean Hg�O distances 2.380(6) and
2.367(6) . were obtained with somewhat smaller Debye–
Waller coefficients than those for the aqueous systems. The
analysis of the EXAFS data for 2, collected at 10 K, gave,
within error limits, the same result as the data collected at
room temperature (Table 2). The S�O distance has been re-
fined to 1.54(1) . and the Hg�O�S angle to 121.6 ACHTUNGTRENNUNG(1.2)8 for


Figure 3. Upper: k3-weighted raw EXAFS data for solid [Hg{OS-
ACHTUNGTRENNUNG(CH3)2}6] ACHTUNGTRENNUNG(ClO4)2 at room temperature (c) and at 10 K (a), and for
0.5 moldm�3 mercury(II) perchlorate in dimethyl sulfoxide (c) with
Gaussian (sym) and asymmetric distributed (asym) Hg�O distances.
Lower: k3-weighted raw EXAFS data for solid [Hg{OS ACHTUNGTRENNUNG(CH3)2}6] ACHTUNGTRENNUNG(ClO4)2


(c) and [Hg{OS ACHTUNGTRENNUNG(CH3)2}6] ACHTUNGTRENNUNG(CF3SO3)2 (c) at 10 K.
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the mercury(II) ion in dimethyl sulfoxide and to 1.54(1) .
and 121.5 ACHTUNGTRENNUNG(1.0)8 for 2, respectively, at both room temperature
and 10 K, which is consistent with the results from the crys-
tallographic determination.[5] The raw EXAFS spectra of 2
at 10 and 298 K, and of the mercury(II) ion in solution are
given in Figure 3a.


The EXAFS spectrum of the solid trifluoromethanesulfo-
nate compound [Hg{OS ACHTUNGTRENNUNG(CH3)2}6] ACHTUNGTRENNUNG(CF3SO3)2 (6) looks some-
what different to that of 2 at 10 K (Figure 3b). Refinement
of 6 gave a mean Hg�O distance of 2.353(6) .. The Debye–
Waller coefficient is about 50% smaller than in the solid
perchlorate salt (Table 2) with much less asymmetry in the
Hg�O bonds. The data collected at 10 K gave an asymmetry
twice that found at room temperature, with a mean Hg�O
distance of 2.367(6) .. The S�O distance has been refined
to 1.540(8) . and the Hg�O�S angle 115(1)8 for 6 at both
room temperature and 10 K, (Table 2) in agreement with
the results from the crystallographic determination, 1.542 .
and 116.48, respectively.[4] The fit of the EXAFS data and
the contributions of the individual scattering pathways are
shown in Figure S4 of the Supporting Information.


The RDF derived from the LAXS study of the dimethyl
sulfoxide mercury(II) perchlorate solution (C) displays
three peaks at 1.4, 2.3, and 3.4 . (see Figure 4). The Cl�O
bond length in the perchlorate ion corresponds to the peak
at 1.4 ., and its shoulder to intramolecular distances in the
dimethyl sulfoxide molecule. The peaks at 2.3 and 3.4 .
originate from the Hg�O and Hg···S distances, respectively,
in the dimethyl sulfoxide solvated mercury(II) ion with a
contribution from the O···O distance in the tetrahedral per-
chlorate ion at 2.33(1) .. Six Hg�O and Hg···S distances
have been refined to 2.348(2) and 3.414(3) ., respectively,
which gives a mean Hg�O�S angle of 122.58.


The solvated mercury(II) ion in dimethyl sulfoxide and 2
has an asymmetric Hg�O distance distribution similar to
that of the hydrated mercury(II) ion. Also the solid tri-
ACHTUNGTRENNUNGfluoro ACHTUNGTRENNUNGmethanesulfonate compound 6, in which the six Hg�
O bonds appear to be equidistant by crystallography, shows
an asymmetric distribution of the Hg�O distances, although
they are not as wide as for the corresponding perchlorate
salt.


Structure of hexakis(pyridine 1-oxide)mercury(II) perchlo-
rate (4): The previously reported cell and atomic parameters
of 4 have been confirmed with higher precision (see
Table 3). Single-crystal X-ray data were obtained at 298 and
100 K and showed that no phase transition occurred within
this temperature range; the crystal data obtained at 100 K
are given in Table 3. The overall coordination geometry of
the hexakis(pyridine 1-oxide)mercury(II) ion can, in accord-
ance with the crystal structure, be described as a near-regu-
lar octahedron with S6 symmetry. The structure shows six
equidistant Hg�O distances at 2.3416(7) ., with trans and
cis O-Hg-O angles of 180.00(4) and 88.79(3)8, respectively.
Figure 5 shows the arrangement of the ligands around mer-
cury(II) in the [Hg ACHTUNGTRENNUNG(C5H5NO)6]


2+ ion, viewed along the
three-fold symmetry axis. No evidence of disordering or


large vibrational movements was found for the perchlorate
ions in spite of the absence of hydrogen bonds. The perchlo-
rate ion is located on the three-fold axis, with one Cl�O
bond along the axis, 1.4366(13) ., and three equivalent sym-
metry related Cl�O bonds of 1.4447(9) .. The average Cl�
O distance of 1.442 . does not vary significantly from the
values found in weakly hydrogen-bonded perchlorates, 1.41–
1.44 ., as observed for a large number of compounds.[35]


The N�O distance (1.334 .) and the mean N�C and C�C
distances (1.350 and 1.382 .) in the pyridine ring differ
from those reported in the previous study (1.323, 1.355, and
1.41 ., respectively).[2] The mean N�O, N�C, and C�C


Figure 4. LAXS radial distribution curves for a 1.0 moldm�3 solution of
mercury(II) perchlorate in dimethyl sulfoxide. Top: separate model con-
tributions: the dimethyl sulfoxide solvated mercury(II) ion (c), the
perchlorate ion (c), and the dimethyl sulfoxide molecule (b).
Middle: experimental RDF: D(r)�4pr21o (c), sum of the model con-
tributions (c, upper), and difference (c, lower). Bottom: structure-
dependent LAXS intensity functions: si(s) (c) and model sicalcd(s)
(c).
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bond lengths in the perchlorate salts of the hexakis(pyridine
1-oxide)zinc(II) and copper(II) complexes (1.324, 1.340, and
1.364 ., and 1.330, 1.341, and 1.374 ., respectively[2,26])
agree well with the values obtained for the hexakis(pyridine
1-oxide)mercury(II) complex reported herein (see Table S2
of the Supporting Information). The trans-pyridine rings are
coplanar and the angle between the trans- and cis-pyridine
ligands is 62.46(4)8.


The fitting of the room-temperature EXAFS data of 4 re-
sulted in a very similar pattern to that found for the PJTE
distorted hydrated and dimethyl sulfoxide solvated mercu-
ry(II) ions (see above). The refinements gave a mean Hg�O
distance of 2.399(6) ., a peak maximum at 2.342 ., a large
displacement factor of s=0.125(6) ., and a significant
asymmetry of C3 =0.00141(12) .3. The Hg�O�N bond angle
was refined to 112.7 ACHTUNGTRENNUNG(1.0)8, which is in good agreement with


the crystallographic value of 112.21(5)8. The fit of the
EXAFS data is given in Figure S5 of the Supporting Infor-
mation.


Conclusion


The similar wide and asymmetric distributions of distances
shown by EXAFS studies for the distorted hexasolvated
mercury(II) ions in solid compounds and in the correspond-
ing aqueous and dimethyl sulfoxide solutions show that the
mercury(II) ion maintains six-coordination in solution. An
appreciably longer mean Hg�O distance would be expected
for a seven-coordinated mercury(II) ion, as proposed by
Chillemi et al. ,[22] compared with that observed for hexasol-
vated mercury(II) ions in the solid state. In a comparable
case, for cadmium(II), the mean Cd�O distance in hexasol-
vated cadmium complexes in the solid state is significantly
shorter than those observed in water and dimethyl sulfoxide,
which supports the partial (ca. 35%) presence of a seven-co-
ordinated complex.[36]


The distorted configuration of the six Hg�O distances in
solvated mercury(II) complexes in water and dimethyl sulf-
oxide is consistent with a contribution of the mercury(II)
5dz2 atomic orbital to the bonding molecular orbitals in a vi-
bronic PJTE coupling of close-lying electronic states of Eg


symmetry. This is also the case for the three crystal struc-
tures in which the site symmetry is consistent with six equi-
distant Hg�O bonds, but for which the EXAFS studies
reveal wide and asymmetric Hg�O bond distributions. The
XANES regions for all the six-coordinated complexes stud-
ied in this work are very similar with a shoulder on the
rising edge for all solids and solutions. In particular, the
compressed octahedral HgO6 coordination with a linear
entity in the solid dihydrate [Hg ACHTUNGTRENNUNG(H2O)2ACHTUNGTRENNUNG(CF3SO3)2]1 displays
a marked peak (Figure S1 of the Supporting Information).
When the softness of the ligand and the covalency of the
bonds increases, for example, for the sulfur-donor solvent
N,N-dimethylthioformamide and for liquid ammonia, the
amplitude of the vibrational asymmetric stretching frequen-
cy increases[18] and evidently promotes a decrease in the co-
ordination number of mercury(II) to distorted tetrahedral
complexes, or ultimately, as in the solid state, to linear two-
coordination.


Experimental Section


Preparation of solids : Hexaaquamercury(II) perchlorate, [Hg ACHTUNGTRENNUNG(OH2)6]-
ACHTUNGTRENNUNG(ClO4)2 (1),[3] hexakis(dimethyl sulfoxide)mercury(II) perchlorate,
[Hg{OS ACHTUNGTRENNUNG(CH3)2}6] ACHTUNGTRENNUNG(ClO4)2 (2),[5] octakis(dimethyl sulfoxide)dimercury(II)
perchlorate, [Hg2{OSACHTUNGTRENNUNG(CH3)2}8] ACHTUNGTRENNUNG(ClO4)4 (3),[5a] hexakis(pyridine 1-oxide)-
mercury(II) perchlorate, [Hg ACHTUNGTRENNUNG(ONC5H5)6] ACHTUNGTRENNUNG(ClO4)2 (4),[2] anhydrous mercu-
ry(II) trifluoromethanesulfonate, Hg ACHTUNGTRENNUNG(CF3SO3)2 (5),[37] and hexakis(di-
methyl sulfoxide)mercury(II) trifluoromethanesulfonate, [Hg{OS-
ACHTUNGTRENNUNG(CH3)2}6] ACHTUNGTRENNUNG(CF3SO3)2 (6),[4] were prepared as described previously.


Preparation of solutions : The aqueous solutions were prepared by dis-
solving weighed amounts of mercury(II) oxide (Merck) in perchloric acid


Table 3. Selected crystallographic data and refinement parameters for 4.


chemical formula [Hg ACHTUNGTRENNUNG(ONC5H5)6] ACHTUNGTRENNUNG(ClO4)2


empirical formula C30H30Cl2HgN6O14


formula weight 970.09
temperature [K] 100
wavelength [.] 0.71069
crystal system trigonal/rhombohedral axes
space group R3̄ (No. 148)
unit cell dimensions
a [.] 9.6034(4)
a [8] 80.838(4)
volume [.3] 855.04(6)
Z 1
1calcd [gcm�3] 1.884
m [cm�1] 47.36
transmission factor 0.63–0.83
crystal size [mm] 0.1020.0820.04
GOF, S 1.091
final R indices [I>2s(I)]
R1 0.0199[a]


wR2 0.0362[b]


D1min/D1max [e.�3] �1.592/0.770


[a] R1 =� j jFo j� jFc j j /� jFo j . [b] wR2 =�[w ACHTUNGTRENNUNG(Fo
2�Fc


2)2]/� ACHTUNGTRENNUNG(Fo
2)2, S=�[w-


wACHTUNGTRENNUNG(Fo
2�Fc


2)2]/ ACHTUNGTRENNUNG(n�p)0.5 w�1 = [s2
ACHTUNGTRENNUNG(Fo


2)+ (0.0180P)2] and P= (Fo
2)+ (2Fc


2)/3.


Figure 5. The hexakis(pyridine 1-oxide)mercury(II) ion viewed along the
three-fold symmetry axis.
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(BDH) at 80 8C. The solutions were filtered before analysis. The solutions
in dimethyl sulfoxide were prepared by dissolving weighed amounts of 3
in freshly distilled dimethyl sulfoxide. The concentration of mercury(II)
was determined by ethylenediaminetetraacetic acid (EDTA) titration;[38]


the solutions in dimethyl sulfoxide were diluted with water. The anion
concentration in solution was determined by titrating the eluent from a
cation exchange resin with a standard sodium hydroxide solution
(Table 1). The densities of the solutions were measured with an Anton
Paar DMA 35 densitometer.


Crystallography : Data collection for the crystal structure of 4 was carried
out with an Xcalibur KM4 diffractometer equipped with a sapphire-III
CCD[39] using MoKa radiation (l=0.71073 .) at 100 K. Details of the
structure determination can be found in Table 3. The structures were
solved by direct methods using SHELXS97[40] for which the majority of
the non-hydrogen atoms could be found in the initial electron density
map. The models were refined by least-squares methods using the
SHELXL97[40] program for which the remaining atoms could be found
from difference density maps. The hydrogen atoms were positioned geo-
metrically to ride on the parent carbon atoms in the least-squares refine-
ments. All non-hydrogen atoms were refined with anisotropic displace-
ment parameters. Geometrical information was also obtained by using
PLATON,[41] and Figure 5 was drawn with DIAMOND.[42]


EXAFS data collection : Mercury LIII-edge X-ray absorption data were
measured at the Stanford Synchrotron Radiation Laboratory (SSRL)
using the wiggler beam line 4-1, which was equipped with a Si ACHTUNGTRENNUNG[220]
double-crystal monochromator. The storage ring was operated at
3.0 GeV and a maximum current of 100 mA. Data collection was per-
formed in transmission mode at ambient temperature, and higher-order
harmonics were rejected by detuning the second monochromator crystal
to 50% of maximum intensity at the end of the scans. The solids were di-
luted with boron nitride to give an approximate edge step of about one
unit in the logarithmic intensity ratio. The solutions were kept in cells
with 6 mm polyethylene film windows and 1–5 mm Teflon spacers. The X-
ray absorption spectra were energy calibrated by means of a simultane-
ously measured amalgamated tin foil as internal standard; the first inflec-
tion point of the mercury metal LIII-edge was assigned an energy of
12284 eV.[43] The EXAFSPAK program package was used for averaging
3–5 spectra for each sample after energy calibration.[33]


EXAFS data analysis : For further data treatment two independent soft-
ware packages were used: GNXAS,[44] with options to model an asym-
metric distribution of the Hg�O distances, and EXAFSPAK,[33] with all
distances in Gaussian distributions. The EXAFS oscillations were ob-
tained after pre-edge subtraction, normalization, and spline removal.[45]


Model refinements in EXAFSPAK use ab initio calculated phase and
amplitude parameters obtained from the FEFF7 program for single and
multiple scattering pathways.[46] The input files to FEFF7 were compiled
from the corresponding crystal structures to contain the Cartesian coordi-
nates of all atoms within a 5 . radius from the mercury center.


The GNXAS code models the EXAFS signal with subsequent refinement
of the structural parameters.[44] The GNXAS method accounts for multi-
ple-scattering (MS) pathways and calculates the configurational average
of all the MS signals to allow fitting of correlated distances and bond
length variances (Debye–Waller coefficients). A detailed description of
the first coordination sphere of any hydrated/solvated metal complex
should, in principle, take some asymmetry into account in the distribution
of the ion–solvent bond lengths.[47,48] For the distribution of the Hg�O
distances, the asymmetry was very pronounced and was modeled in r
space with a G-like distribution function that depends on four parame-
ters,: the coordination number (N), the average distance (R), the mean-
square variation (s), and the skewness (b). Curve fitting was performed
by describing an asymmetric distribution of the Hg�O distances by
means of cumulant expansion of the pair-distribution function. The b pa-
rameter is related to the third cumulant (C3) in a cumulant expansion
through the relationship C3 =s3b. R is the first moment of the function
4psg(r)2dr, in which r is the average (centroid) distance and not the posi-
tion of the maximum of the distribution (Rm).


A special feature of the EXAFS investigations of the solvated mercu-
ry(II) ions, both in solution and the solid solvates, is that the rapidly de-


creasing amplitude of the oscillations makes the splining procedure for
background removal especially problematic. The spline refinement em-
ployed in the GNXAS program, in which the entire EXAFS spectrum is
modeled, turned out to be easy to apply and reliable, provided the start-
ing model is close to the final one.


Large-angle X-ray scattering (LAXS): The scattering of MoKa X-ray radi-
ation (l =0.7107 .) from the free surface of aqueous and dimethyl sulf-
oxide solutions of mercury(II) perchlorate (Table 1) was measured by
means of a large-angle V-V diffractometer at discrete points in the range
1<V<658 ; the scattering angle was 2V.[20,49] The solutions were con-
tained in a Teflon cup inside an air-tight radiation shield with beryllium
windows. The scattered radiation was monochromatized in a focusing LiF
crystal monochromator. At each pre-set angle 100000 counts were accu-
mulated and the entire angular range was scanned twice, which corre-
sponds to a statistical error of about 0.3%. The divergence of the pri-
mary X-ray beam was limited by 1, 1=4, or 1=128 slits for different V re-
gions, with overlapping data for scaling purposes. The experimental setup
and the theory of the data treatment and modeling have been described
elsewhere.[10] All of the data treatment was carried out by using the
KURVLR program.[50] The experimental intensities were normalized to a
stoichiometric unit of volume that contains one mercury atom by using
the scattering factors f for neutral atoms, including corrections for anom-
alous dispersion,[51] Df’ and Df’’, and for Compton scattering.[52] Least-
squares refinements of the model parameters were carried out by means
of the STEPLR program[53] in which the expression U=


� ACHTUNGTRENNUNG[siexp(s)�sicalcd(s)]
2 (i(s) is the reduced intensity and s is the scattering


variable, s= (4p/l)sinq) is minimized and the scattering variable is s=


(4p/l)sinq. The model parameters were refined for data in the high s
region, for which the intensity contribution from the long-range distances
can be neglected.[54] A Fourier back-transformation procedure was used
to improve the alignment of the experimental structure-dependent inten-
sity function iexp(s) before the refinements by removing spurious non-
physical peaks below 1.2 . in the radial distribution function.[49]
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Palladium-Catalyzed Formation of Highly Substituted Naphthalenes from
Arene and Alkyne Hydrocarbons


Yao-Ting Wu,* Ke-Hsin Huang, Chien-Chueh Shin, and Tsun-Cheng Wu[a]


Introduction


Catalytic activation of aryl C�H bonds with subsequent C�
C bond formation is one of the most attractive endeavors
for synthetic chemists, because such processes provide par-
ticularly efficient tools for the construction of valuable and
versatile intermediates.[1] This concept offers several advan-
tages: simplicity, cleanliness, and atom economy.[2] Fujiwara
et al. reported that Pd- and Pt-catalyzed trans-hydroaryl-
ACHTUNGTRENNUNGations of alkynes in trifluoroacetic acid selectively form cis-
arylalkenes.[3] In contrast, in the presence of a trialkylborane
and a dinuclear palladium complex, cis-hydroarylations of
alkynes can be achieved by following the protocol of Tsuka-
da et al.[4] Under the catalysis of metal trifluoromethanesul-
fonates [M ACHTUNGTRENNUNG(OTf)n] (M= In, Sc, Zr),[5] and AuI[6a,b, 7] or AuIII[7]


complexes, hydroarylation of terminal arylethynes generates
1,1-diarylalkenes. However, AuIII-catalyzed hydroarylation
of terminal electron-deficient alkynes (e.g., alkynoates)
under solvent-free conditions produces cis-1,2-disubstituted
alkenes.[7] Intramolecular hydroarylation of alkynes can also
be catalyzed by RuII,[9] PtII,[9,10] or AuI[6a,c,10] complexes. In a


similar manner, hydroarylation reactions have been applied
in the synthesis of coumarins and their derivatives from aryl
alkynoates[9,11] or phenols and alkynoates.[3b, 12]


These previously reported methods mainly concern the
monoarylation of alkynes by cleavage of one C�H bond on
an arene unit, that is, one aryl moiety is attached. Recently,
we observed that naphthalenes can be formed under palladi-
um catalysis from one arene and two molecules of an
alkyne. This is the first example, to the best of our knowl-
edge, in which an arene provides a benzo unit to furnish a
naphthalene core by twofold aryl C�H activation on the
same arene. Therefore, we optimized the reaction conditions
and tested various arenes to develop a new and simple
method for the preparation of highly substituted naphtha-
lenes.[13]


Results and Discussion


Limited systematic studies of the reaction conditions for the
synthesis of 5,8-dimethyl-1,2,3,4-tetraphenylnaphthalene
(3aa) from p-xylene (1a) and diphenylacetylene (2a)
showed that AgOAc and PdACHTUNGTRENNUNG(OAc)2 played key roles in this
reaction (Table 1). Two equivalents of AgOAc (relative to
alkyne 2a) had to be used for best results. Pd ACHTUNGTRENNUNG(OAc)2 and K2-
ACHTUNGTRENNUNG[PdCl6] both turned out to be efficient catalysts, but the
former is better than the latter (compare entries 10 and 13
in Table 1). Other palladium complexes, such as [Pd ACHTUNGTRENNUNG(PPh3)4]
and [PdCl2ACHTUNGTRENNUNG(PPh3)2], did not provide the desired co-cycliza-


Abstract: Several highly substituted
naphthalenes 3 have been synthesized
in a one-pot reaction by treatment of
arenes 1 with alkynes 2 in the presence
of palladium acetate and silver acetate.
In this Pd-catalyzed protocol, an arene
provides a benzo source for the con-
struction of a naphthalene core
through twofold aryl C�H bond activa-
tion. Reaction of triphenylphosphine


with diphenylethyne (2a) under the
catalysis of PdIV complexes produced
1,2,3,4-tetraphenylnaphthalene (3ba) in
62 % yield. Here, triphenylphosphine


undergoes one aryl C�P bond cleavage
and one aryl C�H bond activation to
serve as a benzo moiety. Crystal struc-
tures of cycloadducts 3ea, 3ga, and 3ac
have been analyzed. The twisted naph-
thalenes arise not only from the over-
crowded substituents but also from the
contribution of the CH3–p interaction.


Keywords: alkynes · C�P cleavage ·
C�H activation · crystal engineer-
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tion product 3aa. When the reaction was carried out in
either acetonitrile or N,N-dimethylformamide, 3aa was ob-
tained with higher purity relative to that obtained in p-
xylene. Although the alkyne 2a was completely consumed
under these conditions, the yields were still low.[14] Fortu-
nately, slow addition of 2a to the reaction mixture (within
10 h) increased the yield from 35 to 52 % (compare entries 6
and 8 in Table 1). Under the optimized reaction conditions
(Pd ACHTUNGTRENNUNG(OAc)2 (7.5 mol %) and AgOAc (2 equiv) in acetonitrile
at 110 8C), 3aa could be obtained in 60 % yield (entry 11 in
Table 1). In addition, the reaction time could be decreased
from 36 to 16 h when the reaction was carried out under air,
instead of under a nitrogen atmosphere.


Reactions of various benzene derivatives 1 with internal
alkynes 2 were examined. Benzene and toluene furnished
3ba and 3ca, respectively, in low yields and unsatisfying pu-
rities (entries 2 and 3 in Table 2). Although dialkylbenzenes
provided clean products in higher yields than benzene and
toluene, trimethylbenzenes generated the cycloadducts ex-
clusively in similar yields (Table 2). In contrast to p-xylene
(1a) and 1,2,4-trimethylbenzene (1 l), the electron-deficient
2-chloro-p-xylene (1r) showed lower reactivity in this co-
cyclization reaction (entries 1, 12 and 18 in Table 2). Bromo-
substituted xylenes are not suitable starting materials in this
protocol. 2-Bromo-1,4-dimethylbenzene (1s) produced the
debrominated cycloadduct 3aa in 64 % yield (entry 19 in
Table 2).[15] 2-Bromo-1,3-dimethylbenzene (1w) did form the
bromo-substituted product 3wa, but the conversion and
yield were low (entry 23 in Table 2). HeteroACHTUNGTRENNUNGatom-substituted
arenes, such as aniline, pyrrole, and pyridine, did not under-


go co-cyclizations with alkyne 2a. Anisole (1p) and 1,2-di-
methoxybenzene (1q) generated the corresponding products
in very low yields (less than 10 %) under a nitrogen atmos-
phere (A conditions), but the yields could be improved
when the reactions were carried out under air (B condi-
tions). Dimethylanisoles gave better results than anisole and
1,2-dimethoxybenzene. Bulky substituents (especially iPr
and tBu) in 1,3- and 1,4-disubstituted benzenes led to lower
yields than methyl groups. Mono- and 1,2-disubstituted ben-
zenes each yielded two regioisomeric co-cyclization prod-
ucts. Toluene, o-xylene, and anisole generated regioisomers
in ratios close to 1:1 (entries 3, 11, and 16 in Table 2). How-
ever, the reaction of o-xylene with bis(4-tert-butylphenyl)-
ACHTUNGTRENNUNGethyne (2b) produced 3kb-a and 3kb-b in an 87:13 ratio
(entry 30 in Table 2). Bicyclic arenes, such as, indane (1n)
and 1,2,3,4-tetrahydronaphthalene (1o), have also been uti-
lized in this reaction, and the former provided a higher yield
and regioselectivity than the latter. Remarkably, 5,6-dialkyl-
1,2,3,4-tetraarylnaphthalenes were obtained as the major
products from 1,2-dialkylbenzenes, whereas 1,2-dimethoxy-
benzene (1q) formed 6,7-dimethoxy-1,2,3,4-tetraphenyl-
naphthalene (3qa-b) as the almost exclusive cycloadduct.


Apparently, diarylethynes, such as 1,2-diphenylethyne
(2a), 1,2-di(4-alkylphenyl)ethynes, and 1,2-di(4-fluorophen-
ACHTUNGTRENNUNGyl)ethyne (2d), are most suitable for these co-cyclizations. 4-
Octyne (2g) and 3,3-dimethyl-1-phenyl-1-propyne (2h) did
not yield the correspondingly substituted naphthalenes from
p-xylene, and dimethyl acetylenedicarboxylate (2 f) fur-
nished tetraester 3af in very low yield. Reaction of p-xylene
with an asymmetric alkyne, such as, methyl phenylpropiolate
(2 i), produced naphthalene derivatives 3ai and 3’ai in 23
and 13 % yields, respectively. Traces of regioisomer 3’’ai can
also be detected.


Highly substituted naphthalenes have been found to have
twisted naphthalene cores that accommodate the steric re-
pulsion. The usual twist angle for octasubstituted naphtha-
lenes is approximately 20–308.[16] X-ray quality crystals of 5-
n-butyl-8-methyl-1,2,3,4-tetraphenylnaphthalene (3ea), 5,8-
diisopropyl-1,2,3,4-tetraphenylnaphthalene (3ga) and 5,8-di-
methyl-1,2,3,4-tetraACHTUNGTRENNUNG(4-tolyl)naphthalene (3ac) were grown
from CH2Cl2/MeOH. Compound 3ea easily formed a large
crystal in contrast to the other naphthalenes described in
this article. According to crystallographic analyses, com-
pounds 3ea, 3ga, and 3ac display naphthalene cores with
overall twist angles of 23.9, 22.3, and 20.78, respectively
(Table 3).[17,18] The contribution of the end-to-end twist from
the tetraarylbenzo ring for 3ea (13.18) is slightly larger than
that for 3ga (10.78) and 3ac (11.28). In addition, compounds
3ea and 3ac show intermolecular interactions and two naph-
thalene molecules form a pair through two CH3–p interac-
tions (Figure 1). Examples of CH3–p interactions, such as
those in calix[4]arene·toluene complexes, have been previ-
ously reported.[19] The methyl carbon atom in the central
naphthalene core of 3ea and 3ac lies approximately 3.58
and 3.73 K, respectively, from the tetraarylbenzo plane, de-
pending on the conformation of the methyl group; therefore
the intermolecular distance of one methyl hydrogen atom to


Table 1. Optimization of reaction conditions for the preparation of 5,8-
dimethyl-1,2,3,4-tetraphenylnaphthalene (3aa) from p-xylene (1a) and
diphenylacetylene (2a).


Entry Catalyst (mol %)[a] Solvent Additives (equiv) Yield [%]


1 Pd ACHTUNGTRENNUNG(OAc)2 (20) p-xylene AgOAc (2) 24
2 Pd ACHTUNGTRENNUNG(OAc)2 (20) p-xylene AgOAc (0.4) 16
3 ACHTUNGTRENNUNG[PdCl2 ACHTUNGTRENNUNG(PPh3)2] (20) p-xylene AgOAc (1) trace[b]


4 [Pd ACHTUNGTRENNUNG(PPh3)4] (20) p-xylene AgOAc (1) 0[c]


5 Pd ACHTUNGTRENNUNG(OAc)2 (0) p-xylene AgOAc (1) 0[c]


6 Pd ACHTUNGTRENNUNG(OAc)2 (20) MeCN AgOAc (2) 35
7 Pd ACHTUNGTRENNUNG(OAc)2 (20) DMF AgOAc (2) 30
8 Pd ACHTUNGTRENNUNG(OAc)2 (20) MeCN AgOAc (2) 52[d]


9 Pd ACHTUNGTRENNUNG(OAc)2 (20) MeCN AgOAc (1) 29[d,e]


10 Pd ACHTUNGTRENNUNG(OAc)2 (10) MeCN AgOAc (2) 55[d]


11 Pd ACHTUNGTRENNUNG(OAc)2 (7.5) MeCN AgOAc (2) 60[d]


12 Pd ACHTUNGTRENNUNG(OAc)2 (7.5) MeCN AgOAc (2) 56[d,f]


13 K2 ACHTUNGTRENNUNG[PdCl6] (10) MeCN AgOAc (2) 30[d]


[a] The amounts of catalysts and additives, and the chemical yields are
relative to the amount of alkyne. [b] 32% yield (relative to PPh3 from
[PdCl2 ACHTUNGTRENNUNG(PPh3)2]) of 1,2,3,4-tetraphenylnaphthalene (3ba) was isolated.
[c] Most of 2a was recovered. [d] The alkyne was added to the reaction
mixture within 10 h with a syringe pump. [e] 37% of the alkyne was re-
covered. [f] The reaction was carried out under air for 16 h instead of
under a N2 atmosphere.
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the tetraphenylbenzo plane in 3ea should be between 2.52
and 2.97 K,[20] which is in the range of the standard mean
value for an interaction of the CH3–arene type.[21] The
degree of twisting of the tetraarylbenzo ring relates to the
strength of the CH3–p interaction, and it makes 3ea more
twisted than the other two examples. Besides the main con-
tribution from the steric repulsion, van der Waals attraction
is also a factor that leads to naphthalene core distortion
from the preferred geometry.


The formation of naphthalene 3aa most probably starts
with an electrophilic palladation of p-xylene (1a) to yield
the arylpalladium acetate 7 (route A in Scheme 1).[1c,22] syn-
Addition of the Ar�Pd bond in 7 to the triple bond of di-
phenylacetylene (2a) would yield the vinylpalladium species


9, and this would be followed by the insertion of another
molecule of 2a to afford the arylbutadienylpalladium inter-
mediate 8. In a side reaction, aryl-1,2-diphenylethylene 10
could be formed by protonlysis/depalladation due to the
presence of acetic acid,[1c,3] but 10 was not observed as a by-
product. Intramolecular electrophilic palladation of 8 would
lead to palladabenzocycloheptatriene 4, which subsequently
would undergo reductive elimination to yield naphthalene
3aa. An alternative formation of the key intermediate 8
could start with the reaction of Pd ACHTUNGTRENNUNG(OAc)2 with two mole-
cules of alkyne 2a to give 1-palladacyclopentadiene 5 (route
B in Scheme 1).[23, 24] Palladacycle 5 can produce hexasubsti-
tuted benzene 6 by insertion of another alkyne 2a, and re-
ductive elimination. However, because p-xylene (1a) is ap-


Table 2. Preparation of naphthalene derivatives 3 from arenes 1 and internal alkynes 2.


Entry Arene R1 R2 R3 R4 Alkyne R5 Conditions Product Yield [%][a] Procedure


1 1a Me H H Me 2a Ph A 3aa 60 GP1
2 1b H H H H 2a Ph A 3ba 17 GP1
3 1c Me H H H 2a Ph A 3ca-a


�
15[b] GP1


H Me H H Ph 3ca-b
4 1d Et H H Et 2a Ph A 3da 35[c] GP1
5 1e nBu H H Me 2a Ph A 3ea 27[c] GP1
6 1 f iPr H H Me 2a Ph A 3 fa 37 GP1
7 1g iPr H H iPr 2a Ph A 3ga 17[c] GP1
8 1h tBu H H Me 2a Ph A/B 3ha 6 GP1
9 1 i Me H Me H 2a Ph A 3ia 43(35[c]) GP1
10 1 j iPr H iPr H 2a Ph A 3ja 31 GP1
11


1k
Me Me H H


2a
Ph


A
3ka-a


�
51[d] GP1


H Me Me H Ph 3ka-b
12 1 l Me Me H Me 2a Ph A 3la 50 GP1
13 1m Me Me Me H 2a Ph A 3ma 52 GP1
14 1n �


ACHTUNGTRENNUNG(CH2)3� H H 2a Ph A 3na-a
�


55[e] GP1
H �


ACHTUNGTRENNUNG(CH2)3� H Ph 3na-b
15 1o �


ACHTUNGTRENNUNG(CH2)4� H H 2a Ph A 3oa-a
�


28[f] GP1
H �


ACHTUNGTRENNUNG(CH2)4� H Ph 3oa-b
16 1p OMe H H H 2a Ph B 3pa-a


�
40[g] GP1


H OMe H H Ph 3pa-b
17 1q OMe OMe H H 2a Ph B 3qa-a


�
16[h] GP1


H OMe OMe H Ph 3qa-b
18 1r Me Cl H Me 2a Ph B 3ra 16 GP1
19 1 s Me Br H Me 2a Ph B 3 sa 1 (+64[i]) GP1
20 1 t OMe Me H Me 2a Ph B 3ta 47 GP1
21 1u OMe H Me Me 2a Ph B 3ua 48 GP1
22 1v Me OMe Me H 2a Ph B 3va 52 GP1
23 1w Me Br Me H 2a Ph B 3wa 16[j] GP1
24 1a Me H H Me 2b 4-tBu-Ph A 3ab 38 GP2
25 1a Me H H Me 2c 4-tol A 3ac 47 GP2
26 1a Me H H Me 2d 4-F-Ph A 3ad 62 GP1
27 1a Me H H Me 2e 4-OMe-Ph A 3ae 14 GP2
28 1a Me H H Me 2 f CO2Me A 3af 10[k] GP1
29 1a Me H H Me 2g nPr A 3ag –[l] GP1
30 1k Me Me H H 2b 4-tBu-Ph A 3kb-a


�
48[m] GP2


H Me Me H 4-tBu-Ph 3kb-b


[a] The amounts of catalysts, additives and chemical yields are relative to alkyne 2. Alkyne was added to the reaction mixture within 10 h from a syringe
pump. The ratios of regioisomers were according to the 1H NMR spectra. [b] 3ca-a/3ca-b 56:44. [c] 10 mol % Pd ACHTUNGTRENNUNG(OAc)2 was used. [d] 3ka-a/3ka-b 64:36.
[e] 3na-a/3na-b > 95:5. [f] 3oa-a/3oa-b 75:25. [g] 3pa-a/3pa-b 45:55. [h] 3qa-a/3qa-b <5:95. [i] Additionally, 64% of 3aa was isolated. [j] 40% of 2a
was recovered. [k] Including 2% of hexamethyl benzenehexacarboxlate. [l] A complex mixture. [m] 3kb-a/3kb-b 87:13.
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plied in large excess with respect to alkyne 2a in this reac-
tion,[25] the 1-palladacyclopentadiene 5 has a better chance
to react with 1a and yields 4 or 8. The palladium(0) species
produced in the reduction/elimination is eventually reoxi-
dized by the additional silver acetate to generate Pd ACHTUNGTRENNUNG(OAc)2.
In addition, a control experiment suggested that route B is
more reasonable. When a reaction was carried out in the ab-
sence of p-xylene, 1,2,3,4-tetraphenyltriphenylene (11) was
isolated in 8 % yield.[26] Compound 11 should be formed
from hexaphenylbenzene (6)[27] by cyclodehydrogenation.[28]


A small amount of 1,2,3,4-tetraphenylnaphthalene (3ba)
was obtained upon treatment of 1a with the alkyne 2a in
the presence of [PdCl2ACHTUNGTRENNUNG(PPh3)2] (entry 3 in Table 1). Since
3ba in this reaction could only have been formed from 2a
and the triphenylphosphine in [PdCl2ACHTUNGTRENNUNG(PPh3)2], the possibility
of preparing 3ba directly from PPh3 was studied
(Scheme 2).[29–31] A limited survey of the reaction conditions


showed that the combinations of AgNO3, Cu ACHTUNGTRENNUNG(OAc)2·H2O,
and Pd ACHTUNGTRENNUNG(OAc)2 gave 3ba in 43 % yield. Finally, when PPh3


and 2a were added slowly to the mentioned catalytic system
with a syringe pump, a satisfying result (58 % yield) was ach-
ieved. The plausible reasons might be:


1) Pd ACHTUNGTRENNUNG(OAc)2 is an efficient reagent for cleaving aryl C�P
bonds.[32]


2) Less triphenylphosphine oxide is formed.[33, 34]


Interestingly, Na2ACHTUNGTRENNUNG[PdCl6]·
4 H2O provided 3ba in up to
62 % yield, whereas [Pd ACHTUNGTRENNUNG(PPh3)4]
did not afford the desired prod-
uct. Although the mechanism
of this reaction is not clear,
[Ag ACHTUNGTRENNUNG(PPh3)n]NO3 (n=1 or 2)
could be an intermediate be-
cause AgNO3 has a superior re-
activity towards PPh3.


[35] In our
catalytic system, heating [Ag-
ACHTUNGTRENNUNG(PPh3)2]NO3 with alkyne 2a fur-
nished 3ba in 48 % yield (based
on PPh3).[36] In addition, this is
the first example of a phenyl
group in PPh3 that serves as a
benzo moiety for the construc-


Table 3. Crystal data for compounds 3ea, 3ga, and 3ac.


3ea 3ga 3ac


formula C39H36 C40H36 C40H36


T [K] 296(2) 273(2) 296(2)
crystal system triclinic monoclinic monoclinic
space group P1 P21/n P21/n
a [K] 8.2578(18) 15.3046(4) 12.2147(10)
b [K] 14.048(3) 11.7211(3) 10.8707(9)
c [K] 14.451(3) 16.5363(6) 24.577(2)
a [8] 64.265(4) 90 90
b [8] 86.469(4) 95.1640(10) 103.471(3)
g [8] 74.429(4) 90 90
V [K3] 1451.8(5) 2954.35(13) 3173.6(5)
Z 2 4 4
crystal size [mm3] 0.40 M 0.15 M 0.10 0.30 M 0.20 M 0.10 0.25 M 0.10 M 0.08
R-factor [%] 4.00 5.99 6.03
distance of sp3-C–p


interaction [K]
3.58 – 3.73


end-to-end twist [8]:
overall naphthalene 23.9 22.3 20.7
tetraarylbenzo ring 13.1 10.7 11.2


Scheme 1. Proposed mechanism for the formation of 3aa from alkyne 2a and p-xylene 1a.


Scheme 2. Preparation of 1,2,3,4-tetraphenylnaphthalene (3ba) from tri-
phenylphosphine and diphenylacetylene (2a).


Figure 1. Intermolecular CH3–p interactions of 5-n-butyl-8-methyl-
1,2,3,4-tetraphenylnaphthalene (3ea).
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tion of a naphthalene core by one aryl C�P bond cleavage
and one aryl C�H bond activation.


Conclusion


A new and simple method for the preparation of oligosub-
stituted naphthalene derivatives in a one-pot operation from
internal alkynes and an arene or one molecule of triphenyl-
phosphine has been developed. Although the yields ob-
tained with these two protocols are not excellent, the sim-
plicity of the method provides a major advantage. Further
studies of photophysical properties of oligoaryl-substituted
naphthalenes 3,[37] and exploration of mechanistic and syn-
thetic aspects in the construction of complex aromatic com-
pounds are in progress.


Experimental Section


General information : 1H and 13C NMR spectra: Bruker 300 (300 and 75.5
MHz). MS: Bruker Daltonics Apex II30. X-ray crystal structure determi-
nation: The data were collected on a Stoe-Siemens-AED diffractometer.
Melting points were determined with a BNchi melting point apparatus
B545 and are uncorrected. Elemental analysis: Laboratory for elemental
analyses at National Cheng Kung University. Spectroscopic and analytical
data for new compounds, which are not mentioned in Experimental Sec-
tion, are presented as the Supporting Information.


Preparation of 1,2,3,4-Tetraphenylnaphthalene (3ba) from PPh3 and
alkyne 2a : A solution of 2a (326 mg, 1.83 mmol) and PPh3 (160 mg,
0.61 mmol) in CH3CN (2.5 mL) was added over 10 h with a syringe pump
to a vigorously stirred mixture of AgNO3 (324 mg, 1.91 mmol), Cu-
ACHTUNGTRENNUNG(OAc)2·H2O (381 mg, 1.91 mmol), Na2PdCl6·4H2O (33.4 mg, 76.0 mmol),
pyridine (181 mg, 2.29 mmol), PPh3 (40.0 mg, 0.15 mmol) , and alkyne 2a
(82.0 mg, 0.46 mmol) in CH3CN (2 mL) at 110 8C under nitrogen. The
suspension was kept at the same temperature for an additional 26 h.
After the reaction mixture had been cooled to room temperature, it was
filtered over Celite and the filtrate was concentrated. The residue was
subjected to chromatography on SiO2 (hexane/CH2Cl2 7:1 to 3:1) to
afford 3ba (205 mg, 62% (based on PPh3)) as a pale yellow solid. In ad-
dition, 133 mg of 2a was recovered. Colorless crystals could be obtained
by crystallization from CH2Cl2/MeOH. M.p. 203–204 8C; the 1H NMR
spectrum was identical to that reported in the literature.[38]


General procedures for preparation of naphthalenes from an arene 1 and
an alkyne 2 :


Variation 1 (GP1): For an alkyne 2 (i.e. 2a, 2d, 2 f, 2g and 2i) with good
solubility in CH3CN—5,7-dimethyl-1,2,3,4-tetraphenylnaphthalene (3ia):
A solution of alkyne 2a (270 mg, 1.51 mmol) in CH3CN (2 mL) was
added over 10 h with a syringe pump to a vigorously stirred suspension
of AgOAc (500 mg, 3.00 mmol) and Pd ACHTUNGTRENNUNG(OAc)2 (25.6 mg, 0.11 mmol) in
m-xylene (3 i) (2 mL) at 110 8C under nitrogen. The mixture was kept at
the same temperature for an additional 26 h. After the reaction mixture
had been cooled to room temperature, it was filtered over Celite and the
filtrate was concentrated. The residue was subjected to chromatography
on SiO2 (hexane/CH2Cl2 10:1 to 6:1) to afford 3 ia (149 mg, 43% (based
on 2a)) as a pale yellow solid. Colorless crystals were obtained by crys-
tallization from CH2Cl2/MeOH. M.p. 254–255 8C; 1H NMR (300 MHz,
CDCl3): d =1.92 (s, 3H), 2.31 (s, 3 H), 6.71–6.83 (m, 10 H), 7.05–7.30 ppm
(m, 12H); 13C NMR (75.5 MHz, CDCl3, plus DEPT): d =21.4 (+ ), 25.1
(+ ), 124.9 (+ ), 125.1 (+ ), 125.2 (+ ), 126.1 (+ ), 126.2 M 2 (+ ), 126.4 (+ ),
126.7 (+ ), 127.4 (+ ), 129.1 (Cquat), 131.1 (+ ), 131.3 (+ ), 131.4 (+ ), 131.6
(+ ), 132.7 (+ ), 133.6 (Cquat), 134.9 (Cquat), 135.6 (Cquat), 137.9 (Cquat),
138.4 (Cquat), 138.5 (Cquat), 139.5 (Cquat), 140.4 (Cquat), 140.8 M 2 (Cquat),
143.0 ppm (Cquat); MS (70 eV): m/z (%): 460 (100) [M]+ , 194 (17), 176


(15); elemental analysis calcd (%) for C36H28 (460.6): C 93.87, H 6.13;
found: C 93.65, H 6.03; HRMS (EI) m/z : calcd for C36H28: 460.2191;
found: 460.2192 [M]+ .


Variation 2 (GP2): For an alkyne 2 (i.e. , 2b, 2c, and 2d) with poor solu-
bility in CH3CN—5,8-dimethyl-1,2,3,4-tetra ACHTUNGTRENNUNG(4-tolyl)naphthalene (3ac): A
solution of alkyne 2c (311 mg, 1.51 mmol) in p-xylene (2 mL) was added
over 10 h with a syringe pump to a vigorously stirred suspension of
AgOAc (500 mg, 3.00 mmol) and Pd ACHTUNGTRENNUNG(OAc)2 (25.6 mg, 0.11 mmol) in
CH3CN (2 mL) at 110 8C under nitrogen. The mixture was kept at the
same temperature for an additional 26 h. After cooling to room tempera-
ture, filtration over Celite and concentration of the filtrate, the residue
was subjected to chromatography on SiO2 (hexane/CH2Cl2 from 10:1 to
6:1) to afford 3ac (182 mg, 47 % (based on 2c)) as a pale yellow solid.
Colorless crystals were obtained by crystallization from CH2Cl2/MeOH.
M.p. 226–227 8C; 1H NMR (300 MHz, CDCl3): d =1.83 (s, 6H), 2.07 (s,
6H), 2.24 (s, 6H), 6.52–6.61 (m, 8 H), 6.85–6.93 (m, 8H), 7.04 ppm (s,
2H); 13C NMR (75.5 MHz, CDCl3, plus DEPT): d=21.0 (+ ), 21.2 (+ ),
25.1 (+ ), 126.9 (+ ), 127.5 (+ ), 129.4 (+ ), 131.1 (+ ), 131.6 (+ ), 133.2
(Cquat), 133.8 (Cquat), 134.0 (Cquat), 135.2 (Cquat), 137.9 (Cquat), 138.0 (Cquat),
139.5 (Cquat), 140.3 ppm (Cquat); MS (EI, 70 eV): m/z (%): 516 (100) [M]+


, 501 (25), 486 (10); elemental analysis calcd (%) for C40H36 (516.7): C
92.98, H 7.02; found: C 92.72, H 7.02.
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M. Nomura, J. Am. Chem. Soc. 2002, 124, 12680; for Pd-catalyzed
co-cyclizations of benzyne with alkynes, see: l) D. PeÇa, D. PRrez, E.
GuitiSn, L. Castedo, J. Org. Chem. 2000, 65, 6944; m) E. Yoshikawa,
K. V. Radhakrishnan, Y. Yamamoto, J. Am. Chem. Soc. 2000, 122,
7280; n) D. PeÇa, S. Escudero, D. PRrez, E. GuitiSn, L. Castedo,
Angew. Chem. 1998, 110, 2804; Angew. Chem. Int. Ed. 1998, 37,
2659.


[14] Acetoxystilbene and/or its hydrolysis product deoxybenzoin were
obtained in some cases. The former compound should be formed
from 1,2-diphenylethyne (2a) by the hydroacetoxylation. For exam-
ples of metal-catalyzed/mediated hydroacetoxylation of alkynes, see:
a) N. Menashe, Y. Shvo, J. Org. Chem. 1993, 58, 7434; b) S. Uemura,
H. Miyoshi, M. Okano, J. Chem. Soc. Perkin Trans. 1 1980, 1098.


[15] A monitored experiment indicated that naphthalene 3aa was not
generated from 3 sa by Pd-catalyzed debromination.


[16] a) See ref. [13h] and references therein. For a recent review, see:
b) R. A. Pascal, Jr., Chem. Rev. 2006, 106, 4809.


[17] The end-to-end twist of compound 3ea (23.98) is very close to that
of perchloronaphthalene (248), see: F. H. Herbstein, Acta Crystal-
logr. Sect. B 1979, 35, 1661.


[18] CCDC-668637 (3ea), 648605 (3ga), and 671871 (3ac) 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.


[19] p-tert-Butylcalix[4]arene/toluene: a) G. D. Andreetti, R. Ungaro and
A. Pochini, J. Chem. Soc. Chem. Commun. 1979, 1005; p-1,1,3,3-tet-
ramethylbutylcalix[4]-arene/toluene: b) G. D. Andreetti, A. Pochini
and R. Ungaro, J. Chem. Soc. Perkin Trans. 2 1983, 1773. p-tert-bu-
tylcalix[6]arene/toluene: c) G. D. Andreetti, G. Calestani, F. Ugozzo-
li, A. Arduini, E. Ghidini, A. Pochini and R. Ungaro, J. Incl.
Phenom. 1987, 5, 123.


[20] X-ray crystallography tends to underestimate the conformation of
the methyl group. If the methyl C�H bond length and the bond
angle aCCH is assumed to be 1.07 K and 109.58, respectively, then
the distance of methyl hydrogen atom to the tetraphenylbenzo
plane is approximately between 2.52 and 2.97 K.


[21] The standard mean value of the distance for the CH3–planar arene
interaction is 2.75�0.1 K, see: a) O. Takahashi, Y. Kohno, S. Iwasa-
ki, K. Saito, M. Iwaoka, S. Tomoda, Y. Umezawa, S. Tsuboyama, M.
Nishio, Bull. Chem. Soc. Jpn. 2001, 74, 2421. The standard mean
value of the distance for the sp3-CH–fullerene interaction is 2.87�
0.13 K, see: b) H. Suezawa, T. Yoshida, S. Ishihara, Y. Umezawa, M.
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graphic study, see: c) M. Nishio, CrystEngComm, 2004, 6, 130; for a
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100, 4253.


[22] a) M. Tani, S. Sakaguchi, Y. Ishii, J. Org. Chem. 2004, 69, 1221; b) C.
Jia, W. Lu, T. Kitamura, Y. Fujiwara, Org. Lett. 1999, 1, 2097; c) Y.
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Chem. Soc. 1969, 91, 7166; d) Y. Fujiwara, I. Moritani, M. Matsuda,
Tetrahedron 1968, 24, 4819; e) I. Moritani, Y. Fujiwara, Tetrahedron
Lett. 1967, 8, 1119; for a review see: f) I. Moritani, Y. Fujiwara, Syn-
thesis 1973, 524.


[23] Several PdII catalysts have been found to produce hexasubstituted
benzenes, such as 6, by the [2+2+2] cyclotrimerzation of internal al-
kynes 2, with a palladacyclopentadiene of type 5 as a key intermedi-
ate, see: a) Y.-S. Fu, S. J. Yu, Angew. Chem. 2001, 113, 451; Angew.
Chem. Int. Ed. 2001, 40, 437; b) A. K. Jhingan, W. F. Maier, J. Org.
Chem. 1987, 52, 1161; c) K. Ogura, T. Aizawa, K. Uchiyama, H.
Iida, Bull. Chem. Soc. Jpn. 1983, 56, 953; it has been confirmed that
a PdII, not a Pd0, species is the reactive form for a [2+2+2] cycload-
dition, see: d) T. Yokota, Y. Sakurai, S. Sakaguchi, Y. Ishii, Tetrahe-
dron Lett. 1997, 38, 3923.


[24] An organopalladium(IV) intermediate similar to complex 5 has
been detected, see: a) R. van Belzen, H. Hoffmann, C. J. Elsevier,
Angew. Chem. 1997, 109, 1833; Angew. Chem. Int. Ed. Engl. 1997,
36, 1743; reviews for organopalladium(IV) complexes in organic
synthesis, see: b) C. J. Elsevier in Handbook of Organopalladium
Chemistry for Organic Synthesis (Eds.: E. Negishi, A. de Meijere),
Wiley, New York, 2002, pp. 189 –211; c) C. J. Elsevier, Coord. Chem.
Rev. 1999, 185–186, 809; d) A. J. Canty, Acc. Chem. Res. 1992, 25,
83.


[25] p-Xylene (2 mL; 16.2 mmol) is used in large excess with respect to
2a (1.5 mmol) in these reactions.


[26] Compound 11 has been previously characterized as a twisted mole-
cule, see: R. A. Pascal, Jr., D. van Engen, B. Kahr, W. D. McMillan,
J. Org. Chem. 1988, 53, 1687.


[27] Traces of hexamethyl benzenehexacarboxylate were also isolated
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phosphorus species, see: a) V. V. Grushin, Organometallics 2000, 19,
1888; b) X.-M. Zhang, A. J. Fry, F. G. Bordwell, J. Org. Chem. 1996,
61, 4101; c) W. A. Herrmann, C. BroBmer, K. Ufele, C.-P. Reisinger,
T. Priermeier, M. Beller, H. Fischer, Angew. Chem. 1995, 107, 1989;
Angew. Chem. Int. Ed. Engl. 1995, 34, 1844; d) W. A. Herrmann, C.
BroBmer, K. Ufele, M. Beller, H. Fischer, J. Mol. Catal. A 1995,
103, 133; e) H. Nakazawa, Y. Matsuoka, I. Nakagawa, K. Miyoshi,
Organometallics 1992, 11, 1385; f) T. Yamane, K. Kikukawa, M.
Takagi, T. Matsuda, Tetrahedron 1973, 29, 955. Review, see: g) P. E.
Garrou, Chem. Rev. 1985, 85, 171.


[31] For Pd0-catalyzed reactions of quaternary phosphonium halides with
olefins, organoboranes, and alkynes, see: a) L. K. Hwang, Y. Na, J.
Lee, Y. Do, S. Chang, Angew. Chem. 2005, 117, 6322; Angew. Chem.
Int. Ed. 2005, 44, 6166; b) M. Sakamoto, I. Shimizu, A. Yamamoto,
Chem. Lett. 1995, 1101.
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[35] Reaction of PPh3 with AgNO3 in CH3CN at room temperature gave
a mixture of [Ag ACHTUNGTRENNUNG(PPh3)2]NO3 and [Ag ACHTUNGTRENNUNG(PPh3)NO3] within 10 min in
> 90 % yield.


[36] Reaction of [Ag ACHTUNGTRENNUNG(PPh3)2]NO3 with alkyne 2a in our catalytic system
Cu ACHTUNGTRENNUNG(OAc)2·H2O (2 equiv), Na2 ACHTUNGTRENNUNG[PdCl6]·4H2O (8 mol %), AgNO3


(1.2 equiv), and pyridine (2.4 equiv) in CH3CN at 110 8C for 36 h
gave 3ba in 48% yield (based on PPh3; 96% yield based on [Ag-
ACHTUNGTRENNUNG(PPh3)2]NO3). In the absence of the additional AgNO3, 3ba (24 %)
can also be isolated.


[37] A preliminary study indicated that naphthalene 3 ia displays aggre-
gation-induced emission (M. Y. Kuo, Y. T. Wu unpublished results).


[38] T. Kitamura, M. Yamane, K. Inoue, M. Todaka, N. Fukatsu, Z.
Meng, Y. Fujiwara, J. Am. Chem. Soc. 1999, 121, 11674.


Received: March 24, 2008
Published online: June 12, 2008


Chem. Eur. J. 2008, 14, 6697 – 6703 F 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 6703


FULL PAPERPalladium-Catalyzed Synthesis of Napthalenes



http://dx.doi.org/10.1021/ja992324x

www.chemeurj.org






DOI: 10.1002/chem.200800734


Fragmentation of Carbohydrate Anomeric Alkoxyl Radicals:
New Synthesis of Chiral 1-Fluoro-1-halo-1-iodoalditols


Cosme G. Francisco,[a] Concepci/n C. Gonz1lez,*[a] Alan R. Kennedy,[b]


Nieves R. Paz,[a] and Ernesto Su1rez*[a]


Introduction


The field of fluoroorganic chemistry has received considera-
ble attention in recent decades. Extensive research has al-
ready been carried out into the incorporation of one or sev-
eral fluorine atoms into organic substrates, which can lead
to profound effects on the physical, chemical and biological
properties of the molecules,[1] as exemplified by the growing
number of pharmaceutical and plant protection agents that
have fluorine incorporated in their structure.[2]


Among them, gem-difluoro compounds have become a
significant area of research[3] since CH2/CF2 transposition
has been recognised as a valuable tool in the blockage of


metabolic processes,[4] and the difluoromethylene functional-
ity is known to be isostere and isopolar to an oxygen
atom.[5] The introduction of a gem-difluoromethyl group
into bioactive compounds can enhance or alter their activity
dramatically.
Recently, fluorinated carbohydrates[6] (fluorosugars) have


attracted increased attention from organic chemists. The ac-
tivity of fluorosugars is mostly attributed to the replacement
of a hydroxyl group by fluorine in a carbohydrate residue,
which causes electronic effects on neighbouring groups with
minimal steric perturbation to the original structure or con-
formation. Only a few gem-difluorinated sugars have been
reported,[7] which is probably due to the shortcomings of the
existing synthetic methods. Therefore novel and efficient
methods to introduce the gem-difluoromethyl group into
sensitive molecules are still required.
In recent years, we have developed the synthesis of 1-


deoxy-1-halo-1-iodoalditols based on the anomeric alkoxyl
radical fragmentation (ARF)[8] of 2-deoxy-2-halo-glycofura-
noses and pyranoses. The glycopyran-1-O-yl and glycofuran-
1-O-yl radicals were easily generated by reaction of 2-halo-
carbohydrate anomeric alcohols with hypervalent iodine re-
agents in the presence of molecular iodine or bromine. Sub-
sequently, alkoxyl-radical-driven fragmentation of the C1�
C2 bond afforded a C2 radical that could be trapped inter-
molecularly by halogen atoms from the medium. In this


Abstract: A new general methodology
for the synthesis of 1,1,1-trihaloalditols
by starting from 1,5-anhydro-2-deoxy-
hex-1-enitol derivatives (glycals) is de-
scribed. The halogens are introduced
sequentially in each of the three differ-
ent steps of the process. The fluorine is
introduced in the first step by electro-
philic fluorination of the starting
glycal; next, hydroxyhalogenation of
the resulting vinyl fluoride allows the
addition of any halogen (F, Cl, Br or I)


at will, and finally, an iodine atom is in-
serted through an alkoxyl radical frag-
mentation reaction. This methodology
allows the preparation of diverse types
of 1,1,1-trihalogenated compounds (R�
CF2I, R�CFI2, R�CFClI and R�
CFBrI) under mild conditions compati-


ble with sensitive substituents. In some
cases, the diastereomeric mixtures gen-
erated from R�CFClI and R�CFBrI
can be chromatographically separated,
and their configuration determined by
X-ray crystallographic analysis. The
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way, 1,1-dihaloalditols with one less carbon atom than the
starting sugar were obtained in good yields.[9] 1,1-Dihaloal-
kanes are versatile compounds in organic synthesis and have
attracted much interest as intermediates in C�C bond-form-
ing reactions.[10]


With these results in hand, we turned our attention to a
general protocol for the synthesis of 1,1,1-trihaloalditols by
starting from a glycal as outlined in Scheme 1, in which the
halogens are introduced sequentially in each of the three
different steps of the process. The fluorine is introduced in
the first step by electrophilic fluorination; next, hydroxyha-
logenation of the vinyl fluoride allows the addition of any
halogen and finally, the iodine is inserted through a radical
ARF reaction.


This methodology should prove useful in the synthesis of
a number of fluorinated 1,1,1-trihaloalditols of the general
structure R�CFIX (X=F, Cl, Br, I). 1,1-Difluoro-1-iodoaldi-
tols can be obtained when X=F.[11] These compounds may
be of interest as building blocks to introduce a gem-difluoro-
methylene group in target polyhydroxylated chiral mole-
cules. This reaction can also provide useful access to 1,1-
diiodo-1-fluoroalditols when X= I.[12] 1,1-Diiodoalkanes are
a valuable class of organic compounds that are extensively
useful in organic synthesis.[13] Finally, an alditol with three
different halogen atoms can also be obtained when X=Br
or Cl.[14] Chiral 1,1,1-trihaloalkanes constitute an interesting
group of organic compounds that includes chiral trihalome-
thanes, which is one of the smallest chiral molecules and has
been the subject of several studies that deal with important
physical and chemical aspects of chirality.[15]


Until now, there appears to be no general methodology
directed towards the synthesis of asymmetric carbon atoms
that bear three different halogen atoms.[16] For example, one
of the simplest compounds of this type is bromochloro-
fluoromethane, which was first synthesised at the end of the
1800s.[17] Almost a century elapsed before the enantiomers
would be even partially resolved and the absolute configura-
tion assigned.[16d,e,18]


Results and Discussion


Synthesis of 2-deoxy-2-fluoro-hex-1-enitols : Vinyl fluorides
1–11 (DNBz=3,5-dinitrobenzoyl) used in this study were
synthesised from the corresponding 2-deoxy-hex-1-enitol
(glycals) by following the protocols outlined in Scheme 2.
Glycals were treated with Selectfluor in dry nitromethane
by using magnesium bromide as a nucleophile.[19] Elimina-


tion of the anomeric bromide obtained from this reaction
with triethylamine in acetonitrile afforded the required vinyl
fluoride. By following this methodology (method A), we
were able to prepare substrates 1, 5 and 11, which are de-
rived from d-galactal,[20] l-fucal and l-arabinal, respectively.
When method A was used, vinyl fluorides derived from d-


glucal[20,21] 9 and l-rhamnal 10 resulted in mixtures that
were difficult to separate. A somewhat different sequence
(method B) was required in these two cases, as exemplified
by the reaction of d-glucal. The hex-enitol was also treated
with Selectfluor, but in aqueous nitromethane to afford the
mano and gluco-derived fluorohydrin mixtures, which were
separated after acetylation. Subsequent substitution of the
anomeric acetyl group in the gluco derivative by bromide
with HBr/HOAc, followed by elimination of the HBr with
triethylamine (TEA), gave the desired vinyl fluorides in
good yields.
The remainder of the vinyl fluorides 3, 4, 7 and 8 were


prepared from the 2-deoxy-2-fluoro-d-arabino-hex-1-enitol
derivative 1. Hydrolysis of acetate groups with K2CO3/
MeOH yielded the triol 2.[19a] Treatment with NaH and MeI
or BnBr gave 3 and 4 in moderate yields. Reaction of 1 with
dimethoxypropane and subsequent protection of 6 with
benzyl bromide or dinitrobenzoyl chloride afforded models
7 and 8.
In previous communications we have described some pre-


liminary results,[11,14] and now we report the full details of
these experiments and their extension to a number of new
models.
We have synthesised 2,2-dihalohydrins 12–39 from 2-


deoxy-2-fluoro-hex-1-enitols 1–11 as outlined in Table 1. Di-
fluorohydrins (42–76%),[22] chlorofluorohydrins (40–
75%),[21] bromofluorohydrins (55–82%)[23] and fluoroiodo-


Scheme 1. Synthesis of 1,1,1-trihaloalditols. R=Protective group, R1=
CH2OAc, CH3, H; X=F, Cl, Br, I.


Scheme 2. Synthesis of 1,5-anhydro-2-deoxy-2-fluoro-hex-1-enitols. R=


CH2OAc, CH3, H. Method A: a) i) Selectfluor (1.5 equiv), nitromethane,
15 h; ii) MgBr2 (2 equiv), reflux, 1 h; c) Et3N (3 equiv), acetonitrile,
reflux, 1.5 h. Method B: b) i) Selectfluor (1.5 equiv), nitromethane/H2O,
RT, 6 h, then reflux 0.5 h; ii) Ac2O, pyridine; iii) HBr/HOAc, Ac2O, 2 h;
c) Et3N (3 equiv), acetonitrile, reflux, 1 h.
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hydrins (66–94%)[21c,24] were prepared by treatment with Se-
lectfluor,[16,25] N-chlorosuccinimide,[26] N-bromoacetamide[27]


and N-iodosuccinimide,[28] respectively. Encouraged by the
ease of construction of these mixed dihalohydrins, we decid-


ed to extend and delineate the
scope of our general protocol,
particularly in regard to the in-
fluence of the stereochemistry
of the saccharide on the stereo-
selectivity of the radical reac-
tion.
The ARF reactions were per-


formed under the conditions
stated in the table, with (diace-
toxyiodo)benzene (DIB) and
iodine in CH2Cl2 at room tem-
perature and irradiation with
two 80 W tungsten filament
lamps. The reactions proceeded
smoothly with complete con-
sumption of the starting materi-
al and without isomerisation of
the adjacent stereogenic centre.
No side products were detected
in the crude reaction mixtures,
even in those with moderate
yields.
The first three models shown


in entries 1–16 of Table 1 illus-
trate the transformation of 2-
deoxy-2-fluoro-2-halo-galacto-
pyranose derivatives 12–27 into
1-deoxy-1-fluoro-1-halo-1-iodo-
arabinitols 40–55,[28] with one
carbon atom less than the start-
ing material, which proceeded
in moderate to good yields. The
yields of benzyl-protected car-
bohydrates (entries 6–8, 13 and
14) are significantly smaller
(compare, for example, en-
tries 3 with 7 and 13). This may
be attributable to intermolecu-
lar reactions since it has been
reported that alkoxyl radicals
generated under DIB/I2 condi-
tions can be used to deprotect
benzyl ethers in carbohydrate
substrates.[30]


As might be expected, nei-
ther the chloro (entries 2 and
10) nor bromo (entries 3, 7 and
11) series of mixed trihaloaldi-
tols exhibited any significant
diastereoselectivity, and in the
great majority of cases, they
were obtained as inseparable


equimolecular mixtures of diastereomers. Notwithstanding,
from more sterically demanding substrates (entries 13, 15
and 16), compounds 52, 54 and 55 were obtained with a
slight but significant level of diastereoselection.


Table 1. Synthesis of 1,1,1-trihaloalditols.[a]


Entry Substrate[b] Product Yield [%] (dr)[c]


1 12 : R=Ac, X=F 40 : R=Ac, X=F 75
2 13 : R=Ac, X=Cl 41: R=Ac, X=Cl 67 (1:1)
3 14 : R=Ac, X=Br 42 : R=Ac, X=Br 60 (1:1)
4 15 : R=Ac, X= I 43 : R=Ac, X= I 81
5 16 : R=Me, X=F 44 : R=Me, X=F 57
6 17: R=Bn, X=F 45 : R=Bn, X=F 33
7 18 : R=Bn, X=Br 46 : R=Bn, X=Br 46 (1:1)
8 19 : R=Bn, X= I 47: R=Bn, X= I 58


9 20 : X=F 48 X=F 76
10 21: X=Cl 49 : X=Cl 79 (1:1)
11 22 : X=Br 50 : X=Br 72 (1:1)
12 23 : X= I 51: X= I 79


13 24 : R=Bn, X=Br ACHTUNGTRENNUNG(R/S)-52 : R=Bn, X=Br 46 (3:2)
14[d] 25 : R=Bn, X= I 53 : R=Bn, X= I 55
15[e] 26 : R=DNBz, X=Cl ACHTUNGTRENNUNG(R/S)-54 : R=DNBz, X=Cl 76 (3:2)
16[f] 27: R=DNBz, X=Br ACHTUNGTRENNUNG(R/S)-55 : R=DNBz, X=Br 66 (2:1)


17 28 : X=F 56 : X=F 71
18 29 : X=Cl 57: X=Cl 60 (1:1)
19 30 : X=Br 58 : X=Br 71 (1:1)
20 31: X= I 59 : X= I 75


21 32 : X=F 60 : X=F 82
22 33 : X=Cl 61: X=Cl 70 (1:1)
23 34 : X=Br 62 : X=Br 80 (1:1)
24 35 : X= I 63 : X= I 83


25 36 : X=F 64 : X=F 77
26 37: X=Cl 65 : X=Cl 84 (1:1)
27 38 : X=Br 66 : X=Br 65 (1:1)
28 39 : X= I 67: X= I 94


[a] All reactions were performed in dry CH2Cl2 (50 mLmmol
�1) under irradiation with two 80 W tungsten fila-


ment lamps at room temperature for 1 h and contained 1.5 mmol (diacetoxyiodo)benzene (DIB) and 1.5 mmol
I2 per mmol of substrate. [b] The great majority of dihalohydrins are mixtures at C1 and/or C2, the composi-
tion of each one is specified in the Supporting Information section. [c] Isolated yield. [d] The reaction was
completed in 0.5 h. [e] DNBz=3,5-dinitrobenzoyl. [f] The reaction was completed in 0.75 h.
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Although the diastereomeric mixture 52 could be separat-
ed by careful chromatography, unfortunately the crystals ob-
tained of (S)-52 were not suitable for X-ray analysis. We
prepared 3,5-dinitrobenzoates 54 and 55 (entries 15 and 16)
with the aim to eventually establish the absolute configura-
tion at C1 by X-ray crystallography. The diastereomeric mix-
tures could be separated by chromatography and their struc-
tures were confirmed by 1H, 13C NMR spectroscopies includ-
ing DEPT, COSY, HMQC and HMBC experiments. Crystal-
lisation of the minor isomers (S)-54 and (S)-55 from n-
hexane/EtOAc provided colourless crystals suitable for X-
ray studies, which permitted the determination of the C1
stereochemistry as stated (Figure 1).[31]


Some features of the X-ray crystal structures of (S)-54
and (S)-55 deserve brief comment. The F�C1 bond exhibits
a nearly antiperiplanar relationship with the C2�O bond
with a F-C1-C2-O dihedral angle of 174.6 and 171.88, respec-
tively. This is quite surprising considering the stereoelec-
tronic preference of two vicinal electronegative atoms to
adopt a gauche in favour of an anti conformation. This coun-
terintuitive gauche effect seems to be quite general and has
been the subject of numerous synthetic and theoretical stud-
ies, particularly with oxygen
and fluorine atoms.[32] Further-
more, as a consequence of this
anti conformation, in both iso-
mers (S)-54 and (S)-55 the vol-
uminous iodine atom is point-
ing towards the acetal ring
plane in an apparently energeti-
cally disfavoured arrangement.
The conformation of the acetal
ring in the crystalline structure
was determined as O3T3 with
very similar phase angles for
both isomers (P=103.4 for (S)-
54 and 106.58 for (S)-55).[33]


Other highlighted features of
compounds 54 and 55 are the
differences between the 1JF,C


and 3JF,H coupling constants, particularly in the S isomers
(327 and 14.6 Hz for (S)-54 and 314 and 20.7 Hz for (S)-55,
respectively), which may be attributable to substituent ef-
fects and/or conformational changes in solution.[34] Even
more surprising is the small but significant difference ob-
served in the 3JH,H coupling constant between the protons at
C3 and C4 (5.3 Hz for (S)-54 and 2.9 Hz for (S)-55), most
probably due to the flexible nature of the isopropylidene
ring in solution.
Next, the reaction was examined with other types of car-


bohydrates to test the generality and applicability of this
methodology. Models derived from d- and l-arabino-hexo-
pyranoses (entries 17–24) and l-erythro-pentopyranoses (en-
tries 25–28) were used, and the results are summarised in
Table 1. As can be observed, the reaction worked very well
for all halogen atoms, and the 1,1,1-trihaloalditols 56–67
were obtained in good yields. As well as in the examples of
low steric demand discussed before, the radical fragmenta-
tion occurs with low diastereoselectivity and trihaloalditols
were obtained as equimolecular mixtures of isomers that
were difficult to separate by chromatography.
It is necessary to remark that all of the trihaloalditols ob-


tained were quite stable and could be purified by chroma-
tography over silica gel and handled without special precau-
tions apart from avoiding overexposure to light or heat and
can be kept for months in the freezer without significant de-
composition. The synthetic usefulness of these compounds
as building blocks for the preparation of organofluorine
compounds has been preliminarily assessed, and the results
are summarised in Scheme 3.[35] We were particularly inter-
ested in the reactivity of the fluorinated radical generated
by rupture of the C�I bond. The reductive deiodination of
compound 40 with tributyltin hydride/2,2N-azobisisobutyroni-
trile (AIBN) led to 1,3,4-tri-O-acetyl-5-deoxy-5,5-difluoro-2-
O-formyl-d-arabinitol (68) in excellent yield.[36] Radical in-
termolecular allylation was also possible by following the
Keck and Yates protocol.[37] Reaction of difluoroiodo com-
pound 48 and diiodofluoro compound 43 with allyltributyl
stannane in the presence of AIBN gave the expected allyl


Figure 1. The X-ray structure of (S)-54 showing the anti relationships be-
tween the C1�F and C2�O bonds.


Scheme 3. a) Bu3SnH (5 equiv), AIBN (0.4 equiv), PhH (30 mL), reflux, 0.5 h; b) allyltributylstannane
(5 equiv), AIBN (0.4 equiv), PhH (30 mL), reflux, 40 min; c) Grubbs catalyst [(PCy3)2Cl2Ru=CHPh]
(0.1 equiv), CH2Cl2 (40 mL), RT, 1 h.
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compound 69 and diallyl compound 70 in good yields.[38]


Ring-closing metathesis (RCM) of compound 70 provided
the tertiary fluoride compound 71 in 90% yield.[39]


Conclusion


We believe that the reported methodology will be of interest
because it permits the facile preparation of mono- or gem-
difluorinated chiral building blocks for incorporation into
important complex target molecules. Also, we report for the
first time on the chromatographic resolution of diastereoiso-
meric mixtures of 1-bromo or 1-chloro-1-deoxy-1-fluoro-1-
iodo-alkanes of this type, and the determination of their ab-
solute configuration by X-ray crystallographic analysis. In
summary, the ARF reaction of 2-fluoro-2-halohydrins de-
rived from carbohydrates provides a good method of prepar-
ing 1,1,1-trihaloalditols with one carbon atom less than the
original carbohydrate and offers special advantages, such as
ready accessibility of the starting material, experimental
simplicity, good yields and mild conditions that are compati-
ble with the stability of the protective groups most common-
ly used in carbohydrate chemistry. Further exploration of
the synthetic potential of these compounds is currently
under investigation in our laboratory.


Experimental Section


General methods : Melting points were determined with a hot-stage appa-
ratus and are uncorrected. Optical rotations were measured at the
sodium line at ambient temperature in CHCl3 solutions. IR spectra were
recorded in CCl4 solutions unless otherwise stated. NMR spectra were
determined at 400 MHz for 1H, 100.6 MHz for 13C in CDCl3 and
376.5 MHz for 19F in CDCl3 unless otherwise stated, in the presence of
TMS as an internal standard. Mass spectra were determined at 70 eV.
Merck silica gel 60 PF (0.063–0.2 mm) was used for column chromatogra-
phy. Circular layers of 1 mm of Merck silica gel 60 PF254 were used on a
Chromatotron for centrifugally assisted chromatography. Commercially
available reagents and solvents were of analytical grade or were purified
by standard procedures prior to use. All reactions involving air or mois-
ture-sensitive materials were carried out under a nitrogen atmosphere.
TLC plates were visualised by spraying with a solution of 0.5% vanillin
in H2SO4/EtOH (4:1) and heating until development of colour.


General procedure for the synthesis of 2-deoxy-2,2-difluoropyranoses :
F-TEDA-BF4 (Selectfluor) (1.5 mmol) was added to a solution of the cor-
responding 2-deoxy-2-fluoro-hex-1-enitol (1 mmol) in nitromethane
(10 mL) and H2O (2 mL) and the mixture was stirred at room tempera-
ture until the disappearance of the starting material was observed by
TLC (15 h). The mixture was then heated to reflux for 0.5 h, poured into
brine and extracted with EtOAc. The organic layer was dried and con-
centrated in vacuo. Column chromatography of the residue (hexanes/
EtOAc mixtures) afforded the required difluorohydrin compounds.


General procedure for the synthesis of 2-deoxy-2,2-chlorofluoropyrano-
ses : A solution of the corresponding 2-deoxy-2-fluoro-hex-1-enitol
(1 mmol) in THF (20 mL) and H2O (10 mL), which contained N-chloro-
succinimide (2 mmol) was heated at 50 8C for 6–12 h. The mixture was
then poured into H2O and extracted with EtOAc. The organic layer was
dried and concentrated in vacuo. Column chromatography of the residue
(hexanes/EtOAc mixtures) afforded the required chlorofluorohydrin
compounds.


General procedure for the synthesis of 2-deoxy-2,2-bromofluoropyrano-
ses : A solution of the corresponding 2-deoxy-2-fluoro-hex-1-enitol
(1 mmol) in THF (20 mL) and H2O (5 mL), which contained freshly crys-
tallised N-bromoacetamide (1.5 mmol) was stirred at room temperature
for 1–7.5 h. The mixture was then poured into H2O and extracted with
EtOAc. The organic layer was dried and concentrated in vacuo. Column
chromatography of the residue (hexanes/EtOAc mixtures) afforded the
required bromofluorohydrin compounds.


General procedure for the synthesis of 2-deoxy-2,2-fluoroiodopyranoses :
A solution of the corresponding 2-deoxy-2-fluoro-hex-1-enitol (1 mmol)
in THF (10 mL) and H2O (5 mL), which contained N-iodosuccinimide
(2 mmol) was stirred at room temperature (without light exposure) for 1–
4 h. The mixture was diluted with EtOAc, poured into H


2
O and extracted


with EtOAc. The organic layer was washed with aq Na2S2O3, dried and
concentrated in vacuo. Column chromatography of the residue (hexanes/
EtOAc mixtures) afforded the required fluoroiodohydrin compounds.


General procedure for the ARF reaction : A solution of the dihalohydrins
(1 mmol) in CH2Cl2 (50 mL), which contained (diacetoxyiodo)benzene
(1.5 mmol) and I2 (1.5 mmol) was irradiated with two 80 W tungsten-fila-
ment lamps at room temperature. The mixture was then poured into
H


2
O and extracted with CH2Cl2. The organic layer was washed with aq


Na2S2O3, dried and concentrated in vacuo. Column chromatography of
the residue (hexanes/EtOAc mixtures) afforded the halo-fluoro-iodine
compounds. No special precautions needed to be taken to exclude light
during workup and chromatography, and these compounds could be
stored indefinitely under N2 at �20 8C in the dark.
1,3,4-Tri-O-acetyl-5-deoxy-5,5-difluoro-2-O-formyl-5-iodo-d-arabinitol
(40): Oil (75%); [a]D=++23.4 (c=0.73); 1H NMR: d =2.05 (s, 3H), 2.14
(s, 3H), 2.18 (s, 3H), 3.91 (dd, J=7.4, 11.7 Hz, 1H), 4.31 (dd, J=5.0,
11.7 Hz, 1H), 5.19 (ddd, J=8.6, 3JF,H=6.1, 11.1 Hz, 1H), 5.52 (dddd, J=


1.0, 2.1, 5.0, 7.4 Hz, 1H), 5.61 (dd, J=2.1, 8.6 Hz, 1H), 8.00 ppm (br s,
1H); 13C NMR: d=20.5 (CH3), 20.6 (CH3), 20.8 (CH3), 61.6 (CH2), 67.3
(CH), 68.2 (CH), 72.5 (dd, 2JF,C=24.4, 24.4 Hz; CH), 100.4 (dd, 1JF,C=


314.3, 314.3 Hz; C), 159.7 (CH), 168.3 (C), 169.1 (C), 170.3 ppm (C);
19F NMR: d=�46.3 (dd, 3JF,H=9.8, 2JF,F=197.3 Hz, 1F), �50.8 ppm (dd,
3JF,H=13.8, 2JF,F=197.3 Hz, 1F); IR: ñ =1762, 1736, 1230, 1198 cm�1; MS
(70 eV, EI): m/z (%): 407 (<1) [M�OCOH]+ , 393 (3), 325 (33), 283
(100), 263 (86); HRMS (EI): m/z : calcd for C11H14F2IO6: 406.9803
[M�OCOH]+; found: 406.9802; elemental analysis calcd (%) for
C12H15F2IO8 (452.15): C 31.88, H 3.34; found: C 31.95, H 3.31.


1,3,4-Tri-O-acetyl-5-deoxy-5-fluoro-2-O-formyl-5,5-diiodo-d-arabinitol
(43): Crystalline solid (81%); m.p. 103–104 8C (n-hexane/EtOAc); [a]D=


+14.4 (c=0.16); 1H NMR (500 MHz): d=2.03 (s, 3H), 2.13 (s, 3H), 2.18
(s, 3H), 3.88 (dd, J=7.4, 11.7 Hz, 1H), 4.31 (dd, J=4.8, 11.7 Hz, 1H),
5.24 (dd, J=7.4, 2JF,H=7.4 Hz, 1H), 5.51–5.55 (m, 2H), 8.00 ppm (s, 1H);
13C NMR (125.7 MHz): d=20.6 (CH3), 20.8 (CH3), 21.1 (CH3), 27.8 (d,
1JF,C=325.1 Hz; C), 61.8 (CH2), 67.8 (CH), 70.9 (CH), 76.8 (d,


2JF,C=


8.8 Hz; CH), 159.8 (CH), 168.4 (C), 169.2 (C), 170.3 ppm (C); 19F NMR:
d=�69.8 ppm (s, 1F); IR: ñ=1760, 1736, 1370, 1230, 1196 cm�1; MS
(70 eV, EI): m/z (%): 501 (<1) [M�OAc]+ , 433 (<1), 331 (14), 263
(100); HRMS (EI): m/z : calcd for C10H12FI2O6: 500.8707 [M�OAc]+ ;
found: 500.8710; elemental analysis calcd (%) for C12H15FI2O8 (560.05):
C 25.72, H 2.70; found: C 25.89, H 2.73.


5-Deoxy-5,5-difluoro-2-O-formyl-5-iodo-1,3,4-tri-O-methyl-d-arabinitol
(44): Oil (57%); [a]D=++9.0 (c=0.10); 1H NMR: d =2.98 (ddd, J=7.9,
3JF,H=6.0, 8.7 Hz, 1H), 3.41 (s, 3H), 3.52 (s, 3H), 3.53 (dd, 5JF,H=0.8,
1.3 Hz, 3H), 3.58 (d, J=6.7 Hz, 2H), 3.63 (dd, J=2.3, 7.9 Hz, 1H), 5.42
(dddd, J=1.0, 2.3, 6.7, 6.7 Hz, 1H), 8.14 ppm (d, J=1.0 Hz, 1H);
13C NMR: d =59.0 (CH3), 60.8 (d,


5JF,C=1.6 Hz; CH3), 61.2 (d,
4JF,C=


2.7 Hz; CH3), 69.6 (CH2), 70.6 (CH), 79.4 (d,
3JF,C=4.3 Hz; CH), 84.8


(dd, 2JF,C=19.4, 20.0 Hz; CH), 107.9 (dd, 1JF,C=316.6, 322.4 Hz; C),
160.1 ppm (CH); 19F NMR: d=�41.7 (dd, 3JF,H=8.8, 2JF,F=200.9 Hz, 1F),
�47.1 ppm (dd, 3JF,H=7.8, 2JF,F=200.9 Hz, 1F); IR: ñ=2937, 1728, 1175,
1224 cm�1; MS (70 eV, EI): m/z (%): 353 (1) [M�CH3]+ , 291 (6), 265 (8),
195 (5), 163 (8), 147 (100); HRMS (EI): m/z : calcd for C8H12F2IO5:
352.9698 [M�CH3]+ ; found: 352.9699; elemental analysis calcd (%) for
C9H15F2IO5 (368.12): C 29.36, H 4.11; found: C 29.47, H 4.09.
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1,3,4-Tri-O-benzyl-5-deoxy-5,5-difluoro-2-formyl-5-iodo-d-arabinitol (45):
Crystalline solid (46%); m.p. 52.5–53.6 8C (n-hexane/EtOAc); [a]D=


�38.5 (c=0.14); 1H NMR: d =3.44 (ddd, J=7.1, 3JF,H=7.1, 8.2 Hz, 1H),
3.60 (dd, J=6.9, 9.8 Hz, 1H), 3.64 (dd, J=5.8, 9.8 Hz, 1H), 4.02 (dd, J=


2.6, 7.1 Hz, 1H), 4.47 (d, J=11.8 Hz, 1H), 4.51 (d, J=11.8 Hz, 1H), 4.53
(d, J=10.8 Hz, 1H), 4.57 (d, J=10.8 Hz, 1H), 4.76 (d, J=10.6 Hz, 1H),
4.87 (d, J=10.6 Hz, 1H), 5.47 (dddd, J=0.8, 2.6, 5.8, 6.9 Hz, 1H), 7.25–
7.39 (m, 15H), 8.00 ppm (dd, J=0.8, 0.8 Hz, 1H); 13C NMR: d=67.2
(CH2), 70.9 (CH), 73.3 (CH2), 74.6 (CH2), 75.1 (CH2), 77.1 (d,


3JF,C=


4.3 Hz; CH), 82.8 (dd, 2JF,C=19.3, 20.3 Hz; CH), 104.4 (dd, 1JF,C=324.5,
366.4 Hz; C), 127.8 (2OCH), 127.9 (CH), 128.0 (CH), 128.1 (2OCH),
128.3 (CH), 128.4 (2OCH), 128.46 (4OCH), 128.5 (2OCH), 136.3 (C),
137.2 (C), 137.4 (C), 160.2 ppm (CH); 19F NMR: d=�40.9 (d, 2JF,F=


183.5 Hz, 1F), �46.4 ppm (d, 2JF,F=183.5 Hz, 1F); IR: ñ=3018, 2930,
1727, 1455, 1178, 1115 cm�1; MS (70 eV, EI): m/z (%): 505 (1) [M�Bn]+ ,
399 (1), 309 (1), 271 (1), 91 (100); HRMS (EI): m/z calcd for
C20H20F2IO5: 505.0324 [M�Bn]+ ; found: 505.0347; elemental analysis
calcd (%) for C27H27F2IO5 (596.41): C 54.37, H 4.56; found: C 54.14, H
4.40.


1,3,4-Tri-O-benzyl-5-deoxy-5-fluoro-2-formyl-5,5-diiodo-d-arabinitol (47):
Oil (58%); [a]D=�11.2 (c=0.34); 1H NMR: d =3.62 (dd, J=1.1, 6.4 Hz,
2H), 3.78 (dd, J=5.6, 3JF,H=8.5 Hz, 1H), 4.07 (dd, J=2.9, 5.6 Hz, 1H),
4.44 (d, J=11.9 Hz, 1H), 4.49 (d, J=11.9 Hz, 1H), 4.57 (d, J=11.1 Hz,
1H), 4.78 (d, J=10.9 Hz, 1H), 4.86 (d, J=11.1 Hz, 1H), 5.06 (d, J=


10.9 Hz, 1H), 5.51 (ddd, J=2.6, 6.4, 6.4 Hz, 1H), 7.26–7.43 (m, 15H),
7.96 ppm (s, 1H); 13C NMR: d =36.6 (d, 1JF,C=328.5 Hz; C), 67.6 (CH2),
71.3 (CH), 73.2 (CH2), 74.1 (CH2), 75.7 (CH2), 78.2 (CH), 88.6 (d,


2JF,C=


17.7 Hz; CH), 127.8–128.6 (15OCH), 136.6 (C), 137.3 (C), 137.5 (C),
160.3 ppm (CH); 19F NMR: d=�64.1 ppm (d, 3JF,H=6.2 Hz, 1F); IR: ñ=


3067, 3033, 2929, 1732, 1456, 1172, 1098 cm�1; MS (70 eV, EI): m/z (%):
613 (1) [M�Bn]+ , 507 (1), 303 (1), 289 (1), 254 (4), 181 (12), 91 (100);
HRMS (EI): m/z : calcd for C20H20FI2O5: 612.9384 [M�Bn]+ ; found:
612.9378; elemental analysis calcd (%) for C27H27FI2O5 (704.32): C 46.02,
H 3.87; found: C 46.02, H 4.05.


3,4-Di-O-acetyl-1,5-dideoxy-5,5-difluoro-2-O-formyl-5-iodo-l-arabinitol
(48): Crystalline solid (76%); m.p. 76.5–78 8C (n-hexane/EtOAc); [a]D=


�14.9 (c=0.22); 1H NMR: d=1.23 (d, J=6.2 Hz, 3H), 2.16 (s, 3H), 2.17
(s, 3H), 5.18 (ddd, J=8.8, 3JF,H=6.0, 11.2 Hz, 1H), 5.32 (dddd, J=2.1,
6.2, 6.2, 6.2 Hz, 1H), 5.42 (dd, J=2.1, 8.8 Hz, 1H), 7.96 ppm (s, 1H);
13C NMR: d=16.1 (CH3), 20.5 (CH3), 20.7 (CH3), 66.9 (CH), 71.1 (CH),
72.8 (dd, 2JF,C=23.0, 24.0 Hz; CH), 100.8 (dd, 1JF,C=314.0, 318.0 Hz; C),
159.9 (CH), 168.2 (C), 169.4 ppm (C); 19F NMR: d=�46.0 (d, 2JF,F=


192.0 Hz, 1F), �50.7 ppm (dd, 3JF,H=13.4, 2JF,F=192.0 Hz, 1F); IR: ñ=


2940, 1760, 1731, 1371, 1201, 1170 cm�1; MS (70 eV, EI): m/z (%): 267
(14) [M�I]+ , 249 (16), 225 (100), 205 (91); HRMS (EI): m/z : calcd for
C10H13F2O6: 267.0680 [M�I]+ ; found: 267.0692; elemental analysis calcd
(%) for C10H13F2IO6 (394.11): C 30.48, H 3.32; found: C 30.68, H 3.14.


3,4-Di-O-acetyl-1,5-dideoxy-5-fluoro-2-O-formyl-5,5-diiodo-l-arabinitol
(51): Crystalline solid (79%); m.p. 90–91 8C (n-hexane/EtOAc); [a]D=


�16.9 (c=0.42); 1H NMR: d=1.23 (d, J=6.4 Hz, 3H), 2.17 (s, 3H), 2.19
(s, 3H), 5.23 (dd, J=8.0, 3JF,H=6.0 Hz, 1H), 5.30–5.35 (m, 2H), 7.95 ppm
(s, 1H); 13C NMR: d =16.4 (CH3), 20.9 (CH3), 21.1 (CH3), 28.7 (d,


1JF,C=


324.0 Hz; C), 67.4 (CH), 74.0 (CH), 76.8 (d, 2JF,C=24.0 Hz; CH), 160.0
(CH), 168.2 (C), 169.4 ppm (C); 19F NMR: d=�69.1 ppm (s, 1F); IR:
ñ=2991, 1759, 1730, 1370, 1199, 1171 cm�1; MS (70 eV, EI): m/z (%): 457
(<1) [M�OCOH]+ , 287 (11), 273 (6), 205 (100); HRMS (EI): m/z : calcd
for C9H12FI2O4: 456.8809 [M�OCOH]+ ; found: 456.8800; elemental anal-
ysis calcd (%) for C10H13FI2O6 (502.02): C 23.93, H 2.61; found: C 23.93,
H 2.31.


(5R)-1-O-Benzyl-5-bromo-5-deoxy-5-fluoro-2-O-formyl-3,4-O-isopropyl-
idene-5-iodo-d-arabinitol ((R)-52): Oil (28%); [a]D=++12.7 (c=0.49);
1H NMR: d=1.44 (s, 3H), 1.63 (s, 3H), 3.68 (d, J=6.1 Hz, 2H), 4.54 (d,
J=11.9 Hz, 1H), 4.55 (dd, J=6.1, 3JF,H=23.4 Hz, 1H), 4.58 (d, J=


11.9 Hz, 1H), 4.67 (dd, J=3.4, 6.1 Hz, 1H), 5.58 (ddd, J=3.4, 6.1, 6.1 Hz,
1H), 7.29 �7.36 (m, 5H), 8.05 ppm (s, 1H); 13C NMR (125.7 MHz): d=


25.4 (CH3), 26.3 (CH3), 59.6 (d,
1JF,C=333.7 Hz; C), 67.9 (CH2), 68.2


(CH), 73.3 (CH2), 74.3 (CH), 86.4 (d,
2JF,C=17.2 Hz; CH), 109.9 (C),


127.7 (2OCH), 127.9 (CH), 128.5 (2OCH), 137.5 (C), 159.9 ppm (CH);


19F NMR: d =�67.7 ppm (d, 3JF,H=22.9 Hz, 1F); IR: ñ=3030, 2931, 1735,
1455, 1383, 1218, 1172, 1110 cm�1; MS (70 eV, EI): m/z (%): 518/516
(<1) [M]+ , 503/501 (1/1), 460/458 (<1), 273 (1), 227/225 (11/11), 183/181
(12/14), 91 (100); HRMS (EI): m/z calcd for C16H19


79BrFIO5: 515.9445
[M]+ ; found: 515.9449; elemental analysis calcd (%) for C16H19BrFIO5
(517.13): C 37.16, H 3.70; found: C 37.15, H 3.84.


(5S)-1-O-Benzyl-5-bromo-5-deoxy-5-fluoro-2-O-formyl-3,4-O-isopropyl-
idene-5-iodo-d-arabinitol ((S)-52): Crystalline solid (18%); m.p. 84.0–
85.3 8C (n-hexane/EtOAc); [a]D=++14.0 (c=0.10); 1H NMR: d=1.44 (s,
3H), 1.65 (s, 3H), 3.69 (d, J=5.3 Hz, 2H), 4.54 (d, J=11.9 Hz, 1H), 4.59
(d, J=11.9 Hz, 1H), 4.65 (dd, J=5.0, 6.2 Hz, 1H), 4.66 (dd, J=6.2,
3JF,H=16.7 Hz,1H), 5.69 (dddd, J=1.1, 5.0, 5.3, 5.3 Hz, 1H), 7.30–
7.37 ppm (m, 5H), 8.07 ppm (br s, 1H); 13C NMR (125.7 MHz): d =25.4
(CH3), 26.3 (CH3), 60.3 (d,


1JF,C=325.9 Hz; C), 67.8 (CH2), 68.3 (CH),
73.4 (CH2), 75.6 (CH), 86.2 (d,


2JF,C=23.3 Hz; CH), 110.4 (C), 127.7 (2O
CH), 127.9 (CH), 128.5 (2OCH), 137.5 (C), 159.9 ppm (CH); 19F NMR:
d=�67.6 ppm (br s, 1F); IR: ñ=3030, 2938, 1735, 1383, 1218, 1172,
1112 cm�1; MS (70 eV, EI): m/z (%): 518/516 (<1) [M]+ , 503/501 (1/1),
460/458 (<1), 285 (<1), 273 (2), 227/225 (10/10), 91 (100); HRMS (EI):
m/z : calcd for C16H19


81BrFIO5: 517.9424 [M]
+ ; found: 517.9427; elemental


analysis calcd (%) for C16H19BrFIO5 (517.13): C 37.16, H 3.70; found: C
37.47, H 3.34.


5-Deoxy-1-O-benzyl-5-fluoro-2-O-formyl-3,4-O-isopropylidene-5,5-
diiodo-d-arabinitol (53): Oil (55%); [a]D=++4.9 (c=0.51); 1H NMR: d=


1.45 (s, 3H), 1.65 (s, 3H), 3.66 (dd, J=5.5, 9.8 Hz, 1H), 3.69 (dd, J=6.7,
9.8 Hz, 1H), 4.56 (d, J=11.9 Hz, 1H), 4.58 (d, J=11.9 Hz, 1H), 4.64 (dd,
J=6.1, 3JF,H=22.6 Hz, 1H), 4.72 (dd, J=3.3, 6.1 Hz, 1H), 5.61 (m, 1H),
7.29–7.36 (m, 5H), 8.05 ppm (br s, 1H); 13C NMR (125.7 MHz): d =22.3
(d, 1JF,C=335.5 Hz; C), 25.4 (CH3), 26.5 (CH3), 67.8 (CH2), 68.3 (CH),
73.3 (CH2), 74.7 (CH), 87.3 (d,


2JF,C=20.7 Hz; CH), 109.9 (C), 127.7 (2O
CH), 127.8 (CH), 128.4 (2OCH), 137.6 (C), 159.9 ppm (CH); 19F NMR:
d=�74.1 ppm (s, 1F); IR: ñ=3018, 2935, 1732, 1549, 1383, 1215,
1170 cm�1; MS (70 eV, EI): m/z (%): 564 (<1) [M]+ , 549 (<1), 273 (11),
229 (22), 91 (100); HRMS (EI): m/z : calcd for C16H19FI2O5: 563.9306
[M]+ ; found: 563.9297; elemental analysis calcd (%) for C16H19FI2O5
(564.13): C 34.07, H 3.39; found: C 34.18, H 3.02.


(5R)-5-Chloro-5-deoxy-1-O-(3,5-dinitrobenzoyl)-5-fluoro-2-O-formyl-3,4-
O-isopropylidene-5-iodo-d-arabinitol ((R)-54): Crystalline solid (46%);
m.p. 120.4–122.0 8C (hexane/EtOAc); [a]D=++30 (c=0.05); 1H NMR: d=


1.48 (s, 3H), 1.66 (s, 3H), 4.55 (dd, J=2.4, 6.1 Hz, 1H), 4.58 (dd, J=6.8,
11.9 Hz, 1H), 4.71 (dd, J=6.1, 3JF,H=24.4 Hz, 1H), 4.79 (dd, J=3.7,
11.9 Hz, 1H), 5.81 (ddd, J=2.4, 3.7, 6.8 Hz, 1H), 8.10 (s, 1H), 9.13 (d,
J=2.1 Hz, 2H), 9.23 ppm (dd, J=2.1, 2.1 Hz, 1H); 13C NMR (C6D6): d=


25.2 (CH3), 26.1 (CH3), 66.0 (CH2), 67.2 (CH), 74.0 (d,
1JF,C=324.5 Hz;


C), 74.9 (CH), 86.6 (d, 2JF,C=20.7 Hz; CH), 110.5 (C), 122.5 (CH), 128.8
(2OCH), 132.5 (C), 148.3 (2OC), 159.6 (CH), 162.3 ppm (C); 19F NMR:
d=�66.7 ppm (s, 1F); IR: ñ=3102, 2929, 1737, 1549, 1461, 1342,
1273 cm�1; MS (70 eV, EI): m/z (%): 563/561 (5/15) [M�CH3]+ , 483 (18),
385 (9), 295/293 (3/7), 293 (7), 195 (100); HRMS (EI): m/z : calcd for
C15H12


35ClFIN2O10: 560.9209 [M�CH3]+ ; found: 560.9212; elemental
analysis calcd (%) for C16H15ClFIN2O10 (576.66): C 33.33, H 2.62, N 4.86;
found: C 33.49, H 2.52, N 4.84.


(5S)-5-Chloro-5-deoxy-1-O-(3,5-dinitrobenzoyl)-5-fluoro-2-O-formyl-3,4-
O-isopropylidene-5-iodo-d-arabinitol ((S)-54): Crystalline solid (30%);
m.p. 134.5–135.5 8C (hexane/EtOAc); [a]D=0 (c=0.15); 1H NMR: d=


1.48 (s, 3H), 1.68 (s, 3H), 4.56 (dd, J=5.3, 6.1 Hz, 1H), 4.58 (dd, J=6.6,
12.0 Hz, 1H), 4.78 (dd, J=3.9, 12.0 Hz, 1H), 4.88 (dd, J=6.1, 3JF,H=


14.6 Hz, 1H), 5.90–5.93 (m, 1H), 8.16 (br s, 1H), 9.14 (d, J=2.1 Hz, 2H),
9.24 ppm (dd, J=2.1, 2.1 Hz, 1H); 13C NMR (C6D6): d=25.1 (CH3), 26.3
(CH3), 65.6 (d,


3JF,C=3.2 Hz; CH), 67.0 (CH2), 76.29 (d,
1JF,C=314.8 Hz;


C), 76.3 (CH), 86.2 (d, 2JF,C=24.7 Hz; CH), 111.2 (C), 122.2 (CH), 128.8
(2OCH), 132.4 (C), 148.3 (2OC), 159.4 (CH), 162.2 ppm (C); 19F NMR:
d=�68.0 ppm (br s, 1F); IR: ñ=3102, 2939, 1740, 1548, 1343, 1275,
1173 cm�1; MS (70 eV, EI): m/z (%): 563/561 (4/13) [M�CH3]+ , 483 (24),
385 (7), 295/293 (2/6), 195 (100); HRMS (EI): m/z : calcd for
C15H12


35ClFIN2O10: 560.9209 [M�CH3]+ ; found: 560.9213; elemental
analysis calcd (%) for C16H15ClFIN2O10 (576.66): C 33.33, H 2.62, N 4.86;
found: C 33.51, H 2.52, N 4.74.
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(5R)-5-Bromo-5-deoxy-1-O-(3,5-dinitrobenzoyl)-5-fluoro-2-O-formyl-3,4-
O-isopropylidene-5-iodo-d-arabinitol ((R)-55): Crystalline solid (44%);
m.p. 128.7–130.3 8C (n-hexane/EtOAc); [a]D=++19.3 (c=0.14); 1H NMR:
d=1.49 (s, 3H), 1.67 (s, 3H), 4.58 (dd, J=6.5, 11.8 Hz, 1H), 4.61 (dd, J=


1.9, 6.1 Hz, 1H), 4.77 (dd, J=3.9, 11.8 Hz, 1H), 4.80 (dd, J=6.1, 3JF,H=


25.6 Hz, 1H), 5.83 (ddd, J=1.9, 3.9, 6.5 Hz, 1H), 8.08 (s, 1H), 9.15 (d,
J=2.1 Hz, 2H), 9.24 ppm (dd, J=2.1, 2.1 Hz, 1H); 13C NMR: d =25.5
(CH3), 26.3 (CH3), 55.9 (d,


1JF,C=331.7 Hz; C), 65.8 (CH2), 67.4 (CH),
74.8 (CH), 86.9 (d, 2JF,C=20.0 Hz; CH), 110.7 (C), 122.6 (CH), 129.6 (2O
CH), 133.2 (C), 148.7 (2OC), 159.8 (CH), 162.2 ppm (C); 19F NMR: d=


�69.3 ppm (br s, 1F); IR: ñ=3111, 2950, 1738, 1550, 1343, 1275, 1175,
1154 cm�1; MS (70 eV, EI): m/z (%): 607/605 (9/9) [M�CH3]+ , 483 (27),
437/435 (7/7), 385 (11), 195 (100); HRMS (EI): m/z : calcd for
C15H12


79BrFIN2O10: 604.8704 [M�CH3]+ ; found: 604.8721; elemental
analysis calcd (%) for C16H15BrFIN2O10 (621.11): C 30.94, H 2.43, N 4.51;
found: C 30.95, H 2.46, N 4.26.


(5S)-5-Bromo-5-deoxy-1-O-(3,5-dinitrobenzoyl)-5-fluoro-2-O-formyl-3,4-
O-isopropylidene-5-iodo-d-arabinitol ((S)-55): Crystalline solid (22%);
m.p. 142.7–143.8 8C (n-hexane/EtOAc); [a]D=�21.0 (c=0.10); 1H NMR:
d=1.49 (s, 3H), 1.69 (s, 3H), 4.57 (dd, J=6.6, 11.7 Hz, 1H), 4.64 (ddd,
J=2.9, 6.4, 4JF,H=0.8 Hz, 1H), 4.77 (dd, J=4.0, 11.7 Hz, 1H), 4.90 (dd,
J=6.4, 3JF,H=20.7 Hz, 1H), 5.88 (ddd, J=2.9, 4.0, 6.6 Hz, 1H), 8.10 (s,
1H), 9.16 (d, J=2.1 Hz, 2H), 9.24 ppm (dd, J=2.1, 2.1 Hz, 1H);
13C NMR: d=25.5 (CH3), 26.4 (CH3), 57.2 (d,


1JF,C=326.7 Hz; C), 65.5
(CH2), 67.2 (CH), 76.1 (CH), 86.6 (d,


2JF,C=21.3 Hz; CH), 111.4 (C),
122.7 (CH), 129.6 (2OCH), 133.2 (C), 148.7 (2OC), 159.7 (CH),
162.2 ppm (C); 19F NMR: d =�70.6 ppm (br s, 1F); IR: ñ =3098, 2984,
1740, 1550, 1342, 1275, 1175 cm�1; MS (70 eV, EI): m/z (%): 607/605 (7/7)
[M�CH3]+ , 483 (15), 437/435 (6/6), 385 (13), 195 (100); HRMS (EI): m/
z : calcd for C15H12


81BrFIN2O10: 606.8684 [M�CH3]+ ; found: 606.8685; el-
emental analysis calcd (%) for C16H15BrFIN2O10 (621.11): C 30.94, H
2.43, N 4.51; found: C 31.06, H 2.41, N 4.48.


2,3,5-Tri-O-acetyl-1-deoxy-1,1-difluoro-4-O-formyl-1-iodo-d-arabinitol
(56): Crystalline solid (71%); m.p. 70–71 8C (n-hexane/EtOAc); [a]D=


+38.5 (c=0.15); 1H NMR: d=2.08 (s, 3H), 2.12 (s, 3H), 2.23 (s, 3H),
4.16 (dd, J=5.0, 12.7 Hz, 1H), 4.27 (dd, J=2.9, 12.7 Hz, 1H), 5.17 (dddd,
J=0.8, 2.9, 5.0, 8.5 Hz, 1H), 5.56 (ddd, J=1.8, 3JF,H=10.8, 12.8 Hz, 1H),
5.87 (dd, J=1.8, 8.5 Hz, 1H), 8.01 ppm (d, J=0.8 Hz, 1H); 13C NMR:
d=20.5 (CH3), 20.6 (2OCH3), 61.0 (CH2), 65.8 (CH), 67.8 (CH), 73.6
(dd, 2JF,C=23.0, 23.0 Hz; CH), 97.7 (dd, 1JF,C=317.6, 322.5 Hz; C), 159.2
(CH), 168.8 (C), 168.9 (C), 170.4 ppm (C); 19F NMR: d =�50.6 (dd,
3JF,H=12.0, 2JF,F=191.5 Hz, 1F), �51.2 ppm (dd, 3JF,H=10.0, 2JF,F=


191.5 Hz, 1F); IR: ñ =1766, 1744, 1201, 1150 cm�1; MS (70 eV, EI): m/z
(%): 407 (2) [M�OCOH]+ , 393 (1), 325 (23), 283 (100), 263 (83); HRMS
(EI): m/z : calcd for C11H14F2IO6: 406.9803 [M�OCOH]+ ; found:
406.9804; elemental analysis calcd (%) for C12H15F2IO8 (452.15): C 31.88,
H 3.34; found: C 31.84, H 3.26.


2,3,5-Tri-O-acetyl-1-deoxy-1-fluoro-4-O-formyl-1,1-diiodo-d-arabinitol
(59): Oil (75%); [a]D=++30.0 (c=0.09); 1H NMR: d =2.08 (s, 3H), 2.11
(s, 3H), 2.27 (s, 3H), 4.17 (dd, J=5.0, 12.4 Hz, 1H), 4.29 (dd, J=2.9,
12.4 Hz, 1H), 5.13 (ddd, J=2.9, 5.0, 8.2 Hz, 1H), 5.50 (dd, J=1.4, 2JF,H=


18.5 Hz, 1H), 6.15 (dd, J=1.4, 8.2 Hz, 1H), 8.04 ppm (s, 1H); 13C NMR:
d=20.6 (CH3), 20.8 (CH3), 20.9 (CH3), 25.8 (d,


1JF,C=329.9 Hz; C), 61.0
(CH2), 66.8 (CH), 68.7 (CH), 77.2 (d,


2JF,C=19.4 Hz; CH), 159.3 (CH),
168.9 (2OC), 170.4 ppm (C); 19F NMR: d =�70.7 ppm (d, 3JF,H=9.0 Hz,
1F); IR: ñ =2978, 1742, 1374, 1239, 1201, 1151 cm�1; MS (70 eV, EI): m/z
(%): 515 (1) [M�OCOH]+ , 501 (<1), 433 (1), 373 (1), 330 (10), 263
(100); HRMS (EI): m/z : calcd for C11H14FI2O6: 514.8864 [M�OCOH]+ ;
found: 514.8884; elemental analysis calcd (%) for C12H15FI2O8 (560.05):
C 25.74, H 2.70; found: C 25.80, H 2.56.


2,3-Di-O-acetyl-1,5-dideoxy-1,1-difluoro-4-O-formyl-1-iodo-l-arabinitol
(60): Syrup (82%); [a]D=�51.1 (c=0.62); 1H NMR: d =1.28 (d, J=


6.4 Hz, 3H), 2.13 (s, 3H), 2.23 (s, 3H), 5.05 (dddd, J=6.4, 6.4, 6.4,
6.4 Hz, 1H), 5.56 (ddd, J=2.0, 3JF,H=10.0, 12.0 Hz, 1H), 5.64 (dd, J=2.0,
6.4 Hz, 1H), 8.00 ppm (s, 1H); 13C NMR: d=15.9 (CH3), 20.5 (CH3),
20.6 (CH3), 67.2 (CH), 69.3 (CH), 73.5 (dd,


2J(CH)=21.8, 24.5 Hz; CH),
98.2 (dd, 1JF,C=314.6, 315.1 Hz; C), 159.6 (CH), 168.8 (C), 169.3 ppm
(C); 19F NMR: d=�50.4 (dd, 3JF,H=8.8, 2JF,F=188.1 Hz, 1F), �51.1 ppm


(dd, 3JF,H=10.0, 2JF,F=188.1 Hz, 1F); IR: ñ=1767, 1736, 1203, 1161 cm�1;
MS (70 eV, EI): m/z (%): 349 (36) [M�OCOH]+ , 267 (9), 225 (97), 205
(100); HRMS (EI): m/z : calcd for C9H12F2IO4: 348.9748 [M�OCOH]+ ;
found: 348.9737; elemental analysis calcd (%) for C10H13F2IO6 (394.11):
C 30.48, H 3.32; found: C: 30.53, H 3.30.


2,3-Di-O-acetyl-1,5-dideoxy-1-fluoro-4-O-formyl-1,1-diiodo-l-arabinitol
(63): Oil (83%); [a]D=�52.8 (c=1.0); 1H NMR: d=1.30 (d, J=6.4 Hz,
3H), 2.13 (s, 3H), 2.26 (s, 3H), 5.02 (dddd, J=6.4, 6.4, 6.4, 7.2 Hz, 1H),
5.51 (dd, J=2.0, 3JF,H=18.0 Hz, 1H), 5.92 (dd, J=2.0, 7.2 Hz, 1H),
8.00 ppm (s, 1H); 13C NMR: d=15.8 (CH3), 20.8 (CH3), 20.9 (CH3), 26.7
(d, 1JF,C=327.8 Hz; C), 68.1 (CH), 70.2 (CH), 77.1 (d, 2JF,C=21.2 Hz;
CH), 159.6 (CH), 168.9 (C), 169.4 ppm (C); 19F NMR: d =�70.2 ppm (d,
3JF,H=17.4 Hz, 1F); IR: ñ=2939, 1764, 1736, 1371, 1202, 1166 cm�1; MS
(70 eV, EI): m/z (%): 457 (1) [M�OCOH]+ , 287 (5), 249 (4), 205 (100);
HRMS (EI): m/z : calcd for C9H12FI2O4: 456.8809 [M�OCOH]+ ; found:
456.8813; elemental analysis calcd (%) for C10H13FI2O6 (502.02): C 23.93,
H 2.61; found: C 24.00, H 2.53.


2,3-Di-O-acetyl-4-deoxy-4,4-difluoro-1-O-formyl-4-iodo-d-erythritol (64):
Oil (77%); [a]D=�17.5 (c=0.27); 1H NMR (500 MHz): d =2.08 (s, 3H),
2.20 (s, 3H), 4.29 (dd, J=6.2, 12.4 Hz, 1H), 4.47 (dd, J=2.4, 12.4 Hz,
1H), 5.42 (ddd, J=6.2, 3JF,H=7.6, 13.2 Hz, 1H), 5.50 (ddd, J=2.4, 6.2,
6.2 Hz, 1H), 8.03 ppm (s, 1H); 13C NMR (125.7 MHz): d=20.6 (2OCH3),
60.7 (CH2), 68.4 (CH), 74.4 (dd,


2JF,C=21.4, 24.5 Hz; CH), 98.6 (dd,
1JF,C=314.3, 320.4 Hz; C), 160.1 (CH), 168.2 (C), 169.4 ppm (C);
19F NMR: d=�48.7 (dd, 3JF,H=9.2, 2JF,F=192.8 Hz, 1F), �51.1 ppm (dd,
3JF,H=13.8, 2JF,F=192.8 Hz, 1F); IR: ñ=2940, 1762, 1737, 1371, 1228,
1201, 1168 cm�1; MS (70 eV, EI): m/z (%): 335 (1) [M�OCOH]+ , 321
(1), 253 (9), 211 (97), 191 (100); HRMS (EI): m/z : calcd for C8H10F2IO4:
334.9592 [M�OCOH]+ ; found: 334.9600; elemental analysis calcd (%)
for C9H11F2IO6 (380.08): C 28.44, H 2.92; found: C 28.64, H 2.73.


2,3-Di-O-acetyl-4-deoxy-4-fluoro-1-O-formyl-4-diiodo-d-erythritol (67):
Oil (94%); [a]D=�20.0 (c=0.23); 1H NMR: d=2.09 (s, 3H), 2.24 (s,
3H), 4.27 (dd, J=6.8, 12.3 Hz, 1H), 4.53 (ddd, J=1.4, 2.8, 12.3 Hz, 1H),
5.46 (dd, J=4.7, 3JF,H=17.2 Hz, 1H), 5.69 (ddd, J=2.8, 4.7, 6.8 Hz, 1H),
8.04 ppm (br s, 1H); 13C NMR (125.7 MHz): d=20.8 (2OCH3), 24.6 (d,
1JF,C=327.7 Hz; C), 60.9 (CH2), 70.0 (CH), 78.7 (d,


2JF,C=20.2 Hz; CH),
160.2 (CH), 168.4 (C), 169.5 ppm (C); 19F NMR: d =�69.7 ppm (d, 3JF,H=


17.5 Hz, 1F); IR: ñ=1759, 1737, 1371, 1226, 1200, 1170 cm�1; MS (70 eV,
EI): m/z (%): 361 (<1) [M�I]+ , 254 (22), 191 (100); HRMS (EI): m/z :
calcd for C9H11FIO6: 360.9584 [M�I]+ ; found: 360.9567; elemental analy-
sis calcd (%) for C9H11FI2O6 (487.99): C 22.15, H 2.27; found: C 22.34, H
2.33.
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(jFo j>2s ACHTUNGTRENNUNG(jFoj)) and 286 parameters. Selected structural data: O-C2-
C1-I=�64.7, O-C2-C1-Cl=58.0, O-C2-C1-F=174.68.
Compound (S)-55 : C16H15BrFIN2O10; Mt =621.11; monoclinic; space
group=C2; a=29.7108(8), b=6.5966(2), c=10.5583(3) V; b=


97.414(1)8 ; V=2052.02(10) V3; Z=4; 1calcd=2.010 mgcm�3 ;
m ACHTUNGTRENNUNG(MoKa)=0.71073 V; F ACHTUNGTRENNUNG(000)=1208; T=123(2) K; colourless crystal;
0.30O0.12O0.05 mm; collected reflections 19723. The structure was
solved by direct methods, all hydrogen atoms were refined aniso-
tropically by using full-matrix least-squares-based F2 to give R1=
0.0329, wR2=0.0606 for 4534 independently observed reflections
(jFo j>2s ACHTUNGTRENNUNG(jFoj)) and 284 parameters. Selected structural data: O-C2-
C1-I=�66.6, O-C2-C1-Br=56.8, O-C2-C1-F=171.88.
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Introduction


The “click chemistry” term, first proposed by Sharpless
et al. ,[1] has been coined for reactions that: “are modular,
wide in scope, high yielding, create only inoffensive by-prod-
ucts (that can be removed without chromatography), are ste-
reospecific, simple to perform and that require benign or
easily removed solvent.” Not surprisingly, such criteria are
very close to those of green chemistry and, until now, only a
few processes meeting these requirements have been identi-
fied.[1,2] In this context, the copper-catalyzed 1,3-dipolar cy-
cloaddition of alkynes and azides that yields 1,2,3-triazoles
is undoubtedly the premier example of a click reaction.


Originally disclosed by Huisgen, the noncatalyzed cyclo-
addition of alkynes and azides required high temperatures
and usually gave a mixture of regioisomeric triazoles in vari-
able yields.[3] Sharpless[4] and Meldal[5] independently report-


ed that copper(I) catalysis significantly enhances the cyclo-
addition between alkynes and azides, exclusively affording
1,4-disubstituted 1,2,3-triazoles in very good yields even at
room temperature. Although recent mechanistic aspects
have suggested copper acetylides as key intermediates in
this reaction, the in situ formation of such intermediates is
not unambiguously proven.[6]


With high regioselectivity, 100% atom economy, and con-
venient product isolation, the click version of Huisgen cyclo-
addition has been increasingly used in various applications
ranging from chemical[7] and combinatorial[8] synthesis, bio-
conjugation, and biology[9] to materials science, especially
polymer and dendrimer synthesis.[10] For example, this reac-
tion has been applied to the formation of anti-HIV com-
pounds,[11] selective b3 adrenergic receptor inhibitors,[12] anti-
bacterial compounds,[13] potent antihistaminic compounds,[14]


as well as agrochemicals.[15] 1,2,3-Triazoles themselves have
also found extensive industrial use as corrosion inhibitors,[16]


dyes,[17] and photostabilizers.[18] Furthermore, it is worth
noting that triazoles could become important pharmaco-
phores in future drug discovery because they are stable,
nonharmful, and could mimic peptide bonds from a steric
and electronic point of view, without the same sensitivity to-
wards hydrolytic cleavage.[1b,19]


The copper(I) species required in the catalyzed version of
the Huisgen cycloaddition are either added directly as cupr-
ous salts, usually with stabilizing ligands,[5,20] or more often
generated from copper(II) salts with reducing agents.[4] Met-
allic copper[21] or clusters[22] can also be employed, but al-
though an inexpensive copper source, the corresponding cat-
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alytic systems present some drawbacks: 1) oxidative agents
are required, 2) reactions are relatively slow, and 3) a signifi-
cant amount of catalyst is necessary. As copper(I) salts are
quite prone to redox processes, nitrogen- or phosphorus-
based ligands must be added to protect and stabilize the
active copper catalyst during the cycloaddition reaction.
Nevertheless, formation of undesired byproducts, primarily
diacetylenes and bistriazoles, was often observed.[4,23]


These problems and the wide applicability of this reaction
led us to explore the possibility of an attractive click-com-
patible heterogeneous version. As click chemistry mediated
by a source of heterogeneous copper(I) is very rare,[21,22,24]


we looked for such catalysts and focused on zeolites in con-
nection with our interest in solid acid-catalyzed chemistry,
as well as in superacid-mediated organic transformations.[25]


In this context, copper(I)-modified zeolites attracted our at-
tention, these solid materials having been recently described
and characterized but surprisingly never used for organic
transformations.[26]


In continuation of our preliminary results,[27] herein we
report in more detail the scope and limitations of this first
click chemistry in zeolites, as well as some evidence for the
mechanism of this copper(I)-zeolite-catalyzed Huisgen reac-
tion (Scheme 1).


Results and Discussion


Scope and compatibility with functional groups : From a
practical point of view, copper(I)-modified zeolites must
accept a variety of substrates as large as possible, which
have different sizes and carry different functional groups.
Therefore, the scope of the copper(I)-zeolite-catalyzed Huis-
gen reaction was explored with CuI-USY, which proved to
be the best catalyst (see next section and Table 3).


In one series of experiments, terminal alkynes bearing dif-
ferent functional groups 1a–r were submitted to benzyl
azide 2a in the presence of CuI-USY as catalyst (Table 1).
As illustrated by the reaction of 1a and of its substituted an-
alogues 1b–d (Table 1, entries 1–4), aryl substituents allowed
for an efficient cycloaddition, giving the expected adducts
3a–c as single regioisomers in high to excellent yields
(Table 1, entries 1–4). Contrarily to the now “classical” click
reaction,[4,5] electron-donating or -withdrawing groups clear-
ly alter the reactivity of the acetylenic partner. Electron-do-
nating groups decreased yields and the more electron donat-
ing the group, the lower the yield (Table 1, entry 3 vs. 2 vs.
1). The presence of a strong electron-withdrawing group on
the benzene moiety also decreased yields (Table 1, entry 4
vs. 1). These results were reminiscent of the typical delicate


Scheme 1. Copper(I)-zeolite-catalyzed Huisgen reaction.


Table 1. CuI-zeolite-catalyzed cycloadditions of benzyl azide 2a with var-
ious alkynes.[a]


Entry Alkyne Product Yield [%][b,c]


1 1a 3a 83


2 1b 3b 76


3 1c 3c 69


4 1d 3d 64


5 1e 3e 85


6 traces[d]


7 1 f 3 f 89[e]


8 1g 3g 88


9 1h 3h 64


10 1 i 3 i 83


11 1 j 3 j 52[f]


12 1k 3k 76[f]


13 1 l 3 l 87


14 1m – – 0[d]


15 1n – – 0[d]


16 1o – – 0[d]


17 1p 3m 92


18 1q 3n traces[d]


19 1r 3o traces[d]


20 1s – – –
21 1 t – – –
22 1u – –


[a] Reagents and reaction conditions: 1 (1.2 equiv), 2a (1.0 equiv), 1m so-
lution concentration, 10 mol% CuI-USY,[31] toluene, 15 h, room tempera-
ture. [b] Yields of isolated pure product. [c] Only the 1,4-adduct was
formed and isolated unless otherwise noted. [d] Mainly recovery of the
starting materials. [e] Reaction performed at 80 8C. [f] Unidentified by-
products were formed.
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balance of frontier orbital controls in the noncatalyzed cy-
cloaddition of azides,[28] but without the associated regiose-
lectivity variations since only 1,4-adducts were produced in
our conditions whatever the alkynes.


Alkyl-substituted acetylenes reacted efficiently when the
alkyl chain was linear (Table 1, entry 5), but very slowly at
room temperature when the chain was branched (Table 1,
entry 6). However, at higher temperature, complete conver-
sion was restored and the regioselectivity was still in favor
of the 1,4-adduct, the latter being again the sole product iso-
lated (Table 1, entry 7). Such behavior is not surprising in
zeolites, for which the internal shape dramatically influences
chemical transformations.[29]


Hydroxy-substituted alkynes, such as 1g–i, also gave the
expected adducts 3g–i as single regioisomers in good to high
yields (Table 1, entries 8–10). The conjugated ketone 1 j
seemed to decompose under the reaction conditions, even at
room temperature, and byproducts were formed. Even if the
expected triazole could be isolated, the yield of triazole 3 j
was therefore lower (Table 1, entry 11). It is worth noting
that terminal ynones are known to be particularly sensitive
compounds.[30] However, the corresponding esters or amides,
1k or 1 l, proved fully compatible with the reaction condi-
tions. Although the conjugated amide 1 l was converted very
efficiently into the 1,4-disubstituted triazole 3 l (Table 1,
entry 13), the ester 1k gave some side products but was still
very effective, giving the triazole 3k in good yield (Table 1,
entry 12).


Not surprisingly, free acetylenic acids did not react under
these conditions, even when the acid function was far from
the reactive acetylenic moiety as for 1n (Table 1, entries 14
and 15). The free carboxylic acid function probably interact-
ed with the zeolite framework and the starting materials
were recovered. For similar reasons, free acetylenic amines
did not react (Table 1, entry 16) but protected ones, such as
1p, were easily converted to the expected triazole 3m, again
as a single regioisomer, in excellent yield (Table 1, entry 17).
Acetylenes silylated with either a small or a large group to
scrutinize a possible size discrimination (respectively 1q and
1r) led only to small amounts of the expected triazoles 3n
and 3o (Table 1, entries 18 and 19).


Disubstituted acetylenes, either silylated (1s, 1 t) or alky-
lated (1u), did not react under these conditions, the starting
materials being recovered (Table 1, entries 20–22). Note that
only two examples of Cu-catalyzed cycloaddition reactions
of internal alkynes are known so far.[20d,e]


In a second series of experiments, various azides bearing
different groups 2a–k were submitted to phenylacetylene 1a
in the presence of CuI-USY as catalyst (Table 2). Electron-
donating or -withdrawing groups on benzyl azides only
slightly affected the reactivity (Table 2, entries 2–5 vs. 1).
Nevertheless, electron-donating groups slightly favored the
reaction, increasing yields, and it seems that the more elec-
tron donating the group, the higher the yield (Table 2,
entry 3 vs. 2 vs. 1). Electron-withdrawing groups slightly dis-
favored the reaction, lower yields being obtained. Within
these groups, chlorine exhibited the largest effect (Table 2,


entry 4 vs. 5). Nevertheless, a single regioisomer was still
produced whatever the substitution and yields of isolated
products remained good to excellent (67–94%).


In contrast with these results and with those of the first
series (Table 1, entries 2–4 vs. 1), when the phenyl group is
directly linked to the reactive azide, electronic effects are
more pronounced (Table 2, entries 6–8 vs. 1–5) and they sig-
nificantly alter the reactivity. Phenyl azide 2 f or its analogue
with a para-methoxy group 2g gave the expected triazoles
3 t and 3u as single regioisomers but with significantly lower
yields than benzyl azide 2a (Table 2, entries 6–7 vs. 1). With
a strong electron-withdrawing group, almost no reaction was
observed and only traces of the expected triazole 3v were
detected (Table 2, entry 8 vs. 6 and 7). In a similar way, tri-
methylsilyl azide 2 i yielded only a small amount of the cor-
responding triazole 3w (Table 2, entry 9).


As in the other series (Table 2 versus Table 1), alkyl
azides react very efficiently when they are primary, but
slightly less when they are secondary, both reacting with a


Table 2. CuI-zeolite-catalyzed cycloadditions of phenylacetylene 1a with
various azides.[a]


Entry Azide Product Yield [%][b,c]


1 2a 3a 83


2 2b 3p 91


3 2c 3q 94


4 2d 3r 67


5 2e 3s 76


6 2 f 3 t 59


7 2g 3u 61


8 2h 3v traces[d]


9 2 i 3w <10[d]


10 2 j 3x 78


11 2k 3y 63


[a] Reagents and reaction conditions: 1a (1.2 equiv), 2 (1.0 equiv), 1m so-
lution concentration, 10 mol% CuI-USY,[31] toluene, 15 h, room tempera-
ture. [b] Yields of isolated pure product. [c] Only the 1,4-adduct was
formed and isolated unless otherwise noted. [d] Mainly recovery of the
starting materials.
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very high regioselectivity (Table 2, entries 10 and 11).
Indeed, the single 1,4-adduct 3x was isolated in high yield
from the reaction of 11-azidoundecanol 2 j (Table 2,
entry 10), whereas the secondary 2-azidocyclohexanol 2k
only gave the 1,4-disubstituted triazole 3y but in lower yield
(Table 2, entry 11). As before, the bulkiness of the reagents
seemed to affect their reactivity, but not the regioselectivity
of the cycloaddition.


These series of results clearly show that the scope of this
heterogeneous version of the Huisgen “click” reaction is
very broad, the reaction being as compatible with functional
groups as the Meldal–Sharpless version. Moreover, the re-
covery of the products proved to be greatly facilitated, be-
cause filtration and solvent evaporation usually provided
pure 1,4-disubstituted triazoles. The copper(I) zeolite click
reaction is thus often easier and more practical, as well as
more general than the procedures now commonly used for
the Huisgen click reaction.


Catalyst survey : Although protection of copper(I) ions by
zeolite frameworks was already established,[26] we addressed
the question of the stability of such a copper(I) reagent as
catalyst in organic reactions. Keeping the CuI zeolites under
air changed their aspect (color changed from brown to
greenish) but did not alter their reactivity. Indeed, CuI-USY
was still active as catalyst after prolonged air exposure
(Figure 1). It is nevertheless worth noting that in this case,


undesirable byproducts[32] were detected in small amounts,
slightly lowering yields, contrarily to catalysts not exposed
to air (Figure 1). As a consequence, even if the surface of
the catalyst clearly evolved after prolonged air exposure,
these results clearly showed the effective stabilization of
copper(I) species by the zeolite framework but also suggest-
ed that the reaction is occurring inside the zeolite frame-
work.


Besides ease of handling and purification, another eco-
friendly interesting aspect of heterogeneous catalysts relies
on catalyst recovery and recycling. To look at this aspect, we
performed several times the reaction between 1a and 2a
with the same CuI-USY catalyst, the latter being filtered


and reused after each run. As shown in Figure 2, the CuI-
USY catalyst could be recycled up to three times without
significant loss of activity (runs 1–3). However, after the
fourth reuse of the catalyst, the catalyst efficiency dramati-
cally decreased (run 5 vs. runs 1–4).


In parallel, we examined whether leaking of active species
from the zeolite framework is occurring or not. To do so,
CuI-USY was suspended with the reaction solvent (toluene)
and stirred for 2 h, and the resulting suspension was filtered,
which led to a clear and colorless solution. Phenylacetylene
1a and benzyl azide 2a were added. After stirring overnight
at room temperature, the starting materials were the main
compounds identified but the cycloadduct 3a could be de-
tected, although in low amount (�5%; Figure 3). Control


experiments revealed that no traces of 3a could be detected
without CuI-USY catalyst or with untreated USY, and thus
it seems that some residual Cu active species are leaking
from the CuI-exchanged USY, catalyzing the cycloaddition
but at a rate by far slower than the CuI-USY-catalyzed reac-
tion (<5 vs. 83% yield after 15 h). The question, under in-
vestigation, is to know whether any leaked CuI species are
coming from the outer surface of the catalyst or from its in-
ternal volume.


Figure 1. Influence of the copper(I) zeolite storage on the catalyzed Huis-
gen reaction between 1a and 2a to give 3a.


Figure 2. Recovery studies: cycloaddition of 1a to 2a successively cata-
lyzed by the same recovered CuI-USY.


Figure 3. Leaking studies: comparison of the cycloaddition of 1a to 2a in
the presence of either CuI-USY or a solution resulting from CuI-USY ex-
traction.
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Mechanistic investigations : For
a better understanding of this
reaction we embarked on
mechanistic studies, and
sought clues on the role of
zeolite structures and on the
mechanism itself.


Zeolites are solid acids
mainly characterized by their
topologies (cage or channel
type), pore size (typically 6 to
8 P), and acidity (correlated to
the Si/Al ratio).[33] To look for
correlations between structure
and catalytic properties, five
representative zeolites, H-
USY, H-Y, H-MOR, H-ZSM5,
and H-b, were modified by
CuCl treatment according to a
reported solid-state exchange
procedure.[34] Their behavior in
the Huisgen reaction was
screened with the archetypal
cycloaddition of phenylacety-
lene 1a with benzyl azide 2a
(Table 3).


If one considers that copper ions exchanged protons
during CuCl treatment of the zeolite,[34] it was surprising not
to see a clear correlation between the number of active sites
and yields. From 1 to 6 mmolg�1, the yields only slightly
varied from 63 to 69% at room temperature and from 73 to
79% at reflux, except for Cu-USY (Table 3, entry 2 vs. 1, 3–
5 and 7 vs. 6, 8–10). At room temperature, the channel-type
zeolites appeared less efficient than the cage-type zeolites
(Table 3, entries 4, 5 vs. 1, 2), the Cu-MOR being neverthe-
less as good as Cu-Y (Table 3, entry 3 vs. 1). As expected,
these differences vanished at reflux, and only Cu-b re-
mained a less effective zeolite whatever the temperature
(Table 3, entries 5 vs. 1–4 and 10 vs. 6–9). Clearly, the modi-
fied USY seemed the best compromise between number of
sites and topology; its efficiency as catalyst was revealed by
a net increase in yields whatever the temperature (Table 3,
entries 2 vs. 1, 3–5 and 7 vs. 6, 9–10). A control experiment
with unmodified USY highlighted the key role of copper
since no transformation occurred under these conditions
(Table 3, entry 11 vs. 2). Therefore, the zeolite framework
alone is not constraining and activating the reagents enough
and no reaction occurred, in contrast to organic encapsulat-
ing systems known to promote the reaction and favor the
1,4-regioisomer in non-copper-catalyzed Huisgen cycloaddi-
tion.[35]


Incorporation and stability of copper(I) ions in the zeolite
framework have been established,[26] but we nevertheless
tried to get a better view of the H/Cu exchange process. To
do so, we applied the H/D titration method that we devel-
oped for the determination of acidic sites in zeolites.[31, 36]


The catalyst was activated at 350 8C under N2 flow prior to


titration to remove adsorbed water and any other molecules
that could have diffused into the zeolite pores.


This H/D titration method proved to be very effective
and allowed us to quantify the number of acidic sites ex-
changed in the copper(I)-modified zeolites. For example,
native USY contained 3.71 mmol of H+ per gram of solid,
but after treatment with CuCl at 350 8C, its number of acid
sites decreased to 0.81 mmol of H+ per gram. This result re-
vealed that exchange of H+ by Cu+ indeed took place and
its extent was around 78%.


To get a deeper insight into the mechanism of the present
copper(I)-zeolite-catalyzed reaction, experiments with deu-
terated samples were performed. The mechanism proposed
for the copper(I)-catalyzed Sharpless–Meldal version of the
Huisgen reaction relies on the intermediate formation of
copper acetylides (Scheme 2).[6] Therefore, if such species


Table 3. Behavior of CuI zeolites in the cycloaddition of 1a to 2a.[a]


Entry Catalyst Temperature
[8C]


Time
[h]


Yield
[%][b]


Acidic sites
number
ACHTUNGTRENNUNG[mmolg�1]


Pore diameter
[P]


Topology type


1 CuI-Y RT 15 68 6.67 7.4Q7.4 cage
2 CuI-USY RT 15 83 4.39 7.4Q7.4 cage
3 CuI-MOR RT 15 69 1.48 6.5Q7.0


3.4Q3.8
channel


4 CuI-ZSM5 RT 15 63 1.04 5.1Q5.5
5.3Q5.6


channel


5 CuI-b RT 15 47 0.90–1.23 7.6Q6.4
5.5Q5.5


channel


6 CuI-Y 110 5 75 6.67 7.4Q7.4 cage
7 CuI-USY 110 5 87 4.39 7.4Q7.4 cage
8 CuI-MOR 110 5 79 1.48 6.5Q7.0


3.4Q3.8
channel


9 CuI-ZSM5 110 5 79 1.04 5.1Q5.5
5.3Q5.6


channel


10 CuI-b 110 5 73 0.90–1.23 7.6Q6.4
5.5Q5.5


channel


11 H-USY RT 15 –[c] 6.67 7.4Q7.4 cage


[a] Reagents and reaction conditions: 1a (1.2 equiv), 2a (1.0 equiv), 1m solution concentration, 10 mol% cata-
lyst,[31] toluene. [b] Yields of isolated pure product 3a after complete conversion unless otherwise stated.
[c] Mainly recovery of the starting materials.


Scheme 2. Proposed mechanism of the copper(I)-catalyzed Sharpless–
Meldal version of the Huisgen reaction.[6]
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were also formed within zeolites, deuteroalkynes would not
give deuterated triazoles.


For this study, the commercially available deuterophenyla-
cetylene 1v was used and submitted to copper(I)-modified
USY. The same experiments were then repeated with a deu-
terated copper(I) zeolite.[37] The results of these experiments
are compiled in Scheme 3.


When deuterophenylacetylene 1v was placed in the pres-
ence of benzyl azide in our standard catalytic conditions, the
triazole 3aa was obtained with a yield similar to that ob-
tained with phenylacetylene (see Table 1, entry 1). Interest-
ingly, NMR spectra revealed the presence of vinylic deuteri-
um together with proton, the ratio being in favor of the deu-
terated triazole (60:40; Scheme 3, [Eq. (1)]). The product
was still deuterated after the reaction, and thus the inter-
mediate formation of copper acetylide as suggested in the
“classical” Cu click reaction (Scheme 2)[6] is not the major
pathway in the zeolite version.


Control experiments with deuterated adducts showed that
no exchange occurred in such heterocycles under these con-
ditions (Scheme 3, [Eq. (6)]). However, control experiments
revealed that deuterated phenylacetylene 1v undergoes H/D
exchange (Scheme 3, [Eq. (5)]), probably with residual
acidic protons of the copper(I)-exchanged zeolite. As dem-
onstrated above, the copper(I) zeolite prepared at 350 8C
still contains 20% of protons in its active sites. Therefore,


these protons could be responsible for the H/D exchange
observed with deuterophenylacetylene.


To check this hypothesis, deuterophenylacetylene 1v was
submitted again to benzyl azide but in the presence of a sto-
ichiometric amount of copper(I) zeolite. In this case, the tri-
azole obtained did not contain deuterium, as expected if H/
D exchange occurred (Scheme 3, [Eq. (2)]).


If the starting zeolite is already deuterated,[37] no H/D ex-
change would be possible and the deuterium label within
the starting material should stay during the reaction if no
other process occurs. As expected, copper(I) zeolite ob-
tained from a deuterated zeolite catalyzed the click reaction
without any loss of deuterium, whatever the amount of cata-
lyst used (Scheme 3, [Eqs. (3) and (4)]). Therefore, this set
of results clearly showed that the mechanism of the zeolite-
catalyzed Huisgen reaction is different from the Meldal–
Sharpless version, and did not involve copper acetylide.


H/D exchanges of terminal alkynes are known to be ac-
celerated in the presence of metal salts, especially with
silver salts. It has been demonstrated that p coordination is
responsible for this effect.[38,39] It is therefore possible that,
within the Cu zeolite framework, formation of a p complex
occurred between the alkyne and copper(I) ions linked to
the zeolite framework (Scheme 4, A). Such coordination
will favor the H/D exchange and thus explains the results
observed (Scheme 3, [Eqs. (1) and (2)]).


More interestingly, this p coordination helped the under-
standing of what could happen within zeolites. Indeed, fur-
ther coordination of an incoming azide to a copper ion
linked to the zeolite framework could be envisaged. This
would lead to the formation of a new complex where the
triple bond and the azide are coordinated to copper (B in
Scheme 4). This complex could evolve in a process similar
to syn nucleophilic addition to a p complex (for example,
carbocupration). The azide would thus add to the terminal
end of the coordinated alkyne, leading to a metallacycle (C
in Scheme 4). Reductive elimination would then give the tri-
azole adduct, regenerating the copper(I) active species
linked to the zeolite. Note that a similar mechanism has re-


Scheme 3. Copper(I)-zeolite-catalyzed cycloadditions with either deuter-
ated alkyne or deuterated zeolite. a) from regular zeolite; b) from deuter-
ated zeolite.


Scheme 4. Proposed mechanism for copper(I)-zeolite-catalyzed cycload-
ditions.
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cently been proposed for a Ru-catalyzed version of the click
reaction.[40]


Conclusion


We have shown for the first time that copper(I)-modified
zeolites can be used as catalysts in organic synthesis. With
such catalysts, we have developed a simple and efficient
ligand-free catalytic system for the [3+2] cycloaddition of
terminal alkynes with azides. This heterogeneous method
offers a wide scope, tolerates numerous functional groups,
and provides a very high regioselectivity, with only the 1,4-
disubstituted 1,2,3-triazole regioisomer being formed. More-
over, this heterogeneous copper(I)-modified zeolite catalyst
can be reused three times without loss of activity. Various
investigations suggested a mechanism different from the
click reaction.


Experimental Section


General : All starting materials were commercial and were used as re-
ceived. The reactions were monitored by thin-layer chromatography car-
ried out on silica plates (silica gel 60 F254, Merck) with UV light and p-
anisaldehyde for visualization. Column chromatography was performed
on silica gel 60 (0.040–0.063 mm, Merck) with mixtures of ethyl acetate
and cyclohexane as eluent. Evaporation of solvents was conducted under
reduced pressure at temperatures less than 30 8C unless otherwise noted.
Melting points (m.p.) were measured in open capillary tubes and are un-
corrected. IR spectra were recorded with a Perkin–Elmer FTIR 1600
spectrometer (KBr disk) and values are reported in cm�1. 1H and
13C NMR spectra were recorded on Bruker Avance 300 spectrometer at
300 and 75 MHz, respectively. Chemical shifts d and coupling constants J
are given in ppm and Hz, respectively. Chemical shifts d are reported rel-
ative to residual solvent as an internal standard (chloroform-d1: 7.26 ppm
for 1H and 77.0 ppm for 13C; methanol-d4: 3.31 ppm for 1H and 49.15 ppm
for 13C). Carbon multiplicities were determined by DEPT135 experi-
ments. Electron impact (EI) and electrospray ionization (ESI) low-/high-
resolution mass spectrometry (HRMS) was carried out at the mass spec-
trometry department of the Service Commun dRAnalyses, Institut de
Chimie, Strasbourg.


General procedure for the CuI-zeolite-catalyzed [3+2] cycloaddition of
azides and terminal alkynes : Azides 2 (1.3 mmol, 1.0 equiv) and then al-
kynes 1 (1.6 mmol, 1.2 equiv) were added to a suspension of CuI-USY
(50 mg, 0.1 equiv)[31] in toluene (1.5 mL). After stirring for 15 h at room
temperature (unless otherwise stated), the mixture was extracted over-
night with dichloromethane (15 mL). After the catalyst was removed by
filtration, solvent evaporation provided the resulting crude product, usu-
ally at >95% purity as judged by NMR spectroscopy. Column chroma-
tography was performed when necessary.


1-Benzyl-4-(4-methoxyphenyl)-1H-1,2,3-triazole (3c): By using the gener-
al procedure, benzyl azide 2a and 1-ethynyl-4-methoxybenzene 1c pro-
vided the triazole 3c as an off-white solid. Yield 69%; m.p. 145 8C;
1H NMR (300 MHz, CDCl3): d=7.74–7.70 (m, 2H), 7.57 (s, 1H), 7.41–
7.28 (m, 5H), 6.95–6.90 (m, 2H), 5.55 (s, 2H), 3.82 ppm (s, 3H);
13C NMR (75 MHz, CDCl3): d=159.6, 148.1, 134.7, 129.1, 128.7, 128.0,
127.0, 123.2, 118.7, 114.2, 55.3, 54.2 ppm; HRMS (ESI, positive mode):
m/z : calcd for C16H15N3O: 266.1248 [M+H]+ ; found: 266.1234.


1-Benzyl-4-(4-nitrophenyl)-1H-1,2,3-triazole (3d): By using the general
procedure, benzyl azide 2a and 1-ethynyl-4-nitrobenzene 1d provided
the triazole 3d as a yellow solid. Yield 64%; m.p. 168 8C; IR: ñ =1601,
1504, 1456, 1330, 1229, 1107 cm�1; 1H NMR (300 MHz, CDCl3): d =8.28–
8.24 (m, 2H), 7.99–7.95 (m, 2H), 7.80 (s, 1H), 7.43–7.32 (m, 5H),


5.61 ppm (s, 2H); 13C NMR (75 MHz, CDCl3/MeOD 1:1): d=147.9,
146.5, 137.2, 134.9, 129.7, 129.5, 128.7, 126.7, 124.8, 122.5, 54.9 ppm;
HRMS (ESI, positive mode): m/z : calcd for C15H13N4O: 281.1033
[M+H]+ ; found: 281.1039.


1-Benzyl-4-cyclohexyl-1H-1,2,3-triazole (3 f): By using the general proce-
dure with a reaction temperature of 80 8C, benzyl azide 2a and 1-ethynyl-
cyclohexane 1 f provided the triazole 3 f as an off-white solid. Yield 89%;
m.p. 106 8C; 1H NMR (300 MHz, CDCl3): d=7.39–7.33 (m, 3H), 7.26–
7.23 (m, 2H), 7.14 (s, 1H), 5.48 (s, 2H), 2.78–2.70 (m, 1H), 2.04–2.00 (m,
2H), 1.79–1.68 (m, 4H), 2.04–2.00 (m, 2H), 1.40–1.24 ppm (m, 4H);
13C NMR (75 MHz, CDCl3): d=154.2, 135.0, 129.0, 128.5, 128.0, 119.1,
54.0, 35.3, 33.0, 26.1, 26.0 ppm; HRMS (ESI, positive mode): m/z : calcd
for C15H19N3: 242.1612 [M+H]+ ; found: 242.1710.


4-(1-Benzyl-1H-1,2,3-triazole-4-yl)butan-1-ol (3g): By using the general
procedure, benzyl azide 2a and 5-hexyn-1-ol 1g provided the triazole 3g
as an off-white solid. Yield 88%; m.p. 80 8C; IR: ñ=3107, 3056, 4 2931,
2928, 2900, 2861, 1554, 1493, 1453, 1431, 1360, 1332, 1309, 1214 cm�1;
1H NMR (300 MHz, CDCl3): d=7.33–7.28 (m, 3H), 7.21–7.18 (m, 3H),
5.42 (s, 2H), 3.60 (t, J=6.3 Hz, 2H), 2.66 (t, J=7.2 Hz, 2H), 1.73–1.66
(m, 2H), 1.63–1.51 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): d=148.4,
134.7, 128.9, 128.4, 127.8, 120.7, 61.8, 53.8, 31.9, 25.4, 25.1 ppm; HRMS
(ESI, positive mode): m/z : calcd for C13H18N3O: 232.1444 [M+H]+ ;
found: 232.1473.


N-(1-Benzyl-1H-1,2,3-triazole-4-yl)-N-methylbenzylamine (3m): By
using the general procedure, benzyl azide 2a and N-(1-ethynylmethyl)-N-
methylbenzylamine 1p provided the expected triazole 3m as a yellow
solid. Yield 92%; m.p. 52 8C; IR: ñ=3038, 3024, 2796, 2758, 1493, 1453,
1437, 1418, 1389, 1360, 1329, 1309, 1266, 1220, 1206 cm�1; 1H NMR
(300 MHz, CDCl3): d =7.38–7.34 (m, 4H), 7.30–7.24 (m, 7H), 5.52 (s,
2H), 3.69 (s, 2H), 3.52 (s, 2H), 2.21 ppm (s, 3H); 13C NMR (75 MHz,
CDCl3): d =145.9, 138.6, 134.8, 129.1, 129.0, 128.6, 128.2, 128.0, 127.0,
122.3, 61.4, 54.1, 52.1, 42.1 ppm; HRMS (ESI, positive mode): m/z : calcd
for C18H21N4: 293.1761 [M+H]+ ; found: 293.1738.


11-(4-Phenyl-1H-1,2,3-triazole-1-yl)undecan-1-ol (3x): By using the gen-
eral procedure, 11-azidoundecan-1-ol 2 j and phenylacetylene 1a provid-
ed the expected triazole 3x as an off-white solid. Yield 78%; m.p. 113 8C;
IR: ñ =3036, 3009, 2931, 2857, 1719, 1604, 1466, 1433, 1359, 1232 cm�1;
1H NMR (300 MHz, CDCl3/MeOD 1:1): d=8.02 (s, 1H), 7.78–7.75 (m,
2H), 7.44–7.37 (m, 2H), 7.35–7.28 (m, 1H), 4.39 (t, J=7.1 Hz, 2H), 3.52
(t, J=6.8 Hz, 2H), 1.96–1.90 (m, 2H), 1.52–1.45 (m, 2H), 1.40–1.14 ppm
(m, 15H); 13C NMR (75 MHz, CDCl3/MeOD 1:1): d =148.4, 130.9, 129.5,
128.9, 126.3, 121.2, 62.8, 51.2, 33.1, 30.9, 30.3, 30.2, 30.0, 29.6, 29.5, 27.1,
26.4 ppm; HRMS (ESI, positive mode): m/z : calcd for C19H30N3O:
316.2383 [M+H]+ ; found: 316.2376.


2-(4-Phenyl-1H-1,2,3-triazole-1-yl)cyclohexan-1-ol (3y): By using the
general procedure, 2-azidocyclohexan-1-ol 2k and phenylacetylene 1a
provided the triazole 3y as an off-white solid. Yield 63%; m.p. 177 8C;
IR: ñ=3009, 2946, 2864, 1601, 1484, 1454, 1433, 1353, 1223 cm�1;
1H NMR (300 MHz, CDCl3): d=7.75 (s, 1H), 7.72–7.68 (m, 2H), 7.40–
7.28 (m, 3H), 4.21–4.03 (m, 2H), 3.55 (d, J=3.7 Hz, 1H), 2.25–2.17 (m,
2H), 2.06–1.88 (m, 4H), 1.53–1.40 ppm (m, 2H); 13C NMR (75 MHz,
CDCl3): d=147.2, 130.5, 128.9, 128.2, 125.7, 119.7, 72.7, 67.2, 33.8, 31.7,
24.9, 24.2 ppm; HRMS (ESI, positive mode): m/z : calcd for
C14H17N3ONa: 266.1264 [M+Na]+ ; found: 266.1249.


Detailed experimental procedures and NMR spectra of all new com-
pounds and of most of the known compounds are given in the Supporting
Information.
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Introduction


Many natural products and pharmaceuticals containing a cy-
clopentane moiety show interesting biological activity. For
example, alkylidene cyclopentenones, such as the prosta-
glandins D7-PGA1 methyl ester or 15-deoxy-D12,14-PGJ2
(Figure 1), display anti-inflammatory, antiviral or antitumor-
al activities.[1] Stereoselective synthesis of these compounds
remains a topic of active investigation in organic chemis-
try.[2]


Recently, we have communicated a new enantioselective
method, which offers a straightforward access to 4- and 2,4-
disubstituted cyclopentenones.[3] These compounds are of
special interest as intermediates for the synthesis of 2,4-di-
ACHTUNGTRENNUNGsubstituted cyclopentenones such as phomapentenone A or
of 2-substituted carbocyclic nucleosides, as will be illustrated
later.[4] The simpler 4-substituted cyclopentenones, which
are also accessible by using the reported method, can serve
as precursors in the synthesis of the cyclopentenones that
are shown in Figure 1. Further functionalization of a 2,4-di-
ACHTUNGTRENNUNGsubstituted cyclopentenone can be accomplished at the 3-po-


sition by reaction with a nucleophile or at the 5-position by
reaction with an electrophile (Scheme 1).[5]


Abstract: A broadly applicable synthe-
sis of chiral 2- or 2,4-substituted cyclo-
pent-2-enones has been developed by
combining asymmetric iridium-cata-
lyzed allylic alkylation reactions and
ruthenium-catalyzed ring-closing meta-
thesis. Enantiomeric excesses (ee
values) in the range of 95–99% ee have
been achieved. This method offers a


straightforward access to biologically
active prostaglandins of the PGA type.
As an example, an enantioselective
synthesis of the prostaglandin-analogue


13,14-dihydro-15-deoxy-D7-prostaglan-
din-A1-methyl ester (TEI-9826) has
been carried out. Furthermore, the car-
bonucleoside 2’-methylcarbovir has
been prepared from O-protected 4-hy-
droxymethyl-2-methyl-cyclopent-2-en-
ACHTUNGTRENNUNGone by Pd-catalyzed allylic amin ACHTUNGTRENNUNGation.
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Figure 1. Examples of biologically active cyclopentenones.


Scheme 1. Possibilities for the functionalization of 2,4-disubstituted cyclo-
pentenones.
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Herein, we present applications of our method in the syn-
theses of the prostaglandin analogue TEI-9826 (Figure 1)
and the carbocyclic nucleoside 2’-methylcarbovir. TEI-9826
is available by aldol condensation from 4-n-octyl-cyclopent-
ACHTUNGTRENNUNGenone; this compound was chosen to demonstrate the adapt-
ability of the method to the synthesis of prostaglandins. The
targeted carbonucleoside was accessed from a 2,4-disubsti-
tuted cyclopentenone (Scheme 2).


Our synthesis of cyclopentenones is schematically de-
scribed in Scheme 3, and it involves the following concepts:
1) The chirality center C-4 is constructed with high enantio-
selectivity by iridium-catalyzed asymmetric allylic alkyla-
tion[6] by using the enolate of the Weinreb-type amide 1 as a
novel nucleophile.[7] 2) Demethoxycarbonylation and a sub-
sequent acylation by addition of an alkenylmagnesium
halide yields a second olefinic moiety. 3) The cyclopente-
none is prepared by ring-closing metathesis (RCM).[8] The
combination of an allylic substitution and a RCM reaction
has already proven to be a very powerful tool in natural-
product synthesis.[9]


Results and Discussion


Iridium-catalyzed allylic alkylation : This reaction was intro-
duced in 1997. Today enantioselectivities >90% ee (ee=en-
antiomeric excess) can be achieved routinely.[6] The com-
monly applied catalyst is prepared from a mixture of


ACHTUNGTRENNUNG[IrCl ACHTUNGTRENNUNG(cod)]2 (cod=1,5-cyloocta-
diene) and a chiral phosphora-
midite by reaction with base,
which effects C�H activation.
The phosphoramidite ligands
used here (L1 and L2 ) were in-
troduced by Feringa[10] and
Alexakis.[11]


The sodium enolate of the Weinreb-type amide 1 was em-
ployed as pronucleophile (Scheme 4). Reaction conditions
typical for malonates were used (conditions D according to


reference [6a]). If not otherwise stated, the reactions were
carried out with 2 mol% of [IrClACHTUNGTRENNUNG(cod)]2 in combination with
the ligands L1 and L2. Recently reported salt-free condi-
tions, which gave excellent results for malonates,[12] were not
suitable for the malonic amide 1, which is expected to be
less acidic than a malonic ester. The allylic carbonates 2a–d
were prepared by standard procedures; amide 1 was avail-
able in a single step by reaction of methyl 3-chloro-3-oxo-
propionate with N,O-di ACHTUNGTRENNUNGmeth ACHTUNGTRENNUNGylhydroxylamine hydrochloride/
triethylamine.


The results obtained for the allylic substitutions depicted
in Scheme 4 are displayed in Table 1. The reactions general-
ly proceeded in good yield and with high enantio- and regio-
selectivity. Selectivities were similar to those obtained with
dimethyl sodiomalonate, that is, the enantiomeric excesses
were found to be in the range 95–99% ee and the regiose-
lectivities in the range of 83:17 to 98:2. An exception is the
reaction with substrate 2d, which proceeded with low regio-
selectivity (70:30) upon the use of ligand L2, as was previ-


Scheme 2. A cyclopentenone as a precursor for 2’-methylcarbovir.


Scheme 3. Retrosynthetic concept.


Scheme 4. Allylic substitution by using a malonic amide of the Weinreb
type as a pronucleophile.


Table 1. Iridium-catalyzed allylic alkylation of carbonates 2a–d with
Weinreb-type amide 1 according to Scheme 4.


Entry Sub
strate


L* t
[h][a]


Yield
3+4 [%][b]


3/4[c] ee[d] [%](absolute
configuration)


1 2a L1 1 89 >98:2 96 (R)
2[e] 2a L2 0.5 88 >98:2 98 (R)
3[e] 2b[f] L1 3 83 94:6 95 (R)
4 2b[f] L2 2 76 94:6 95 (R)
5 2c[f] L1 18 89 83:17 96 (R)
6 2c[f] L2 5.5 62 84:16 99 (R)
7[e] 2d L1 6 85 86:14 97.5 (R)
8 2d L2 1.5 69 66:34 98 (R)


[a] Reaction time. [b] Yield of the isolated mixture of the regioisomeric
products 3 and 4. [c] Determined by 1H NMR spectroscopy. [d] Deter-
mined by HPLC on a chiral column. In all cases the branched com-
pounds 3 were obtained as 1:1 mixtures of diastereoisomers. All absolute
configurations refer to the starred (*) chiral center in Scheme 4. Com-
pounds 4 were racemic. [e] 2 mol% of iridium was used. [f] The substrate
contained approximately 3% of the Z diastereoisomer.[15]
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ously found with malonates as nucleophiles;[6f] however, in
combination with the less bulky ligand L1, selectivities were
significantly better. Regioselectivities were determined by
1H NMR spectroscopy; the requisite pure linear regioiso-
ACHTUNGTRENNUNGmers 4 were prepared by Pd-catalyzed allylic substitution by
using standard procedures. The enantioselectivities of 3a–d
were determined by HPLC on a Daicel column.


The branched products 3 were obtained as 1:1 mixtures of
diastereoisomers. Their separation was not possible, except
in the case of malonic amide 3d of which both diastereoiso-
mers were sufficiently stable for separation by HPLC.


The TBDPS-protected product (+)-(2R,3R)-3d was crys-
talline and its absolute and relative configuration was deter-
mined by X-ray crystal structure analysis.[13] For the other
products, absolute configurations were assigned according to
a rule that has been found to hold without exception so
far.[6a, 14]


Preparation of the 2,4-disubstituted cyclopentenones 7–12 :
Mixtures of the regioisomers 3 and 4 were converted into
the 2,4-disubstituted cyclopentenones in three steps
(Scheme 5, Table 2) as follows: Demethoxycarbonylation of
3 and 4 by saponification/decarboxylation gave amides 5 in
yields of >80%. In the following step, amides 5 were con-
verted into enones 6 by Grignard reactions under previously
described conditions.[16] Finally, RCM with Grubbs II cata-
lyst[17] yielded 2,4-disubstituted cyclopentenones 7a–f. In this
step, impurities resulting from the linear regioisomers 4
were easily removed by column chromatography. After
RCM, the enantiomeric excesses were checked by HPLC
again and no racemization was found. With the exception of
the extremely volatile enone 7c, the overall yields exceeded
50%.


Enone 7c commands particular interest because it has
been identified as a volatile flavor ingredient of dried
fish.[18] Both enantiomers were prepared and their olfactory
properties characterized (Table 3).


Synthesis of the prostaglandin analogue TEI-9826 (10): The
prostaglandin analogue TEI-9826 (10) shows activity against
cisplatin-resistant tumors.[19] Furthermore, a new antitumor
mechanism has been proposed for this compound.[20] Synthe-
ses of the racemate and of one of the pure enantiomers
(98% ee), obtained by resolution, have been described.[21]


The transformation of cyclopentenone 7d into TEI-9826
has already been described by Monneret et al.[21c] However,
no experimental details have been published. Accordingly,
we repeated this work with (�)-(S)-7d as described in


Scheme 6. LDA (LDA= lithium diisopropylamide) was used
as the base[22] for the aldol reaction of 7d with methyl 6-for-
mylhexanoate to yield the anti aldol product 8 in 58% yield.
The relative configuration of 8 was determined by compari-
son of coupling constants between Ha and Hb (8.4 Hz) with
values reported for similar compounds by Kobayashi et al.[22]


Coupling constants of Ja,b�3 and 8.4–9.6 Hz are typical for
syn and anti aldol products, respectively. For the subsequent
elimination, a procedure of Kobayashi et al. was applied,[22]


which involved conversion of the alcohol 8 to the mesylate
9, which was subsequently treated with neutral Al2O3 to
give TEI-9826 (10) in 77% yield over two steps. This kind
of elimination is known as a syn-specific reaction and yield-
ed the (E)-olefin.[23] The overall yield of TEI-9826 (10) from
7d was 45%.


Synthesis of 2’-methylcarbovir : Carbonucleosides often dis-
play conformers different from those of the corresponding
nucleosides. One reason is the lack of an anomeric effect.
As a remedy for this problem, medicinal chemists are devis-
ing carbocyclic nucleosides that are locked in conformations
which are considered to be important for biological activi-
ty.[24] 2’-Substituted carbocyclic nucleosides constitute one
class of conformationally locked compounds, and according-
ly are interesting targets for synthesis.[25] The 2,4-disubstitut-
ed cyclopentenone 7 f appears to be well suited as a precur-
sor for these compounds. We have tested this approach by
carrying out an asymmetric synthesis of 2’-methylcarbovir, a
compound previously synthesized by Crimmins et al.[25b] who
used an auxiliary-controlled aldol reaction and RCM as key
steps.


Our synthesis of 2’-methylcarbovir from 7 f required five
steps and is described in Schemes 7 and 8. In the first step,
(S)-7 f was reduced with DIBAL (diisobutylaluminum hy-
dride) to give the cis-alcohol 11 accompanied by a small


Scheme 5. Conversion of amides 3 to chiral cyclopentenones 7a–f.
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amount of the trans-diastereoisomer 12. Pure 11 and 12
were obtained by column chromatography in 80 and 15%
yields, respectively. Alcohol 11 was transformed into the car-
bonate 13 (86%) in the standard manner.


A Pd-catalyzed allylic amina-
tion was planned as the next
step (Scheme 8). This is a stan-
dard step in carbonucleoside
synthesis that has been carried
out often before. However, it
usually gives rise to mixtures of
isomers: 1) The formation of re-
gioisomers with respect to N-9
and N-7 of the purine has been
observed frequently with vari-
ous nucleobases, such as 2-
amino-6-chloropurine, which
was used here.[25a,b,26] 2) The for-
mation of isomers with respect
to the cyclopentene moiety has
also been described. Cis and
trans isomers[27] and 1,2- and
1,4-regioisomers have been en-
countered.[27,28]


In our synthesis, the allylic
carbonate 13 was reacted with
2-amino-6-chloropurine. The re-
gioisomers 14 and 15 were
formed in an 86:14 ratio. The
mixture was treated with pyridi-
ne·HF to effect deprotection,
and the resultant alcohols 16
and 17 were separated. The rel-
ative and absolute configura-
tions of both isomers were con-
firmed by X-ray crystal struc-
ture analysis (see below).[13] The
final transformation of 16 into
2’-methylcarbovir (18) by treat-
ment with NaOH proceeded in
82% yield. NMR spectroscopic
data of 18 were in accordance
with data published by Crim-
mins et al.[25b] However, the op-


Table 3. Olfactory characterization of (S)- and (R)-7c.[a]


Substance Fragrance description


(�)(S)-7c
(95.5% ee)


Ethereal, herbaceous and nutty in the direction of ha-
zelnut, sweeter in tonality but also significantly weaker
in strength compared with its enantiomer


(+)(R)-7c
(93% ee)


More intense in odor strength compared with its enan-
tiomer, and more pronounced tobacco and leathery
character with haylike facets, besides also ethereal, her-
baceous, and sweet


[a] Carried out by Givaudan SA (Dr. P. Kraft), D5bendorf, Switzerland.


Scheme 6. Conversion of cyclopentenone 7d to prostaglandin analogue
TEI-9826 (10). Ms=methanesulfonyl.


Table 2. Synthesis of cyclopentenones according to Scheme 5.


Entry Starting material R1 R2[c] Yield [%][a] Product ee [%][b]


1 (R)-3a Ph H 66 97


2 (R)-3a Ph Ph 55 96


3 (R)-3b Me Me 44[c] 95


4 (R)-3c n-octyl H 56 96


5 (R)-3c n-octyl Me 50 n.d.[d]


6[e] (R)-3d CH2O� Me 56 98


[a] Starting from 3 and 4. [b] Determined by HPLC on a chiral column; in each case both enantiomers were
prepared. [c] Volatile compound. [d] n.d.=not determined. [e] Saponification with LiOH.
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tical rotation of [a]20D =++10.4 (c=0.11 in MeOH) is com-
pletely different from the reported value. To reliably deter-
mine the ee and to reconfirm the optical rotation measured
by us, the enantiomer of 18 was also prepared. The enantio-
meric excess of 18 was determined to be 97.5% ee ; accord-
ingly, our synthesis had proceeded without racemization.


Compound 16 displays a pseudoequatorial conformation
in the solid state (Figure 2), which is very similar to that of
the cyclopentene moiety of Carbovir.[29] However, the struc-
tures differ considerably with respect to the torsion angle
around the C-1’�N-9 bond.


Conclusion


We have presented a short and flexible route to 2,4-disubsti-
tuted cyclopentenones. Key steps were an iridium-catalyzed
allylic substitution and a ruthenium-catalyzed ring-closing
metathesis reaction. Cyclopentenones 7a–f were synthesized
in excellent enantiomeric excesses and in good yields. The
first asymmetric synthesis of 2,4-dimethylcyclopentenone 7c
and the flavor description of both enantiomers of this com-
pound are reported. Furthermore, the prostaglandin ana-
logue TEI-9826 and the carbonucleoside 2’-Methylcarbovir
were synthesized by starting from cyclopentones 7d and 7 f,
respectively.


Experimental Section


General : 1H NMR spectra were recorded at RT on Bruker AC-300
(300 MHz) or Bruker Avance 500 (500 MHz) spectrometers. Chemical
shifts are reported in d units relative to CHCl3 (dH=7.26 ppm). 13C NMR
spectra were recorded on Bruker AC-300 (75 MHz) or Bruker Avance
500 (125 MHz) spectrometers. Chemical shifts are reported in d units rel-
ative to CHCl3 (dC=77.16 ppm (central line of the triplet)). The follow-
ing abbreviations were used throughout: s= singlet, d=doublet, t= trip-
let, q=quartet, m=multiplet. The assignments of signals for compounds
2–18 were confirmed by 1H,1H-COSY, 1H,13C-COSY and DEPT spectra.
Optical rotations were measured with a Perkin–Elmer 341 Polarimeter in
a 1 dm thermostated cuvette by using a mercury lamp. Concentration c is
given in g per 100 mL. HRMS were recorded on a JEOL JMS-700 instru-
ment. Elemental analyses were carried out at the Organisch-Chemisches
Institut, Universit:t Heidelberg. Enantiomeric excesses were determined
by chiral HPLC on a HP 1100 instrument. The following columns from
Daicel were used: Chiralpak AD-H (250N4.6 mm, 5 mm) with guard car-
tridge AD-H (10N4 mm, 5 mm) and Chiralcel OD-H (250N4.6 mm,
5 mm) with guard cartridge OD-H (10N4 mm, 5 mm). For preparative
HPLC a Gilson-305 pump coupled with a Knauer UV detector 2600 and
a silica-gel column (Latek, 5m, 21N250 mm) were used.


THF was dried over sodium benzophenone ketyl, and the water content
was determined by Karl Fischer titration. 1,5,7-Triazabicyclo ACHTUNGTRENNUNG[4.4.0]dec-5-
ene (TBD) was stored in a dessicator over KOH; alternatively, small
amounts were stored under argon in a Schlenk tube. Magnesium turnings
used for the preparation of Grignard reagents were activated by addition
of a drop of 1,2-dibromoethane. IUPAC names were generated with the
program ACD/Lab 6.0 from Advanced Chemistry Development Inc.Figure 2. X-ray crystal structures of the isomers 16 (right) and 17 (left).


Scheme 8. Synthesis of 2’-methylcarbovir from cyclopentene 13.


Scheme 7. Synthesis of carbonate 13 (�=Si ACHTUNGTRENNUNG(tBuPh2), Py=pyridine).
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Methyl 3-[methoxyACHTUNGTRENNUNG(methyl)amino)]-3-oxopropanoate (1): A solution of
triethylamine (32.59 g, 366.2 mmol) in dry CH2Cl2 (55 mL) was added
dropwise to a cold (0 8C) solution of methyl 3-chloro-3-oxopropanoate
(25.00 g, 183.1 mmol) and N,O-dimethylhydroxylamine hydrochloride
(17.86 g, 183.1 mmol) in dry CH2Cl2 (450 mL) under an argon atmos-
phere. The resulting yellow solution was stirred for 1 h at 0 8C and for
12 h at RT. Conversion was then complete (monitored by TLC), and the
mixture was extracted with water (200 mL). The aqueous layer was re-ex-
tracted with CH2Cl2 (3N200 mL) and the combined organic layers were
washed with brine (400 mL), dried over Na2SO4, and concentrated in
vacuo to give a brown oil as the crude product. Distillation (74 8C,
0.1 mbar) yielded amide 1 (18.9 g, 64%) as a colorless oil. Rf(1)=0.21
(CH2Cl2/methanol 100:1); 1H NMR (300 MHz, CDCl3): d=3.69, 3.66 (2s,
6H; OCH3), 3.46 (s, 2H; CH2), 3.17 ppm (s, 3H; NCH3);


13C NMR
(75 MHz, CDCl3): d=167.8, 167.2 (2 s; C=O), 61.4, 52.3 (2q; OCH3), 39.7
(t; CH2), 32.2 ppm (q; NCH3); elemental analysis calcd (%) for
C6H11NO4: C 44.72, H 6.88, N 8.69; found: C 44.97, H 7.00, N 8.40.


General procedure 1 (GP1, Ir-catalyzed allylic alkylation): Malonic
amide 1 (1.3 mmol) was added dropwise to a stirred suspension of NaH
(95%, 1.3 mmol) in dry THF (4.0 mL) to give solution A. A solution of
[IrClACHTUNGTRENNUNG(cod)]2 (13.4 mg, 20.0 mmol) and L1 or L2 (40 mmol) in anhydrous
THF (1.0 mL, content of water <50 mgmL�1, Karl Fischer titration) was
treated with tetrahydrothiophene (THT) (18 mL, 0.20 mmol) and TBD
(11.1 mg, 80.0 mmol), and the mixture was stirred for 2 h under an argon
atmosphere. Then, allylic carbonate (1.0 mmol), CuI (38 mg, 0.20 mmol),
and solution A were successively added and the mixture was stirred for
the time stated in Table 1; conversion was monitored by TLC. After com-
plete conversion had been reached, diethyl ether (5 mL) and saturated
NH4Cl solution (5 mL) were added, and the aqueous phase was extracted
with diethyl ether (2N20 mL). The combined organic phases were
washed with brine (20 mL), dried over Na2SO4, filtered, and concentrated
in vacuo. The crude product was analyzed with respect to the ratio of
branched and linear products by 1H NMR spectroscopy and then subject-
ed to flash column chromatography (silica, petroleum ether/ethyl ace-
tate).


Methyl (3R)-{[methoxyACHTUNGTRENNUNG(methyl)amino]carbonyl}-3-phenylpent-4-enoate
(3a): GP1 was carried out with [IrCl ACHTUNGTRENNUNG(cod)]2 (33.5 mg, 49.9 mmol),
(S,S,aS)-L2 (59.9 mg, 0.100 mmol), TBD (42 mg, 0.30 mmol), THT
(44 mL, 0.50 mmol), CuI (95 mg, 0.50 mmol), NaH (95%, 139 mg,
5.50 mmol), 2a (961 mg, 5 mmol), 1 (886 mg, 5.50 mmol) and dry THF
(15 mL). Complete conversion was reached after the reaction mixture
had been stirred for 0.5 h at RT (monitored by TLC RfACHTUNGTRENNUNG(2a)=0.47 (petro-
leum ether/ethyl acetate 3:1)) and a workup was carried out. 1H NMR
spectroscopic analysis of the crude product was used for the determina-
tion of the ratio of the regioisomers (3a/4a >98:2). The crude product
was subjected to flash chromatography on silica (petroleum ether/ethyl
acetate 4:1) to yield 3a (1.22 g, 88%) containing <2% of 4a, as a color-
less oil. RfACHTUNGTRENNUNG(3a)=0.12 (petroleum ether/ethyl acetate 3:1); 1H NMR
(300 MHz, CDCl3): mixture of branched diastereoisomers in a ratio of
51:49; d=7.29–7.14 (m, 5H; 2NAr), 6.02–5.93 (m, 1H; 2NCH=CH2),
5.13–5.03 (m, 2H; 2NCH=CH2), 4.36–4.33 (m, 1H; 2NCH), 4.21–4.18
(m, 1H; 2NCH), 3.72 (s, 3H; COOCH3), 3.70 (s, 3H; NOCH3), 3.59 (s,
3H; COOCH3), 3.44 (s, 3H; NOCH3), 3.19 (s, 3H; NCH3), 2.93 ppm (s,
3H; NCH3);


13C NMR (75 MHz, CDCl3): mixture of branched diastereo-
isomers; d=168.7, 168.5, 168.4, 168.0 (4 s; C=O), 140.7, 140.6, 138.6,
138.4 (4s; Ar), 128.6, 128.6, 128.3, 128.2, 127.0, 126.9 (6d; Ar), 116.4 (t;
2NCH=CH2), 61.7, 61.6 (2q; NOCH3), 53.4, 53.1 (2d; CH), 52.5, 52.3
(2q; COOCH3), 49.4, 49.4 (2d; CH), 32.6, 32.4 ppm (2q; NCH3); elemen-
tal analysis calcd (%) for C15H19NO4: C 64.97, H 6.91, N 5.05; found: C
64.85, H 6.93, N 5.12; HPLC (Daicel AD-H column, n-hexane/iPrOH
95:5, 20 8C, 210 nm): tr((3S)-3a)=28/37, tr((3R)-3a)=33/47 min, 98% ee
for both diastereoisomers.


Methyl (3R)-2-{[methoxy ACHTUNGTRENNUNG(methyl)amino]carbonyl}-3-methylpent-4-eno-
ACHTUNGTRENNUNGate (3b): GP1 was carried out with [IrCl ACHTUNGTRENNUNG(cod)]2 (20.2 mg, 30.0 mmol),
(S,S,aS)-L2 (36.0 mg, 60 mmol), TBD (16.7 mg, 120 mmol), THT (26.5 mL,
0.300 mmol), CuI (57.1 mg, 0.300 mmol), NaH (95%, 168 mg,
6.60 mmol), 2b (780 mg, 6.00 mmol), 1 (1.06 g, 6.60 mmol), and dry THF
(12 mL). Complete conversion was reached after the reaction mixture


had been stirred for 2 h at RT (monitored by TLC: RfACHTUNGTRENNUNG(2b)=0.41 (petro-
leum ether/ethyl acetate 5:1)), and a workup was carried out. 1H NMR
spectroscopic analysis of the crude product was used for determination of
the ratio of the regioisomers (3b/4b 94:6). The crude product was sub-
jected to flash chromatography on silica (50 g, petroleum ether/ethyl ace-
tate 5:1) to yield a mixture of 3b and 4b (980 mg, 76%) as a colorless
oil. RfACHTUNGTRENNUNG(3b)=0.10 (petroleum ether/ethyl acetate 5:1); 1H NMR
(300 MHz, CDCl3): mixture of branched diastereoisomers in ratio 52:48;
d=5.77 (ddd, J=17.4, 10.2, 7.7 Hz, 2H; 2NCH=CH2), 5.13–4.95 (m, 4H;
2NCH=CH2), 3.72–3.65 (m, 14H; 4NOCH3, 2NCHCO2CH3), 3.20 (s,
3H; NCH3), 3.16 (s, 3H; NCH3), 3.08–2.93 (m, 2H; 2NCHCH3), 1.09 (d,
J=6.8 Hz, 3H; CHCH3), 1.05 ppm (d, J=6.8 Hz, 3H; CHCH3);
13C NMR (75 MHz, CDCl3): mixture of branched diastereoisomers; d=


169.3, 169.2, 169.1, 169.0 (4s; 4NC=O), 140.5, 140.4 (2d; 2NCH=CH2),
115.3, 115.2 (2 t; 2NCH=CH2), 61.5 (2q; 2NNOCH3), 54.1, 53.8, 52.4,
52.3 (2d, 2q; 2NCHCO2CH3, 2NCO2CH3), 38.0, 37.7 (2d; 2NCHCH3),
32.5 (2q; 2NNCH3), 18.4, 18.1 ppm (2q; 2NCHCH3); elemental analysis
calcd (%) for C10H17NO4: C 55.80, H 7.96, N 6.51; found: C 55.46, H
7.92, N 6.61; HPLC (Daicel AD-H column, n-hexane/iPrOH 99:1, 20 8C,
210 nm): tr((R)-3b)=36/43, tr((S)-3b)=41/47 min, 95% ee for each dia-
stereoisomer.


Methyl (3R)-2-{[methoxyACHTUNGTRENNUNG(methyl)amino]carbonyl}-3-octylpent-4-enoate
(3c): GP1 was carried out with [IrCl ACHTUNGTRENNUNG(cod)]2 (129 mg, 0.192 mmol),
(S,S,aS)-L1 (207 mg, 0.384 mmol), TBD (107 mg, 0.770 mmol), THT
(169 mL, 1.92 mmol), CuI (366 mg, 1.92 mmol), NaH (95%, 300 mg,
12.5 mmol), 2c (2.2 g, 9.6 mmol), 1 (2.01 g, 12.5 mmol), and dry THF
(38 mL). Complete conversion was reached after the reaction mixture
had been stirred for 18 h at RT (monitored by TLC), and a workup was
carried out. The ratio of the regioisomers (3c/4c 83:17) was determined
by 1H NMR spectroscopic analysis of the crude product. The crude prod-
uct was subjected to flash chromatography on silica (petroleum ether/
ethyl acetate 3:1) to yield 3c and 4c (2.63 g, 89%) as a colorless oil. Rf-
ACHTUNGTRENNUNG(3c)=0.17 (petroleum ether/ethyl acetate 5:1); 1H NMR (300 MHz,
CDCl3): mixture of branched epimers in a ratio of 61:39; d=5.70–5.54
(m, 1H; 2NCH=CH2), 5.12–5.01 (m, 2H; 2NCH=CH2), 3.71–3.61 (m,
1H; 2NCHCOOCH3), 3.71 (s, 3H; OCH3), 3.69 (s, 3H; OCH3), 3.69 (s,
3H; OCH3), 3.65 (s, 3H; OCH3), 3.20 (s, 3H; NCH3), 3.15 (s, 3H;
NCH3), 2.91–2.75 (m, 1H; 2NCH), 1.36–1.12 (m, 14H; 2NCH2(n-octyl)),
0.91–0.82 ppm (m, 3H; 2NCH3(n-octyl)) ;


13C NMR (75 MHz, CDCl3): mix-
ture of branched epimers; d =169.5, 169.1 (2s; 2NC=O), 138.9 (d; 2N
CH=CH2), 117.2 (t; 2NCH=CH2), 61.6, 61.6 (2q; OCH3), 53.7, 53.1 (2d;
2NCHCOOCH3), 52.3, 52.2 (2q; 2NOCH3), 44.1 (d; 2NCH), 32.9 (t;
CH2(n-octyl)), 32.6 (q; 2NNCH3), 32.5 (t; 2NCH2(n-octyl)), 32.0 (t; 2N
CH2(n-octyl)), 29.7, 29.7 (t; 2NCH2(n-octyl)), 29.6, 29.4 (t; 2NCH2(n-octyl)), 27.3,
27.2 (t; 2NCH2(n-octyl)), 22.8 (t; 2NCH2(n-octyl)), 14.2 ppm (q; 2NCH3(n-octyl)) ;
elemental analysis calcd (%) for C17H31NO4: C: 65.14, H: 9.97, N: 4.47;
found: C 65.29, H 9.89, N 4.49; HPLC (3c ; Daicel AD-H column, n-
hexane/iPrOH 99:1, 20 8C, 220 nm): tr((R)-3c)=26/28, tr((S)-3c)=27/
32 min.


Methyl (3R)-3-({[tert-butylACHTUNGTRENNUNG(diphenyl)silyl]oxy}methyl)-2-{[methoxyACHTUNGTRENNUNG(meth-
ACHTUNGTRENNUNGyl)amino]carbonyl}pent-4-enoate (3d): GP1 was carried out with [IrCl-
ACHTUNGTRENNUNG(cod)]2 (33.5 mg, 50.0 mmol), (S,S,aS)-L1 (54.0 mg, 0.100 mmol), TBD
(27.8 mg, 0.200 mmol), THT (44 mL, 0.50 mmol), CuI (95 mg, 0.50 mmol),
NaH (95%, 139 mg, 5.50 mmol), 2d (1.89 g, 4.9 mmol), 1 (935 mg,
5.80 mmol), and dry THF (17 mL). Complete conversion was reached
after the reaction mixture had been stirred for 6 h at RT (monitored by
TLC: RfACHTUNGTRENNUNG(2d)=0.43 (petroleum ether/ethyl acetate 5:1)) and a workup
was carried out. 1H NMR spectroscopic analysis of the crude product was
used for determination of the ratio of the regioisomers, (3d/4d 86:14).
The crude product was subjected to flash chromatography on silica (30 g,
petroleum ether/ethyl acetate 5:1) to yield a mixture of 3d and 4d
(1.96 g, 85%) as a colorless oil. For the branched epimers a ratio of (+)-
(2S,3R)-3d/(+)-(2R,3R)-3d 47:53 was determined by 1H NMR spectros-
copy. Compounds (+)-(2S,3R)-3d, (+)-(2R,3R)-3d, and 4d were separat-
ed by HPLC (petroleum ether/ethyl acetate 5:1, Latek, 250N21 mm, 5 m


silica, 20 mLmin�1, 50 bar), and their absolute and relative configurations
were determined by X-ray crystal structure analysis of (2R,3R)-3d.
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Compound (+)-(2S,3R)-3d : Colorless oil; Rf ACHTUNGTRENNUNG(3d)=0.08 (petroleum
ether/ethyl acetate 5:1); [a]20D =++42 (c=0.99 in CHCl3, 99% ee according
to HPLC after decarboxylation); 1H NMR (500 MHz, CDCl3): d=7.65–
7.62 (m, 4H; Ar), 7.43–7.35 (m, 6H; Ar), 5.98 (ddd, J=17.2, 10.0, 9.4 Hz,
1H; CH=CH2), 5.11 (d, J=17.3 Hz, 1H; CH=CH2), 5.08 (d, J=10.2 Hz,
1H; CH=CH2), 4.37 (d, J=9.2 Hz, 1H; CHCO2CH3), 3.82–3.77 (m, 2H;
OCH2), 3.72, 3.65 (2s, 6H; 2NOCH3), 3.18 (s; NCH3), 3.10–3.04 (m, 1H;
CHCH=CH2), 1.06 ppm (s, 9H; CACHTUNGTRENNUNG(CH3)3);


13C NMR (125 MHz, CDCl3):
d=169.5 (s; C=O), 136.3 (d; CH=CH2), 135.7 (d; Ar), 133.6, 133.6 (2s;
2NAr), 129.8, 129.8, 127.8, (3d; Ar), 118.0 (t, CH=CH2), 65.2 (t, OCH2),
61.5, 52.4 (2q, 2NOCH3), 48.3 (d; CHCO2CH3), 46.4 (d; CHCH=CH2),
32.5 (q; NCH3), 27.0 (q; C ACHTUNGTRENNUNG(CH3)3), 19.5 ppm (s; C ACHTUNGTRENNUNG(CH3)3); HRMS
(FAB): m/z : calcd for C26H36NO5Si: 470.2363 [M+H]+ ; found: 470.2334;
elemental analysis calcd (%) for C26H35NO5Si: C 66.49, H 7.51, N 2.98;
found: C 66.29, H 7.37, N 3.04.


Compound (+)- ACHTUNGTRENNUNG(2R,3R)-3d : Pure (+)-3d crystallized as colorless poly-
hedral crystals; m.p. 63–66 8C; [a20


D =++30.9 (c=1.02 in CHCl3, 95.5% ee
according to HPLC after decarboxylation); 1H NMR (500 MHz, CDCl3):
d=7.66–7.61 (m, 4H; Ar), 7.43–7.34 (m, 6H; Ar), 5.97 (ddd, J=17.2,
10.2, 9.3 Hz, 1H; CH=CH2), 5.12 (d, J=17.1 Hz, 1H; CH=CH2), 5.09 (d,
J=10.3 Hz, 1H; CH=CH2), 4.23 (d, J=8.4 Hz, 1H; CHCO2CH3), 3.78
(dd, J=10.1, 4.5 Hz, 1H; OCHaHb), 3.73 (dd, J=10.0, 5.0 Hz, 1H;
OCHaHb), 3.67, 3.66 (2 s, 6H; 2NOCH3), 3.17 (s; NCH3), 3.10 (ddd, J=


13.6, 9.0, 4.7 Hz, 1H; CHCH=CH2), 1.05 ppm (s, 9H; C ACHTUNGTRENNUNG(CH3)3);
13C NMR (125 MHz, CDCl3): d =169.3, 169.2 (2 s, 2NC=O), 136.4 (d;
CH=CH2), 135.8, 135.7 (2d; Ar), 133.7, 133.5, (2 s, 2NAr), 129.8, 129.8,
127.8, (3d; Ar), 117.6 (t; CH=CH2), 65.1 (t; OCH2), 61.5, 52.2 (2q; 2N
OCH3), 49.3 (d; CHCO2CH3), 45.7 (d; CHCH=CH2), 32.7 (q; NCH3),
27.0 (q; C ACHTUNGTRENNUNG(CH3)3), 19.5 ppm (s; C ACHTUNGTRENNUNG(CH3)3); HRMS (FAB): m/z : calcd for
C26H36NO5Si: 470.2363; found: 470.2338 [M+H]+ ; elemental analysis
calcd (%) for C26H35NO5Si: C 66.49, H 7.51, N 2.98; found: C 66.23, H
7.49, N 2.95.


Methyl (4E)-2-{[methoxyACHTUNGTRENNUNG(methyl)amino]carbonyl}-5-phenylpent-4-enoate
(4a): Malonic amide 1 (209 mg, 1.30 mmol) was added to a suspension of
NaH (95%, 33 mg, 1.3 mmol) in dry THF (3.5 mL) in a flame-dried
Schlenk tube at RT under an argon atmosphere. The mixture was stirred
for 10 min to form a clear solution, which was added to a solution of [Pd-
ACHTUNGTRENNUNG(C3H5)Cl]2 (7.3 mg, 20 mmol), dppf (dppf=1,1’-diphenylphosphinoferro-
cene; 22 mg, 40 mmol), and carbonate 2a (192 mg, 1.00 mmol) in dry
THF (2.5 mL), which had been prepared in a second flame-dried Schlenk
tube under an argon atmosphere. The reaction mixture was stirred for
90 min at RT until TLC analysis (RfACHTUNGTRENNUNG(2a)=0.41 (petroleum ether/ethyl
acetate 5:1)) indicated complete consumption of the substrate. Diethyl
ether (10 mL) and a saturated aqueous solution of NH4Cl (10 mL) were
added, and the phases were separated. The aqueous layer was extracted
with diethyl ether (2N20 mL), and the combined organic phases were
washed with brine (20 mL), dried over Na2SO4, filtered, and concentrated
in vacuo. The crude product was purified by flash chromatography on
silica (petroleum ether/ethyl acetate 5:1) to yield 4a (170 mg, 61%) as an
analytically pure colorless oil. RfACHTUNGTRENNUNG(4a)=0.06 (petroleum ether/ethyl ace-
tate 5:1); 1H NMR (300 MHz, CDCl3): d=7.15–7.33 (m, 5H; Ph-H), 6.46
(d, J=15.8 Hz, 1H; Ph-CH), 6.17 (dt, J=15.6, 7.4 Hz, 1H; Ph-CH=CH),
3.84 (d, J=7.4 Hz, 1H; CHCO2CH3), 3.70, 3.67 (2s, 6H; 2NOCH3), 3.19
(s, 3H; NCH3), 2.86–2.71 ppm (m, 2H, CH2);


13C NMR (75 MHz,
CDCl3): d =170.0, 169.7 (2s; 2NC=O), 137.3 (s; Ph-C), 132.7 (d; Ph-CH),
128.6, 127.4, 126.4, 126.3 (4d; 3NPh-C, Ph-CH=CH), 61.5, 52.5 (2q; 2N
OCH3), 48.7 (d; CHCO2CH3), 32.6 (q; NCH3), 32.3 ppm (t; CH2); ele-
mental analysis calcd (%) for C15H19NO4: C 64.97, H 6.91, N 5.05; found:
C 64.78, H 6.97, N 5.07; HPLC (Daicel AD-H column, n-hexane/iPrOH
95:5, 20 8C, 210 nm): tr ACHTUNGTRENNUNG(4a)=39/42 min.


Methyl (4E)-2-{[methoxyACHTUNGTRENNUNG(methyl)amino]carbonyl}hex-4-enoate (4b):
Malonic amide 1 (419 mg, 2.60 mmol) was transformed into a solution of
the sodium salt as described above in the procedure for preparation of
4a. This solution was added to a solution of [Pd2ACHTUNGTRENNUNG(dba)3] (dba=dibenzyli-
dene acetone) (20.7 mg, 20.0 mmol), dppe (dppe=1,2-bis(diphenyphos-
phino)ethane) (15.9 mg, 40.0 mmol), and carbonate 2b (260 mg,
2.00 mmol) in dry THF (2 mL). The reaction mixture was stirred at RT
overnight until TLC analysis (RfACHTUNGTRENNUNG(2b)=0.57, (petroleum ether/ethyl ace-


tate 5:1)) indicated complete consumption of the substrate. After workup
as described above, the crude product was subjected to flash chromatog-
raphy on silica (20 g, petroleum ether/ethyl acetate 5:1) to yield a mix-
ture of the regioisomers 3b and 4b (3b/4b 40:60, 371 mg, 86%) as a col-
orless oil. Separation of the mixture by flash chromatography on silica
(20 g, petroleum ether/ethyl acetate 5:1) yielded analytically pure 4b
(110 mg, 26%) as a colorless oil. RfACHTUNGTRENNUNG(4b)=0.10 (petroleum ether/ethyl
acetate 5:1); 1H NMR (300 MHz, CDCl3): d=5.60–5.30 (m, 2H; CH=


CH), 3.75–3.67 (m, 1H; CH), 3.70, 3.68 (2 s, 6H; 2 OCH3), 3.20 (s, 3H;
NCH3), 2.60–2.53 (m, 2H; CH2), 1.63 ppm (dd, J=6.1, 1.3 Hz, 3H;
CHCH3);


13C NMR (75 MHz, CDCl3): d=170.2, 169.9 (2s; 2NC=O),
128.2, 127.2 (2d; CH=CH), 61.5, 52.4 (2q; 2NOCH3), 48.9 (d;
CHCO2CH3), 32.6 (q; NCH3), 31.9 (t; C-2), 18.0 ppm (q; CHCH3);
HRMS (EI): m/z : calcd for C10H17NO4: 215.1158; found: 215.1168 [M]+ ;
elemental analysis calcd (%) for C10H17NO4: C 55.80, H 7.96, N 6.51;
found: C 55.58, H 8.00, N 6.62; HPLC(Daicel AD-H column, n-hexane/
iPrOH 99:1, 20 8C, 210 nm): trACHTUNGTRENNUNG(4b)=58/64 min.


Methyl (4E)-2-{[methoxyACHTUNGTRENNUNG(methyl)amino]carbonyl}tridec-4-enoate (4c):
Malonic amide 1 (97 mg, 0.60 mmol) was transformed into a solution of
the sodium salt as described above in the procedure for the preparation
of 4a. The solution was added to a solution of [Pd2 ACHTUNGTRENNUNG(dppf)Cl2]·CH2Cl2
(8.2 mg, 20 mmol) and carbonate 2c (114 mg, 0.50 mmol) in dry THF
(0.75 mL), and the reaction mixture was stirred at RT for 2 h. After
workup as described above, the crude product was subjected to flash
chromatography on silica (petroleum ether/ethyl acetate 5:1) to yield 4c
(116 mg, 74%) as a colorless, analytically pure oil. RfACHTUNGTRENNUNG(4c)=0.13 (petro-
leum ether/ethyl acetate 5:1); 1H NMR (300 MHz, CDCl3): d=5.56–5.31
(m, 2H; CH=CH), 3.69, 3.68 (2s, 6H; OCH3), 3.76–3.61 (m, 1H; CH),
3.20 (s, 3H; NCH3), 2.57 (dd, 3J=6.3, 6.3 Hz, 2H; CH2), 1.95 (dt, 3J=6.6,
6.6 Hz, 2H; CH2(n-octyl)), 1.37–1.17 (m, 12H; CH2(n-octyl)), 0.87 ppm (t, 3J=


7.0 Hz, 3H; CH3(n-octyl)) ;
13C NMR (75 MHz, CDCl3): d=170.2, 169.9 (2s;


C=O), 133.9, 125.9 (2d; CH=CH), 61.5, 52.3 (2q; OCH3), 48.9 (d; CH),
32.6 (q; NCH3), 32.5 (t; CH2), 32.0, 31.9, 29.6, 29.5, 29.4, 29.3, 22.8 (7 t;
CH2(n-octyl)), 14.2 ppm (q; CH3(n-octyl)) ; elemental analysis calcd (%) for
C17H31NO4: C 65.14, H 9.97, N 4.47; found: C 65.11, H 9.88, N 4.77;
HPLC (Daicel AD-H column, 99:1 n-hexane/iPrOH, 20 8C, 220 nm): tr-
ACHTUNGTRENNUNG(4c)=31/32 min.


Methyl (4E)-6-{[tert-butyl ACHTUNGTRENNUNG(diphenyl)silyl]oxy}-2-{[methoxyACHTUNGTRENNUNG(meth ACHTUNGTRENNUNGyl)ACHTUNGTRENNUNGami-
ACHTUNGTRENNUNGno]carbonyl}hex-4-enoate (4d): This compound was obtained as a side
product in the preparation of 3d (see above). 1H NMR (500 MHz,
CDCl3): d=7.69–7.66 (m, 4H; Ar), 7.43–7.36 (m, 6H; Ar), 5.76–5.65 (m,
2H; CH=CH), 4.16 (d, J=2.5 Hz, 2H; CH2O), 3.82 (t, J=6.6 Hz, 1H;
CHCO2CH3), 3.71, 3.68 (2 s, 6H; 2NOCH3), 3.20 (s, 3H; NCH3), 2.71–
2.62 (m, 2H; CH2), 1.06 ppm (s, 9H; tBu); 13C NMR (125 MHz, CDCl3):
d=170.0, 169.6 (2s, 2NC=O), 135.5 (d; Ar), 133.7 (s; Ar), 131.7 (d; CH=


CH), 129.6, 127.7 (2d; 2N C, Ar), 126.5 (d; CH=CH), 64.1 (t; OCH2),
61.4, 52.3 (2q; 2NOCH3), 48.4 (d; CHCO2CH3), 32.4 (q; NCH3), 31.4 (t;
CH2), 26.8 (q; C ACHTUNGTRENNUNG(CH3)3), 19.2 ppm (s; CACHTUNGTRENNUNG(CH3)3); HRMS (EI): m/z : calcd
for C26H35NO5Si: 469.2284; found: 469.2272 [M]+ ; elemental analysis
calcd (%) for C26H35NO5Si: C 66.49, H 7.51, N 2.98; found: C 66.21, H
7.51, N 3.12.


(+)-(3S)-N-methoxy-N-methyl-3-phenylpent-4-enamide (5a): A solution
of 3a (containing <2% of 4a) (1.90 g, 6.88 mmol) and aqueous NaOH
(2n, 22 mL) in methanol (65 mL) was stirred for 4 h at RT and was then
acidified to pH 1 with aqueous HCl (2n) and extracted with CH2Cl2 (3N
50 mL). The combined organic phases were washed with brine (50 mL),
dried over Na2SO4, filtered and concentrated in vacuo to give a yellowish
oil. A small amount of 2,6-di-tert-butyl-4-methylphenol (<0.1 mg) was
added as radical inhibitor, and the mixture was heated at 210 8C (oil bath
temperature). TLC analysis (Rf(carboxylic acid)=0.00 (petroleum ether/
ethyl acetate 3:1)) indicated complete decarboxylation after 20 min.
Flash chromatography on silica (30 g, petroleum ether/ethyl acetate 3:1)
gave amide 5a (1.3 g, 87%) as a colorless oil. Rf ACHTUNGTRENNUNG(5a)=0.19 (petroleum
ether/ethyl acetate 3:1); a25


D =++1.1 (c=0.62 in MeOH); 1H NMR
(300 MHz, CDCl3): d =7.27–7.16 (m, 5H; Ar), 6.08–5.96 (m, 1H; CH=


CH2), 5.08–5.02 (m, 2H; CH=CH2), 4.01–3.94 (m, 1H; CH), 3.57 (s, 3H;
NOCH3), 3.11 (s, 3H; NCH3), 2.93–2.76 ppm (m, 2H; CH2);


13C NMR
(CDCl3, 75 MHz): d =172.7 (s; C=O), 143.4 (s; Ar), 140.9 (d; CH=CH2),
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128.6, 127.9, 126.6 (3d; Ar), 114.7 (t; CH=CH2), 61.4 (q; NOCH3), 45.0
(d; CH), 37.6 (t; CH2), 32.3 ppm (q; NCH3); elemental analysis calcd
(%) for C13H17NO2: C 71.21, H 7.81, N 6.39; found: C 71.27, H 7.83, N
6.55.


(+)-(3S)-N-methoxy-N,3-dimethylpent-4-enamide (5b): A mixture of
esters 3b and 4b (843 mg, 3.92 mmol), obtained by iridium-catalyzed al-
lylic alkylation according to Table 1, entry 4 (3b/4b 94:6), was saponified
as described for ester 3a. The decarboxylation was conducted by heating
at 160 8C for 2 h. Flash chromatography on silica (30 g, petroleum ether/
ethyl acetate 5:1) yielded 5b (517 mg, 84%) as colorless, analytically
pure oil. RfACHTUNGTRENNUNG(5b)=0.13 (petroleum ether/ethyl acetate 5:1); [a]20D =++1.3
(c=1.30 in MeOH); 1H NMR (300 MHz, CDCl3): d=5.81 (ddd, J=17.3,
10.4, 6.8 Hz, 1H; CH=CH2), 5.03 (ddd, J=17.1, 1.5, 1.5 Hz, 1H; CH=


CH2), 4.95 (ddd, J=10.4, 1.3, 1.3 Hz, 1H; CH=CH2), 3.67 (1s, 3H;
OCH3), 3.18 (s, 3H; NCH3), 2.81–2.72 (m, 2H; CHCH3), 2.49 (dd, J=


15.1, 7.0 Hz, 1H; CHaHbCO), 2.36 (dd, J=15.2, 7.6 Hz, 1H; CHaHbCO),
1.06 ppm (d, J=6.8 Hz, 3H; CHCH3);


13C NMR (CDCl3, 75 MHz): d=


173.5 (s; C=O), 143.4 (d; CH=CH2), 113.1 (t; CH=CH2), 61.4 (q; OCH3),
38.7 (t; CH2CO), 33.9 (d; CHCH3), 32.3 (q; NCH3), 19.9 ppm (q;
CHCH3); HRMS (EI): m/z : calcd for C8H15NO2: 157.1103, found:
157.1108 [M]+ ; elemental analysis calcd (%) for C8H15NO2: C 61.12, H
9.62, N 8.91; found: C 60.86; H 9.54; N 9.17.


(3S)-N-Methoxy-N-methyl-3-octylpent-4-enamide (5c): A mixture of
esters 3 and 4c (2.0 g, 6.4 mmol), obtained from the iridium-catalyzed al-
lylic alkylation according to Table 1, entry 5 (3c/4c 83:17), was saponified
as described for ester 5a. The decarboxylation was conducted by heating
at 210 8C for 20 min. Purification of the brown crude product by flash
chromatography on silica (100 g, petroleum ether/ethyl acetate 5:1) yield-
ed amide 5c (1.4 g 88%), still contaminated by the corresponding linear
regioisomer, as a yellowish oil. RfACHTUNGTRENNUNG(5c)=0.27 (petroleum ether/ethyl ace-
tate 5:1); 1H NMR (300 MHz, CDCl3): d=5.72–5.57 (m, 1H; CH, CH=


CH2), 5.06–4.95 (m, 2H; CH=CH2), 3.72–3.65 (m, 3H; OCH3), 3.20–3.16
(m, 3H; NCH3), 2.66–2.25 (m, 3H; CH, CH2), 1.34–1.13 (m, 14H;
CH2(n-octyl)), 0.87 ppm (t, J=6.9 Hz, 3H; CH3(n-octyl)) ;


13C NMR (75 MHz,
CDCl3): d=173.6 (C=O), 142.0 (d; CH=CH2), 114.8 (t; CH=CH2), 61.4
(q; OCH3), 40.1 (t; CH2), 37.6 (d; CH), 34.8 (q; NCH3), 32.0, 29.8, 29.7,
29.6, 29.4, 27.3, 22.8 (7 t; CH2(n-octyl)), 14.3 ppm (q; CH3(n-octyl)) ; elemental
analysis calcd (%) for C15H29NO2: C 70.54, H 11.45, N 5.48; found: C
70.72, H 11.54, N 5.56.


(+)-(3S)-3-({[tert-ButylACHTUNGTRENNUNG(diphenyl)silyl]oxy}methyl)-N-methoxy-N-methyl-
pent-4-enamide (5d): A solution of amides 3d and 4d (2.17 g,
4.62 mmol), obtained by iridium-catalyzed allylic alkylation according to
Table 1, entry 7 (3d/4d 85:15), in THF (10 mL) was added to an aqueous
solution of LiOH (1m, 10 mL) and the resulting mixture was stirred at
RT for 18 h. The solution was acidified to pH 2 with aqueous 2n HCl,
and the aqueous phase was extracted with CH2Cl2 (3N50 mL). The com-
bined organic phases were dried over Na2SO4, filtered, and concentrated
in vacuo. A small amount (<0.1 mg) of 2,6-di-tert-butyl-4-methylphenol
was added to the crude product as a radical inhibitor and then the mix-
ture was heated to 200 8C (oil bath temperature) for 30 min until TLC
analysis indicated complete decarboxylation. Purification of the dark
crude product by flash chromatography on silica (50 g, petroleum ether/
ethyl acetate 5:1) yielded (+)-(3S)-5d (1.34 g, 70%) as a slightly yellow,
analytically pure oil. RfACHTUNGTRENNUNG(5d)=0.18 (petroleum ether/ethyl acetate 5:1);
[a]20D =++14.2 (c=1.02 in CHCl3, 97.5% ee according to HPLC); 1H NMR
(500 MHz, CDCl3): d=7.68–7.65 (m, 4H; Ar), 7.44–7.36 (m, 6H; Ar),
5.81 (ddd, J=17.4, 10.0, 7.6 Hz, 1H; CH=CH2), 5.09 (d, J=17.1 Hz, 1H;
CH=CH2), 5.05 (d, J=10.3 Hz, 1H; CH=CH2), 3.71 (dd, J=9.8, 4.9 Hz;
1H; OCHaHb), 3.67 (s, 3H; OCH3), 3.62 (dd, J=9.8, 6.4 Hz, 1H;
OCHaHb), 3.17 (s, 3H; NCH3), 2.94–2.88 (m, 1H; CHCH=CH2), 2.75
(dd, J=15.4, 5.1 Hz, 1H; CH2C=O), 2.54 (dd, J=14.2, 8.3 Hz, 1H;
CH2C=O), 1.06 ppm (s, 9H; tBu-H), 13C NMR (CDCl3, 125 MHz): d=


173.5 (s; C=O), 138.9 (d; CH=CH2), 135.8 (d; Ar), 133.8 (s; Ar), 129.7,
127.8 (2d; Ar), 116.0 (t; CH=CH2), 66.8 (t; OCH2), 61.3 (q; OCH3), 42.1
(d; CHCH=CH2), 33.5 (t; CH2C=O), 32.2 (q; NCH3), 27.0 (q; C ACHTUNGTRENNUNG(CH3)3),
19.5 ppm (s; C ACHTUNGTRENNUNG(CH3)3); HRMS (FAB): m/z : calcd for C24H34NO3Si:
412.2308; found: 412.2320 [M+H+]; elemental analysis calcd (%) for
C24H33NO3Si: C 70.03, H 8.08, N 3.40; found: C 69.94, H 8.10, N 3.44;


HPLC (Daicel AD-H column, n-hexane/iPrOH 99.5:0.5, 20 8C, 230 nm):
tr((S)-5d)=33.5, tr((R)-5d)=37.5 min.


(5S)-5-Octylhepta-1,6-dien-3-one (6d): A solution of amide 5c (1.2 g,
4.7 mmol), contaminated with the linear regioisomer, in dry THF
(30 mL) was cooled to �78 8C and then treated dropwise with a 1m solu-
tion of bromo ACHTUNGTRENNUNG(vinyl)magnesium in THF (12.2 mL). The reaction mixture
was stirred for 1 h and then allowed to warm to 0 8C. After further 2 h,
TLC analysis indicated complete consumption of 5c. The mixture was
added dropwise to a cold (0 8C) saturated aqueous solution of NaHSO4


(50 mL). The mixture was extracted with diethyl ether (3N50 mL), and
the combined organic phases were washed with brine (100 mL), dried
over Na2SO4, filtered and concentrated in vacuo to give a yellow oil. This
was subjected to flash chromatography on silica (petroleum ether/ethyl
acetate 15:1) to yield diene 6d (0.86 g, 82%), contaminated with the
linear regioisomer, as a yellowish oil. RfACHTUNGTRENNUNG(6d)=0.64 (petroleum ether/
ethyl acetate 5:1); 1H NMR (300 MHz, CDCl3): d =6.35 (dd, J=16.6,
10.3 Hz, 1H; (CO)CH=CH2), 6.19 (dd, J=17.6, 1.2 Hz, 1H; (CO)CH=


CH2), 5.80 (dd, J=10.4, 1.4 Hz, 1H; (CO)CH=CH2), 5.67–5.34 (m, 1H;
CH=CH2), 5.00–4.94 (m, 2H; CH=CH2), 2.67–2.54 (m, 3H; CH, CH2),
1.42–1.17 (m, 14H; CH2(n-octyl)), 0.87 ppm (t, 3J=6.5 Hz, 3H; CH3(n-octyl)) ;
13C NMR (75 MHz, CDCl3): d=200.1 (s; C=O), 141.6 (d; CH=CH2),
137.1 (d; (CO)CH=CH2), 128.1 (t; (CO)CH=CH2), 114.8 (t; CH=CH2),
45.2 (t; CH2), 39.8 (d; CH), 34.8, 32.0, 29.7, 29.7, 29.4, 27.2, 22.8 (7 t;
CH2(n-octyl)), 14.2 ppm (q; CH3(n-octyl)) ; elemental analysis calcd (%) for
C15H26O: C 81.02, H 11.79; found: C 80.81, H 11.64.


(5S)-2-Methyl-5-octylhepta-1,6-dien-3-one (6e): A solution of a Grignard
reagent was prepared from activated magnesium turnings (56.0 mg,
2.34 mmol), 2-bromopropene (254 mg, 2.23 mmol), and THF (3.5 mL).
This was cannulated into a cooled (�78 8C) solution of 5c (200 mg,
0.780 mmol), contaminated with the linear regioisomer, in THF (35 mL).
The mixture was stirred at �78 8C for 1 h and at 0 8C for 2 h. TLC analy-
sis indicated complete consumption of 5c. A solution of saturated aque-
ous NaHSO4 (10 mL) was added, and the mixture was extracted with di-
ethyl ether (3N50 mL). The combined organic phases were dried over
Na2SO4, filtered, and concentrated in vacuo. The residue was subjected
to flash chromatography on silica (40 g, petroleum ether/ethyl acetate
10:1) to yield the dienone 6e, contaminated with the linear regioisomer,
as a colorless oil (160 mg, 87%). RfACHTUNGTRENNUNG(6e)=0.61 (petroleum ether/ethyl
acetate 5:1); [a]20D =++44.6 (c=0.73 in CHCl3);


1H NMR (300 MHz,
CDCl3): d =6.01–5.89 (m, 1H; C=CH2), 5.78–5.73 (m, 1H; C=CH2), 5.68–
5.54 (m, 1H; CH=CH2), 5.61 (ddd, J=17.7, 8.0, 1.2 Hz, 1H; CH=CH2),
5.00–4.91 (m, 2H; CH=CH2), 2.76–2.51 (m, 3H; CH2, CH), 1.87–1.83 (m,
3H; CH3), 1.39–1.16 (m, 14H; 7NCH2(n-octyl)), 0.87 ppm (t, J=6.0 Hz, 3H;
CH3(n-octyl)) ;


13C NMR (75 MHz, CDCl3): d=201.6 (s; C=O), 145.2 (s; C=


CH2), 141.9 (d; CH=CH2), 124.6 (t; C=CH2), 114.7 (t; CH=CH2), 43.0 (t;
CH2), 40.3 (d; CH), 34.8, 32.0, 29.7, 29.6, 29.4, 27.2, 22.8 (7 t; CH2(n-octyl)),
17.8 (q; CH3),14.3 ppm (q; CH3(n-octyl)) ; HRMS (EI): m/z : calcd for
C16H28O: 236.2140; found: 236.2137 [M]+ .


(+)-(5S)-5-({[tert-ButylACHTUNGTRENNUNG(diphenyl)silyl]oxy}methyl)-2-methylhepta-1,6-
dien-3-one (6 f): A solution of a Grignard reagent was prepared from ac-
tivated magnesium turnings (780 mg, 32.0 mmol), 2-bromopropene (3.9 g,
32 mmol) and THF (20 mL). This was transferred by cannula into a
cooled (�78 8C) solution of pure (+)-5d (5.08 g, 12.4 mmol) in THF
(35 mL). After the reaction mixture had been stirred for 1 h, the mixture
was allowed to warm to 0 8C and was stirred for another 2 h; TLC analy-
sis (RfACHTUNGTRENNUNG(5d)=0.18 (petroleum ether/ethyl acetate 5:1)) indicated complete
consumption of the starting material. An aqueous solution of NaHSO4


(10%, 100 mL) was added. The resultant mixture was extracted with di-
ethyl ether (3N100 mL), and the combined organic phases were dried
over Na2SO4, filtered, and concentrated in vacuo. The crude product was
purified by flash chromatography on silica (100 g, petroleum ether/ethyl
acetate 5:1) to yield (+)-(6d) as a colorless oil (4.58 g, 94%). RfACHTUNGTRENNUNG(6 f)=


0.59 (petroleum ether/ethyl acetate 5:1); [a]20D =++12.3 (c=0.73 in
CHCl3);


1H NMR (300 MHz, CDCl3): d=7.67–7.62 (m, 4H; Ar), 7.45–
7.34 (m, 6H; Ar), 5.95 (s, 1H; CCH3=CH2), 5.81–5.68 (m, 2H; CH=CH2,
CCH3=CH2), 5.08–5.02 (m, 2H; CH=CH2), 3.67 (dd, J=9.9, 5.2 Hz, 1H;
OCHaHb), 3.57 (dd, J=9.9, 6.4 Hz, 1H; OCHaHb), 3.05 (dd, J=15.7,
5.4 Hz, 1H; CH2C=O), 2.95–2.84 (m, 1H; CHCH=CH2), 2.69 (dd, J=
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15.7, 8.0 Hz, 1H; CH2C=O), 1.85 (s, 3H; CH3), 1.05 ppm (s, 9H; tBu);
13C NMR (75 MHz, CDCl3): d =201.2 (s; C=O), 144.9 (s; CCH3=CH2),
138.8 (d; CH=CH2), 135.7 (d; Ar), 133.7 (s; Ar), 129.8, 127.8 (2d; Ar),
124.7 (t; CCH3=CH2), 116.0 (t; CH=CH2), 66.6 (t; OCH2), 42.3 (d;
CHCH=CH2), 38.9 (t; CH2C=O), 27.0 (q; C ACHTUNGTRENNUNG(CH3)3), 19.4 (s; C ACHTUNGTRENNUNG(CH3)3),
17.8 ppm (q; CH3); HRMS (FAB): m/z : calcd for C25H33O2Si: 393.2250;
found: 393.2229 [M+H+]; elemental analysis calcd (%) for C25H32O2Si:
C 76.48, H 8.22; found: C 76.37, H 8.33.


(�)-(4S)-4-Phenylcyclopent-2-en-1-one (7a): A solution of (+)-5a
(88 mg, 0.40 mmol) in dry THF (1 mL) was cooled to �78 8C. Then, a so-
lution of bromo ACHTUNGTRENNUNG(vinyl)magnesium in THF (1.2 mL, 1m) was added
slowly. After the reaction mixture had been stirred for 1 h, it was allowed
to warm to 0 8C. After 2 h, TLC analysis (RfACHTUNGTRENNUNG(5a)=0.15 (petroleum ether/
ethyl acetate 3:1)) indicated complete consumption of 5a. The mixture
was added dropwise to an aqueous solution of NaHSO4 (10 mL, 5%) at
0 8C. The mixture was extracted with diethyl ether (3N15 mL), and the
combined organic phases were washed with brine (30 mL), dried over
Na2SO4, filtered, and concentrated in vacuo to give a colorless oil as the
crude product (6a). This was treated with a solution of Grubbs II catalyst
(8.0 mg, 10 mmol) in CH2Cl2 (3 mL) and the resultant mixture was stirred
and heated at reflux for 2 h under an argon atmosphere. The solvent was
removed in vacuo to give a dark-brown residue that was subjected to
flash chromatography on silica (15 g, RfACHTUNGTRENNUNG(6a)=0.26, petroleum ether/ethyl
acetate 10:1) to yield 7a (48 mg, 76%) as slightly yellow oil. Rf ACHTUNGTRENNUNG(7a)=


0.07 (petroleum ether/ethyl acetate 10:1); [a]24D =�284 (c=0.51 in CHCl3,
97% ee according to HPLC); 1H NMR (300 MHz, CDCl3): d=7.67 (dd,
J=5.6, 2.6 Hz, 1H; (C=O)CH=CH), 7.36–7.13 (m, 5H; Ar), 6.32 (dd, J=


5.6, J=2.1 Hz, 1H; (C=O)CH=CH), 4.19–4.15 (m, 1H; CH), 2.90 (dd,
J=18.9, 6.9 Hz, 1H; CH2b), 2.32 ppm (dd, J=18.9, 2.5 Hz, 1H; CH2a),
13C NMR (75 MHz, CDCl3): d=210.0 (s; C=O), 166.7 (d; CH= ), 141.6
(s; Ar), 134.2 (d; CH=), 129.1, 127.4, 127.3 (3d; Ar), 46.9 (d; CH),
44.1 ppm (t; CH2); HRMS (EI): m/z : calcd for C11H10O: 158.0732; found:
158.0746 [M+]; HPLC (Daicel AD-H column, n-hexane/iPrOH 99.7:0.3,
25 8C, 210 nm): tr((+)-7a)=108.4 min, tr((�)-7a)=118.1 min.


(�)-(4S)-2,4-Diphenylcyclopent-2-en-1-one (7b): A solution of bromo(1-
phenylvinyl)magnesium in THF (2m, 1.43 mL) was added dropwise to a
cooled (�78 8C) solution of amide (+)-5a (250 mg, 1.14 mmol) in dry
THF (3 mL). After the reaction mixture had been stirred for 1 h, it was
allowed to warm to 0 8C. After a further 2 h, TLC analysis (Rf ACHTUNGTRENNUNG(6b)=0.57,
petroleum ether/ethyl acetate 5:1) indicated complete consumption of
5a. The reaction mixture was added dropwise to a cold (0 8C) saturated
aqueous solution of NaHSO4 (50 mL). The resultant mixture was extract-
ed with diethyl ether (3N50 mL), and the combined organic phases were
washed with brine (100 mL), dried over Na2SO4, filtered, and concentrat-
ed in vacuo to give 6b as a yellow oil. This was treated with a solution of
Grubbs II catalyst (21 mg, 29 mmol) in CH2Cl2 (15 mL) and the resulting
solution was vigorously stirred and heated at reflux for 2 h under an
argon atmosphere. The mixture was then stirred overnight at RT until
TLC analysis indicated complete consumption of the starting material.
The solvent was removed in vacuo to give a dark-brown residue, which
was subjected to flash chromatography on silica (petroleum ether/ethyl
acetate 5:1) to yield cylopentenone 7b (175 mg, 63% over 2 steps) as a
white powder. RfACHTUNGTRENNUNG(7b)=0.43 (petroleum ether/ethyl acetate 5:1); m.p. 63–
64 8C; [a]D24=�94 (c=0.50 in CHCl3);


1H NMR (300 MHz, CDCl3): d=


7.83–7.74 (m, 3H; Ar, C=CH), 7.45–7.18 (m, 8H; Ar), 4.18 (ddd, J=7.0,
5.4, 2.6 Hz, 1H; PhCH), 3.14 (dd, J=19.0, 7.1 Hz, 1H; CH2b), 2.58 ppm
(dd, J=19.0, 2.6 Hz, 1H; CH2a);


13C NMR (75 MHz, CDCl3): d=207.2
(s; C=O), 160.7 (d; C=CH), 143.0, 142.1, 131.3, 129.2, 128.9, 128.7, 127.4,
127.4 (8d; Ar, C=CH), 45.8 (t; CH2), 43.9 ppm (d; CH); elemental analy-
sis calcd (%) for C17H14O: C 87.15, H 6.02; found: C 86.96, H 6.13;
HPLC (Daicel AD-H column, n-hexane/iPrOH 95:5, 20 8C, 254 nm):
tr((+)-7b)=20.7, tr((�)-7b)=26.9 min].


(�)-(4S)-2,4-Dimethylcyclopent-2-en-1-one (7c): A Grignard reagent was
prepared from magnesium (194 mg, 8.00 mmol), 2-bromopropene
(968 mg, 8.00 mmol), and Et2O (8 mL). The solution was transferred by
cannula into a cooled (�78 8C) solution of (+)-5b (393 mg, 2.50 mmol) in
Et2O (8 mL). After the reaction mixture had been stirred at �78 8C for
1 h and at 0 8C for 2 h, TLC analysis (RfACHTUNGTRENNUNG(6c)=0.60 (petroleum ether/


ethyl acetate 5:1)) indicated complete consumption of the starting mate-
rial. The mixture was added dropwise to an aqueous solution of NaHSO4


(10%, 50 mL), which was kept at 0 8C to avoid possible side reactions.[30]


The mixture was extracted with diethyl ether (3N20 mL), and the com-
bined organic phases were dried over Na2SO4, filtered, and concentrated
in vacuo to give crude 6c, a colorless, volatile liquid. This was dissolved
in CH2Cl2 (15 mL), Grubbs II catalyst (42 mg, 50 mmol) was added, and
the vigorously stirred mixture was heated at reflux for 2 h under an
argon atmosphere, until TLC analysis indicated complete consumption of
the starting material. The reaction flask was connected by a wide glass
tube to a second flask. The reaction mixture was cooled to �40 8C, the
system evacuated and the solvent was removed, over a period of ca. 3 h,
by cooling the second flask to �196 8C. The resulting solvent-free crude
product was subjected to the same procedure by vaporization at RT and
condensation at �196 8C to remove the catalyst. Ketone (�)-7c (144 mg,
52%) was obtained as a colorless, highly volatile liquid with a character-
istic odor. The analytical data agreed with the data for the racemic com-
pound published by Ahlbrecht and Daacke.[31] RfACHTUNGTRENNUNG(7c)=0.38, (petroleum
ether/ethyl acetate 5:1); [a]20D =�164 (c=0.82 in MeOH, 95.5% ee ac-
cording to HPLC); 1H NMR (300 MHz, CDCl3): d =7.19 (dd, J=2.2,
1.0 Hz, 1H; C=CH), 2.92–2.79 (m, 1H; CH), 2.61 (dd, J=18.8, 6.3 Hz,
1H; CH2), 1.94 (dd, J=18.8, 1.9 Hz, 1H; CH2), 1.75 (dd, J=1.7, 1.5 Hz,
3H; CH3), 1.15 ppm (d, J=7.1 Hz, 3H; CH3);


13C NMR (CDCl3,
75 MHz): d=210.3 (s; C=O), 163.7 (d; C=CH), 141.0 (s; C=CH), 43.1 (t;
CH2), 33.4 (d; CH), 20.4, 10.1 ppm (2q; 2NCH3); HRMS (EI): m/z : calcd
for C7H10O: 110.0732; found: 110.0723 [M]+ ; HPLC (Daicel AD-H
column, n-hexane/iPrOH 99:1, 7 8C, 220 nm): tr((�)-(S)-7c)=16.5, tr((+)-
(R)-7c)=17.6 min.


(�)-(4S)-4-Octylcyclopent-2-en-1-one (7d): Diene 6d (800 mg,
3.60 mmol), contaminated with the linear regioisomer, was dissolved in
dry CH2Cl2 (100 mL), and Grubbs II catalyst (90 mmol, 76 mg) was
added. Under an argon atmosphere, the stirred solution was heated at
reflux for 2 h (monitored by TLC). The solvent was removed in vacuo to
give a dark-brown residue, which was subjected to flash chromatography
on silica (5:1 petroleum ether/ethyl acetate) to yield enone 7d (0.49 g,
70%) as slightly brown oil. Side products formed from the linear regio-
isomer were separated off in this step, but they were not isolated. Rf-
ACHTUNGTRENNUNG(7d)=0.21 (petroleum ether/ethyl acetate 5:1); [a]24D =�129 (c=0.50 in
CHCl3, 96% ee according to HPLC); 1H NMR (300 MHz, CDCl3): d=


7.63 (dd J=5.6, 2.4 Hz, 1H; (C=O)CH=CH), 6.13 (dd, J=5.7, 2.0 Hz,
1H; (C=O)CH=CH), 2.96–2.86 (m, 1H; =C�CH), 2.52 (dd, J=18.8,
6.3 Hz, 1H; CH2b), 1.99 (dd, J=18.8, 2.1 Hz, 1H; CH2a), 1.68–1.45 (m,
1H; CH2(n-octyl)), 1.44–1.19 (m, 13H; CH2(n-octyl)), 0.87 ppm (t, J=6.5 Hz,
3H; CH3);


13C NMR (75 MHz, CDCl3): d=210.2 (s; C=O), 168.8, 137.7
(2d; CH=CH) 41.6 (d; CH), 41.2 (t; CH2), 34.9, 31.2, 29.7, 29.6, 29.4, 27.8
22.8 (7 t; CH2(n-octyl)), 14.2 ppm (q; CH3); HRMS (EI): m/z : calcd for
C13H22O: 194.1671; found: 194.1657 [M+]; HPLC (Daicel AD-H column,
n-hexane/iPrOH 99.8:0.2, 7 8C, 220 nm): tr((+)-7d)=36.3, tr((�)-7d)=


38.9 min.


(�)-(4S)-2-Methyl-4-octylcyclopent-2-en-1-on (7e): Under an argon at-
mosphere, a stirred solution of dienone 6e (120 mg, 0.510 mmol), conta-
minated with the linear regioisomer, and Grubbs II catalyst (11.1 mg,
10.0 mmol) in CH2Cl2 (15 mL) was heated at reflux for 3.5 h. The solvent
was removed in vacuo to give a dark-brown residue, which was subjected
to flash chromatography on silica (20 g, petroleum ether/ethyl acetate
5:1) to yield 69 mg (65%) of cyclopentenone 7e as a slightly yellow oil;
the linear regioisomer was separated off in this step but it was not isolat-
ed. RfACHTUNGTRENNUNG(7e)=0.53 (petroleum ether/ethyl acetate 5:1); [a]20D =�37.2 (c=


0.54 in CHCl3);
1H NMR (500 MHz, CDCl3): d =7.25–7.22 (m, 1H; C=


CH), 2.78–2.71 (m, 1H; =C�CH), 2.55 (dd, J=18.5, 6.5 Hz, 1H; CH2a),
2.00 (dd, J=18.5, 2.0 Hz, 1H; CH2b), 1.76–1.74 (m, 3H; CH3), 1.54–1.20
(m, 14H; CH2(n-octyl)), 0.88 ppm (t, J=6.4 Hz, 3H; CH3(n-octyl)) ;


13C NMR
(75 MHz, CDCl3): d=210.0 (s; C=O), 162.4 (d; C=CH), 141.3 (s; C=


CH), 41.5 (d; CH), 39.0 (t; CH2), 35.3, 32.0, 29.8, 29.6, 29.4, 27.8, 22.8
(7 t; CH2(n-octyl)), 14.2 (q; CH3(n-octyl)), 10.2 ppm (q; CH3); HRMS (EI): m/
z : calcd for C14H24O: 208.1824; found: 208.1819 [M]+ .


(�)-(4S)-4-({[tert-ButylACHTUNGTRENNUNG(diphenyl)silyl]oxy}methyl)-2-methylcyclopent-2-
en-1-one (7 f): A vigorously stirred solution of (+)-6 f (4.18 g,
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10.60 mmol) and Grubbs II catalyst (90.0 mg, 106 mmol) in CH2Cl2
(50 mL) was heated at reflux for 16 h under an argon atmosphere (moni-
tored by TLC: RfACHTUNGTRENNUNG(6 f)=0.59 (petroleum ether/ethyl acetate 5:1)). The sol-
vent was removed in vacuo to give a dark-brown residue, which was sub-
jected to flash chromatography on silica (200 g, petroleum ether/ethyl
acetate 5:1) to yield 7 f as slightly yellow oil. The product was dissolved
in hot methanol and water was added until saturation. Upon cooling of
the solution to 5 8C, (�)-7 f was obtained as colorless polyhedral crystals
(3.29 g, 85%). Rf ACHTUNGTRENNUNG(7 f)=0.37 (petroleum ether/ethyl acetate 5:1); m.p. 52–
54 8C; [a]20D =�106 (c=1.01 in CHCl3, 97.5% ee according to HPLC);
1H NMR (500 MHz, CDCl3): d=7.65–7.60 (m, 4H; Ar), 7.47–7.36 (m,
6H; Ar), (m, 1H; CH=), 3.71 (dd, J=9.8, 5.9 Hz, 1H; OCHaHb), 3.66
(dd, J=9.8, 6.4 Hz, 1H; OCHaHb), 3.00 (brm, 1H; CHCH=), 2.47 (dd,
J=18.6, 6.4 Hz, 1H; CH2C=O), 2.20 (dd, J=19.1, 1.9 Hz, 1H; CH2C=O),
1.78 (s, 3H; CH3), 1.04 ppm (s, 9H; tBu-H); 13C NMR (75 MHz, CDCl3):
d=209.5 (s; C=O), 159.3 (d; CH=), 142.8 (s; CH=C), 135.7, 135.7 (2d;
Ar), 133.5, 133.4 (2s; Ar), 129.9, 129.9, 127.9 (3d; Ar), 66.0 (t; OCH2),
41.6 (d; CHCH=), 37.9 (t; CH2C=O), 26.9 (q; CACHTUNGTRENNUNG(CH3)3), 19.4 (s; C-
ACHTUNGTRENNUNG(CH3)3), 10.3 ppm (q; CH3); HRMS (FAB): m/z : calcd for C23H29O2Si:
365.1937; found: 365.1943 [M+H+]; elemental analysis calcd (%) for
C23H28O2Si: C 75.78, H 7.74; found: C 75.52, H 7.73; HPLC (Daicel OD-
H column, n-hexane/iPrOH 90:10, 20 8C, 220 nm): tr((�)-7 f)=10.5,
tr((+)-7 f)=14.0 min.


(�)-(12R)-Methyl 7-hydroxy-9-oxoprost-10-en-1-oate (8): A solution of
iPr2NH (0.24 mL, 1.7 mmol) in dry THF (5 mL) was treated with nBuLi
(0.88 mL, 1.6m in hexane). The resulting solution of LDA was cooled to
�78 8C, then enone 7d (248 mg, 1.27 mmol) was added. The mixture was
stirred for 10 min at �78 8C, and then freshly prepared methyl 6-formyl-
hexanoate (269 mg, 1.70 mmol) was added dropwise. After 2 h at �78 8C,
TLC analysis indicated complete conversion, and the solution was
poured into a cold (0 8C), vigorously stirred mixture of diethyl ether
(50 mL) and saturated aqueous NH4Cl (25 mL). The organic layer was
separated, and the aqueous layer was extracted with diethyl ether (3N
50 mL). The combined extracts were dried over MgSO4, filtered and con-
centrated in vacuo. The crude product was purified by flash chromatogra-
phy on silica (petroleum ether/ethyl acetate 5:1) to yield alcohol 8
(265 mg, 58%) as a colorless oil. Rf(8)=0.24 (petroleum ether/ethyl ace-
tate 5:1); [a]24D =�81 (c=0.85 in CHCl3);


1H NMR (500 MHz, CDCl3):
d=7.68 (dd, J=5.4, 2.4 Hz, 1H; 11-H), 6.13 (dd, J=5.9, 2.0 Hz, 1H; 10-
H), 3.80 (s, 1H; OH), 3.68–3.65 (m, 1H; 7-H), 3.66 (s, 3H; OCH3), 2.67–
2.61 (m, 1H; 12-H), 2.31 (t, J=7.4 Hz, 2H; 2-H), 2.00 (dd, J=8.4, 2.0 Hz,
1H; 8-H), 1.68–1.21 (m, 22H; 3-H, 4-H, 5-H, 6-H, 13-H, 14-H, 15-H, 16-
H, 17-H, 18-H, 19-H), 0.88 ppm (t, J=6.4 Hz, 3H; 20-H); 13C NMR
(125 MHz, CDCl3): d=213.0 (s; C-9), 174.3 (s; C-1), 168.7 (d; C-11),
133.0 (d; C-10), 72.3 (d; C-7), 56.2 (d; C-8), 51.6 (q; C-1’), 45.1 (d; C-12),
35.5, 34.1, 34.1, 31.2, 29.9, 29.6, 29.4, 29.2, 27.1, 25.3, 25.1, 22.8 (12t ; C-2,
C-3, C-4, C-5, C-6, C-13, C-14, C-15, C-16, C-17, C-18, C-19), 14.2 ppm
(q; C-20); elemental analysis calcd (%) for C21H36O4: C 71.55, H 10.31;
found: C 71.62, H 10.31.


(�)-(12R)-Methyl 7-[(methylsulfonyl)oxy]-9-oxoprost-10-en-1-oate (9):
A solution of alcohol 8 (120 mg, 0.340 mmol) and dry Et3N (0.47 mL,
3.4 mmol) in dry CH2Cl2 (3 mL) was cooled to 0 8C and freshly distilled
MsCl (0.20 mL, 2.5 mmol) was added. The mixture was allowed to warm
to RT and was stirred overnight (monitored by TLC). It was then poured
into a stirred mixture of ethyl acetate (10 mL) and saturated aqueous
NaHCO3 (5 mL). The mixture was extracted with diethyl ether (3N
20 mL), and the organic layer was dried over MgSO4 and concentrated in
vacuo. The residue was subjected to flash chromatography on silica (30 g,
petroleum ether/ethyl acetate 5:1) to yield mesylate 9 (120 mg, 82%) as
a yellowish oil. Rf(9)=0.12, (petroleum ether/ethyl acetate 5:1); [a]24D =


�53 (c=0.8 in CHCl3);
1H NMR (300 MHz, CDCl3): d=7.68 (dd, J=5.8,


2.4 Hz, 1H; 11-H), 6.11 (dd, J=5.8, 1.7 Hz, 1H; 10-H), 5.04–4.95 (m,
1H; 7-H), 3.66 (s, 3H; OCH3), 3.04–2.99 (m, 1H; 8-H), 3.00 (s, 3H;
SCH3), 2.57–2.52 (m, 1H; 12-H), 2.30 (t, J=7.4 Hz, 2H; 2-H), 1.85–1.16
(m, 22H; 3-H, 4-H, 5-H, 6-H, 13-H, 14-H, 15-H, 16-H, 17-H, 18-H, 19-
H), 0.88 ppm (t, J=6.8 Hz, 3H; 20-H); 13C NMR (75 MHz, CDCl3): d=


209.4 (s; C-9), 173.1 (s; C-1), 168.4 (d; C-11), 133.4 (d; C-10), 82.4 (d; C-
7), 54.7 (d; C-12), 51.7 (d; C�OCH3), 44.2 (d; C-8), 38.6 (q; C�SCH3),
34.5 (1 t; C-2), 34.0, 32.0, 31.2, 29.8, 29.6, 29.4, 28.8, 27.4, 25.7, 24.8, 22.8


(11 t; C-3, C-4, C-5, C-6, C-13, C-14, C-15, C-16, C-17, C-18, C-19),
14.2 ppm (q; C-20). HRMS (FAB): m/z : calcd for C22H39O6S: 431.2467;
found: 431.2482 [M+H]+ .


(�)-(12R)-TEI-9826 (10): A suspension of the mesylate 9 (60 mg,
0.14 mmol) and neutral alumina (150 mg) in dry CH2Cl2 (5 mL) was
stirred at RT; additional portions of alumina, 130, 90, and 50 mg, were
added after 2, 4, and 6 h, respectively. After 18 h, the reaction mixture
was filtered through a pad of Celite, which was washed with ethyl ace-
tate. The filtrate was concentrated in vacuo, and the residue was subject-
ed to flash chromatography on silica (petroleum ether/ethyl acetate 5:1)
to yield TEI-9826 (10) (44 mg, 94%) as a yellowish oil. Rf(10)=0.35 (pe-
troleum ether/ethyl acetate 5:1); [a]24D =�121 (c=0.58 in CHCl3);
1H NMR (500 MHz, CDCl3): d=7.53 (dd, J=6.0, 2.0 Hz, 1H; 11-H), 6.51
(t, J=7.8 Hz, 1H; 7-H), 6.32 (dd, J=6.0, 2.0 Hz, 1H; 10-H), 3.66 (s, 3H;
OCH3), 3.48–3.43 (m, 1H; 12-H), 2.32–2.18 (m, 4H; 2-H, 6-H), 1.85–1.75
(m, 1H; CH2), 1.68–1.58 (m, 2H; CH2), 1.55–1.45 (m, 3H; CH2), 1.42–
1.34 (m, 2H; CH2), 1.33–1.18 (m, 12H; CH2), 0.87 ppm (t, J=7.1 Hz,
3H; 20-H); 13C NMR (125 MHz, CDCl3): d =197.1, 174.2 (2s; C-1, C-9),
162.1 (d; C-11), 138.3 (s; C-8), 135.3 (d; C-7), 134.9 (d; C-10), 51.6 (q;
OCH3), 43.5 (d; C-12), 34.0, 32.6, 31.2, 29.9, 29.6, 29.4, 29.1, 29.0, 28.5,
26.0, 24.9, 22.8 (12 t; C-2, C-3, C-4, C-5, C-6, C-13, C-14, C-15, C-16, C-
17, C-18, C-19), 14.2 ppm (q; C-20); elemental analysis calcd (%) for
C21H34O3: C 75.41, H 10.25; found: C 75.07, H 10.22; HPLC (Daicel AD-
H column, 96:4 n-hexane/iPrOH, 20 8C, 220 nm): tr((+)-10)=18.7, tr((�)-
10)=20.6 min.


Diastereomeric 4-({[tert-butyl ACHTUNGTRENNUNG(diphenyl)silyl]oxy}methyl)-2-methylcyclo-
pent-2-en-1-ols (11, 12): DIBAL (1m in n-hexane, 4.0 mL, 4.0 mmol) was
added to a solution of (�)-7 f (1.29 g, 3.54 mmol) in dry THF (80 mL) at
�75 8C under an argon atmosphere. After the reaction mixture had been
stirred for 35 min, TLC analysis indicated complete conversion. Water
(1.6 mL) and silica (8 g) were added, and the mixture was allowed to
warm to RT. The mixture was filtered through Celite and washed with
ethyl acetate. The solvent was removed in vacuo and the residue was sub-
jected to flash chromatography on silica (100 g, petroleum ether/ethyl
acetate 10:1 to 3:1). The stereoisomeric products were isolated as color-
less oils, (�)-11 (1.04 g, 80%) and (�)-12 (0.23 g, 15%).


Compound (�)-(1R,4S)-11: Rf(11)=0.27 (petroleum ether/ethyl acetate
3:1); [a]20D =�40.6 (c=0.66 in MeOH); 1H NMR (500 MHz, CDCl3): d=


7.67–7.64 (m, 4H; Ar), 7.45–7.37 (m, 6H; Ar), 5.36 (s, 1H; CH=), 4.38
(m, 1H; CHOH), 3.61–3.55 (m, 2H; OCH2), 2.74–2.70 (m, 1H; ACHTUNGTRENNUNGCHCH=), ACHTUNGTRENNUNG
2.41 (ddd, J=14.6, 7.5, 7.5 Hz, 1H; CH2CHOH), 2.35 (d, J=9.8 Hz, 1H;
OH), 1.84 (s, 3H; CH3), 1.61 ppm (ddd, J=13.8, 2.6, 2.6 Hz, 1H;
CH2CHOH), 1.05 ppm (s, 9H; tBu); 13C NMR (75 MHz, CDCl3): d=


144.4 (s; CH=C), 135.9, 135.8 (2d; Ar), 133.5, 133.4 (2s; Ar), 129.9 (d,
Ar), 128.7 (d; CH=), 127.9, 127.8 (2d; Ar), 78.9 (d; CHOH), 66.6 (t;
OCH2), 45.8 (d; CHCH=), 38.1 (t; CH2CHOH), 27.0 (q; CACHTUNGTRENNUNG(CH3)3), 19.4
(s; C ACHTUNGTRENNUNG(CH3)3), 14.0 ppm (q; CH3); HRMS (FAB): m/z : calcd for
C23H30O2SiNa: 389.1913; found: 389.1886 [M+Na]+ ; elemental analysis
calcd (%) for C23H30O2Si: C 75.36, H 8.25; found: C 75.07, H 8.29.


Compound (�)-(1S,4S)-12 : [a]20D =�96 (c=1.08 in MeOH); 1H NMR
(500 MHz, CDCl3): d=7.67–7.63 (m, 4H; Ar), 7.44–7.36 (m, 6H; Ar),
5.51 (s, 1H; CH=), 4.63–4.60 (m, 1H; CHOH), 3.52 (d, J=6.4 Hz; 2H;
OCH2), 3.00–2.96 (m, 1H; CHCH=), 2.07 (ddd, J=13.9, 7.3, 4.2 Hz, 1H;
CH2CHOH), 1.82 (ddd, J=13.9, 8.0, 3.7 Hz, 1H; CH2CHOH), 1.79 (s,
3H; CH3), 1.04 ppm (s, 9H; tBu); 13C NMR (75 MHz, CDCl3): d=143.3
(s; CH=C), 135.8, 135.7 (2d; Ar), 134.1, 134.0 (2s; Ar), 130.3 (d; CH=),
129.7, 129.7, 127.7 (3d; Ar), 79.7 (d; CHOH), 67.8 (t; OCH2), 46.1 (d;
CHCH= ), 37.9 (t; CH2CHOH), 27.0 (q; C ACHTUNGTRENNUNG(CH3)3), 19.4 (s; C ACHTUNGTRENNUNG(CH3)3),
13.8 ppm (q; CH3); HRMS (FAB): m/z : calcd for C23H29OSi: 349.1988;
found: 349.1964 [M+H�H2O]+ ; elemental analysis calcd (%) for
C23H30O2Si: C 75.36, H 8.25; found: C 75.50, H 8.22.


(�)-(1R,4S)-4-({[tert-ButylACHTUNGTRENNUNG(diphenyl)silyl]oxy}methyl)-2-methylcyclo-
pent-2-en-1-yl methyl carbonate (13): Under an argon atmosphere, a
stirred solution of alcohol (�)-11 (2.60 g, 7.10 mmol) and pyridine
(2.3 mL, 28 mmol) in dry CH2Cl2 (110 mL) was cooled to 0 8C. Methyl
chloroformate (2.2 mL, 28 mmol) was added dropwise, and the mixture
was allowed to warm to RT over a period of 16 h (monitored by TLC:
Rf(11)=0.31, petroleum ether/ethyl acetate 5:1). A saturated aqueous so-
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lution of NH4Cl was added (100 mL) to the reaction mixture. The phases
were separated and the aqueous phase was extracted with CH2Cl2 (2N
100 mL). The combined organic phases were washed with a saturated
aqueous solution of CuSO4 (100 mL) and brine (100 mL). The organic
phase was dried over Na2SO4, and the solvent was removed in vacuo.
The crude product was purified by flash chromatography on silica (30 g,
petroleum ether/ethyl acetate 5:1) to yield (�)-13 (2.60 g, 86%) as a col-
orless oil. Rf(13)=0.56 (petroleum ether/ethyl acetate 5:1); [a]20D =�61
(c=0.46 in MeOH, 98% ee); 1H NMR (500 MHz, CDCl3): d=7.68–7.64
(m, 4H; Ar), 7.45–7.34 (m, 6H; Ar), 5.63–5.61 (m, 1H; CH=), 5.47–5.43
(m, 1H; CHOCO2CH3), 3.78 (s, 3H; OCH3), 3.63–3.52 (m, 2H; OCH2),
2.85–2.75 (m, 1H; CHCH=), 2.54 (ddd, J=14.3, 7.8, 7.8 Hz, 1H;
CH2CHOCO2CH3), 1.74 (s, 3H; CCH3), 1.60 (ddd, J=14.3, 4.7, 4.7 Hz,
1H; CH2CHOCO2CH3), 1.06 ppm (s, 9H; tBu); 13C NMR (75 MHz,
CDCl3): d =156.0 (s; C=O), 139.0 (s; CH=C), 135.8, 135.7, (2d; Ar),
134.1, 134.0 (2s; Ar), 132.4 (d; CH=), 129.7, 127.8 (2d; Ar), 85.4 (d;
CHOCO2CH3), 68.0 (t; OCH2), 54.7 (q; OCH3), 46.2 (d; CHCH=), 34.3
(t; CH2CHOCO2CH3), 27.0 (q; CACHTUNGTRENNUNG(CH3)3), 19.4 (s; CACHTUNGTRENNUNG(CH3)3), 13.9 ppm (q;
CH3); HRMS (FAB): m/z : calcd for C23H29OSi: 349.1988; found:
349.1995 [M+H�MeOCOOH]+ ; elemental analysis calcd (%) for
C25H32O4Si: C 70.72, H 7.60; found: C 70.79, H 7.66.


(�)-9-[(1R,4S)-4-({[tert-Butyl ACHTUNGTRENNUNG(diphenyl)silyl]oxy}methyl)-2-methylcyclo-
pent-2-en-1-yl]-6-chloro-9H-purine-2-amine (14): A solution of 2-amino-
6-chloropurine (596 mg, 3.50 mmol) in dry DMSO (10 mL) was added to
a solution of (�)-13 (1.247 g, 2.93 mmol) and [Pd ACHTUNGTRENNUNG(PPh3)4] (348 mg,
0.300 mmol) in dry THF (12 mL) at RT under an argon atmosphere. The
mixture was stirred at RT until conversion was complete (18 h; monitored
by TLC, Rf(13)=0.67, CH2Cl2/methanol 9:1). Water (20 mL) was added
and the mixture was extracted with ethyl acetate (4N30 mL). The organic
phase was dried over Na2SO4, and the solvent was removed in vacuo.
The crude product was subjected to flash chromatography on silica
(170 g, CH2Cl2/methanol 99:1) to yield a mixture of the regioisomers 14
and 15 (1.10 g, 72% combined yield) in a ratio of 86:14 (determined by
1H NMR spectroscopy).


An analytically pure fraction of the major product (�)-14 was obtained
by preparative HPLC (column: Latek, 250N21 mm, 5 m silica; CH2Cl2/
methanol 99.5:0.5, 20 mLmin�1, 50 bar) as a colorless foam. The analyti-
cal data refers to this sample. [a]20D =�49.5 (c=0.49 in CHCl3);


1H NMR
(300 MHz, CDCl3): d=7.67–7.62 (m, 5H; Ar), 7.46–7.34 (m, 6H; Ar),
5.76–5.75 (m, 1H; CH=), 5.38 (ddd, J=8.6, 6.8, 1.0 Hz, 1H; CH2CHN),
5.01 (s, 2H; NH2), 3.74–3.62 (m, 2H; OCH2), 3.02–2.93 (m, 1H; ACHTUNGTRENNUNGCHCH=),ACHTUNGTRENNUNG
2.72 (ddd, J=13.9, 8.6, 8.6 Hz, 1H; CH2CHN), 1.71 (ddd, J=13.6, 6.6,
6.6 Hz, 1H; CH2CHN), 1.55 (s, 3H; CH3), 1.06 ppm (s, 9H; tBu);
13C NMR (75 MHz, CDCl3): d =159.0, 154.0, 151.3 (3s; purine), 140.9 (d;
purine), 137.8 (s; Ar), 135.7 (d; Ar), 133.6 (s; Ar), 133.1 (d; CH=), 129.9,
127.9 (2d; Ar), 125.7 (s; =CCH3), 67.2 (t; OCH2), 62.1 (d; CH2CHN),
46.5 (d; CHCH=), 35.4 (t; CH2CHN), 27.1 (q; C ACHTUNGTRENNUNG(CH3)3), 19.4 (s;
ACHTUNGTRENNUNGC ACHTUNGTRENNUNG(CH3)3), 13.8 ppm (q; CH3); HRMS (FAB): m/z : calcd for
C28H33ClN5OSi: 518.2143; found: 518.2163 [M+H+]; elemental analysis
calcd (%) for C28H32


35ClN5OSi: C 64.91, H 6.23, N 13.52, Cl 6.84; found:
C 64.61, H 6.21, N 13.25, Cl 6.89.


(+)-[(1S,4R)-4-(2-Amino-6-chloro-9H-purine-9-yl)-3-methylcyclopent-2-
en-1-yl]methanol (16) and (�)-[(1S,2S)-2-(2-amino-6-chloro-9H-purin-9-
yl)-3-methylcyclopent-3-en-1-yl]methanol (17): A solution of the mixture
of 14 and 15 (604 mg, 1.17 mmol), described above, in dry THF (25 mL)
was treated with a solution of HF in pyridine (ca. 70% HF/30% pyridine,
2.3 mL, 2.5 g, �90 mmol HF) in a Teflon flask. Conversion was complete
after the reaction mixture had been stirred for 2.5 h at RT (monitored by
TLC: Rf(15)=0.52, CH2Cl2/methanol 95:5). Aqueous Na2CO3 (2m,
20 mL) was added dropwise. The mixture was extracted with ethyl ace-
tate (3N30 mL), and the organic phase was dried over Na2SO4. The sol-
vent was removed in vacuo and the crude product was subjected to flash
chromatography on silica (8 g, CH2Cl2/methanol 95:5) to yield a mixture
of the regioisomers 16 and 17 (233 mg, 72%). The isomers were separat-
ed by preparative HPLC (50 mg per run; column: Latek, 250N21 mm,
5 m silica; CH2Cl2/methanol 97:3, 20 mLmin�1, 50 bar). Both compounds
were obtained as colorless solids: (+)-16 (163 mg, 50%) and (�)-17
(32 mg, 11%).


Compound (+)-(1S,4R)-16 : Crystallization of (+)-16 by slow evaporation
from ethanol at RT yielded colorless, plate-shaped crystals. [a]20D =++3.0
(c=0.28 in MeOH); m.p. 180–184 8C; 1H NMR (300 MHz, CDCl3): d=


7.85 (s, 1H; HC=N), 5.76–5.73 (m, 1H; CH=C), 5.32–5.25 (m, 1H;
CH2CHN), 5.13 (s, 2H; NH2), 3.85 (dd, J=10.5, 2.7 Hz, 1H; OCHaHb),
3.74 (dd, J=10.6, 3.3 Hz, 1H; OCHaHb), 3.80–3.67 (m, 1H; OH), 3.08–
3.02 (m, 1H; CHCH2OH), 2.81 (ddd, J=14.5, 9.5, 9.5 Hz, 1H;
CH2CHN), 2.14 (ddd, J=14.5, 5.6, 5.6 Hz, 1H; CH2CHN), 1.53 ppm (s,
3H; CH3);


13C NMR (75 MHz, CDCl3): d=158.6, 153.1, 151.9 (3s;
purine), 142.4 (d; purine), 138.3 (s; purine), 132.7 (d; CH=), 126.1 (s;
CH=C), 65.3 (t; OCH2), 64.4 (d; CH2CHN), 46.4 (d; CHCH2OH), 33.0
(t; CH2CHN), 13.8 ppm (q; CH3); HRMS (FAB): m/z : calcd for
C12H15


35ClN5O: 280.0965; found: 280.0967 [M+H+].


Compound (�)-(1S,2S)-17: Crystallization of (�)-17 by slow evaporation
at RT from methanol yielded colorless needles. [a]20D =�25.4 (c=0.18 in
MeOH); m.p. 192–194 8C; 1H NMR (300 MHz, CDCl3): d=7.55 (s, 1H;
HC=N), 6.01 (s, 1H; CH=), 5.28 (s, 2H; NH2), 5.20 (d, J=6.4 Hz, 1H;
CCHN), 3.50–3.30 (m, 2H; OH, OCH2), 3.05–2.94 (m, 1H; OCH2), 2.93–
2.80 (m, 1H; CHCH2OH), 2.45 (dddd, J=16.6, 7.5, 2.8, 1.7 Hz, 1H;
CH2CH=), 2.15–2.03 (m, 1H; CH2CH=), 1.75 ppm (s, 3H; CH3);
13C NMR (75 MHz, CDCl3): d =159.0, 154.0, 152.1 (3s; purine), 141.4 (d;
purine), 136.7 (s; CH=C), 133.3 (d; CH=), 126.0 (s; C-purine), 63.2 (d;
CHN), 60.9 (t; OCH2), 47.4 (d; CHCH2OH), 29.8 (t; CH2CH=),
14.9 ppm (q; CH3); HRMS (FAB): m/z : calcd for C12H15


35ClN5O:
280.0965; found: 280.0934 [M+Na+].


(+)-2-Amino-9-[(1R,4S)-4-(hydroxymethyl)-2-methylcyclopent-2-en-1-
yl]-1,9-dihydro-6H-purine-6-one (2’-Methylcarbovir) (18): A solution of
(+)-(1S,4R)-16 (40.5 mg, 0.145 mmol) in aqueous NaOH (0.5m, 2 mL)
was heated at reflux for 30 min, when conversion was complete (moni-
tored by TLC) saturated aqueous NaHCO3 (2 mL) was added. The mix-
ture was concentrated in vacuo, and the residue was subjected to flash
chromatography on silica (15 g, CH2Cl2/methanol 95:5) to yield (+)-
(1R,4S)-2’-methylcarbovir (18) (31 mg, 82%) as a colorless solid. With
the exception of the optical rotation, the analytical data matched the
data provided by Crimmins et al.[25b] Rf(18)=0.02, (CH2Cl2/methanol
95:5); m.p. >250 8C; [a]20D =++10.4 (c=0.11 in MeOH) (lit. :[25b] [a]D=


�61.0 (c=0.31 in MeOH)); 1H NMR (300 MHz, [D6]DMSO): d=10.58
(s, 1H; NH), 7.59 (s, 1H; HC=N), 6.44 (s, 2H; NH2), 5.70 (dd, J=2.8,
1.2 Hz, 1H; CCH=), 5.22–5.16 (m, 1H; CCHN), 4.68 (t, J=5.2 Hz, 1H;
OH), 3.43 (dd, J=5.5, 5.5 Hz, 2H; OCH2), 2.82–2.73 (m, 1H;
CHCH2OH), 2.58 (ddd, J=13.7, 8.9, 8.8 Hz, 1H; CH2CHN), 1.65 (ddd,
J=13.7, 5.8, 5.8 Hz, 1H; CH2CHN), 1.48 ppm (s, 3H; CH3);


13C NMR
(75 MHz, [D6]DMSO): d=156.8, 153.5, 151.1, 137.7 (4 s), 135.3 (d;
purine), 132.1 (d; CH=), 116.4 (s; CH=C), 64.3 (t; OCH2), 60.8 (d;
CHN), 46.3 (d; CHCH2OH), 34.7 (t; CH2CHN), 13.4 ppm (q; CH3);
HRMS (FAB): m/z : calcd for C12H16N5O2: 262.1304; found: 262.1325
[M+H]+ ; HPLC (Daicel AD-H column, 60:40 n-hexane/iPrOH, 30 8C,
254 nm): trACHTUNGTRENNUNG((1S,4R)-18)=13, trACHTUNGTRENNUNG((1R,4S-18)=16 min, 97.5% ee.
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Study of Hopping Transport in Long Oligothiophenes and
Oligoselenophenes: Dependence of Reorganization Energy on Chain Length


Sanjio S. Zade[a, b] and Michael Bendikov*[a]


Introduction


Conjugated oligomers and polymers[1] attract considerable
interest due to their applications in light-emitting diodes
(LED),[2,3] field-effect transistors (FET),[3,4,5] photovoltaic
cells,[6] and so on. Designing better organic electronic mate-
rials requires a comprehensive understanding of the elec-
tronic structure of conjugated oligomers and polymers and
of the factors that affect it. By systematically studying a
series of conjugated oligomers, valuable information can be
generated not only on the properties of oligomers, but also
on those of conducting polymers.[1]


Applications of organic electronic materials in organic
FETs (OFETs) are of major current interest.[3,5] Plastic flexi-


ble organic-based transistors already meet the requirements
for mass applications in microelectronics as pixel drivers for
flexible displays, as well as for identification and product-
tagging purposes.[7] Currently, the most highly developed or-
ganic FETs are based on pentacene.[8] The field-effect mobi-
lity in pentacene-based thin-film transistors has improved to
equal that of hydrogenated amorphous silicon
(0.5 cm2V�1 s�1) and has recently superseded it at up to
3 cm2V�1 s�1.[4,8] Higher mobilities of 5 cm2V�1 s�1 (achieved
by surface modification)[9] and even as high as 35 cm2V�1 s�1


(achieved for single crystals)[10] were reported for pentacene.
Efforts to improve the mobility of acene by appropriate
chemical modification (substitution) are also underway.[11,12]


Recently, a mobility of 8 cm2V�1 s�1 was achieved with
single crystals of rubrene,[13] and OFETs that were fabricat-
ed on the surface of free-standing rubrene single crystals[14]


were found to have charge-carrier mobilities as high as
15 cm2V�1 s�1.


Oligothiophenes were also intensively studied as possible
active semiconducting materials for FETs[4,15] Polythiophene
and its derivatives were originally shown to have a lower
mobility than acenes and oligothiophenes, possibly due to
their less ordered solid-state structure.[4,16] This has signifi-
cantly improved in recent years, with mobilities reaching
0.1 cm2V�1 s�1 for regioregular polythiophenes and their de-
rivatives.[17,18] More recently, liquid-crystal polythiophene-
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type polymers showed mobility as high as 0.6 cm2V�1 s�1.[19]


Other types of conjugated systems have also exhibited high
mobilities in FET devices.[4,20] 2,2’:5’,2’’:5’’,2’’’-Quaterseleno-
phene (4Se)[21] and selenophene-containing oligomers[22,23]


have been used as active semiconductors in OFETs. Seleni-
um-containing oligomers have attracted great interest as
OFET materials[23] since Takimiya et al.[22] reported higher
hole mobilities for selenium-containing compounds com-
pared to the corresponding sulfur analogues.


Two mechanisms were proposed for charge transport in
organic materials: hopping- and band-type mechanisms. In
p-conjugated organic electronic materials charge motion
occurs predominantly by a hopping-type mechanism.[24,25,26]


When vibronic coupling becomes comparable to or stronger
than electronic coupling, bandlike transport is expected to
take place only in perfectly ordered systems at very low
temperature.[27] The internal reorganization energy l due to
geometric relaxation is an important parameter for charge
transfer in organic electronic materials, since it is one of the
major factors controlling the rate of charge hopping and is
related to the field-effect carrier mobility m.[24,26] According
to the Marcus expression,[28] the rate of charge transfer (of
the hole or electron) depends on two factors: 1) the reor-
ganization energy, and 2) the effective electronic coupling
(orbital overlap V) between neighboring molecules
[Eq. (1)],


ktransfer ¼
�


p


lkBT


�1=2 V2


�h
exp
�
�l


4kBT


�
ð1Þ


where T is the temperature, �h the Planck constant, and kB


the Boltzmann constant. The drift mobility of hopping
charges m is given by Equation (2),


m ¼ eL2ktransfer


kBT
ð2Þ


where e is the electronic charge and L the separation be-
tween two regions taking part in charge hopping. So, in
order to achieve high charge carrier mobility, reorganization
energy should be minimized, and the effective electronic
coupling maximized.


The reorganization energy results from modifications to
the molecular geometry that occur when an electron is
added to or removed from a molecule (inner reorganiza-
tion), as well as from modifications in the surrounding
medium due to polarization effects (outer reorganization).
For most practical purposes, organic electronic materials can
be considered to be condensed-state systems in which no
solvent reorganization occurs. Since most organic electronic
materials are of p type, we consider the reorganization
energy for hole transfer. The reorganization energy for self-
exchange consists of two components l+ and l0 (see
Figure 1). It corresponds to the sum of the geometric relaxa-
tion energies on going from the geometry of the neutral
state to that of the cation radical (l+), and from the geome-


try of the cation radical state to that of the neutral state
(l0). The hole-transfer process on the basis of reorganization
energy for p-type organic materials can be expressed by
Equation (3),[26a]


l ¼ l0 þ lþ ¼ ðE*
0�E0Þ þ ðE*þ�EþÞ ð3Þ


where E0 and E+ are the energies of the neutral and radical
cation species in their optimized geometries, respectively,
and E*


0 and E*þ are the energies of the neutral and radical-
cation species, having the geometries of radical cation and
neutral species, respectively (see Figure 1).


Recently, we[29] and others[30] have shown that the general-
ly accepted[31] linear relationship between the HOMO–
LUMO gap of p-conjugated oligomers and 1/n only holds
up to n�12 (where n is the number of heterocyclic rings).
This extrapolation method fails to consider asymptotic be-
havior, since saturation occurs at longer conjugation lengths.
For higher n values (n>12), second-order polynomials are
required to describe the relationship between HOMO–
LUMO gap and reciprocal chain length. Recently, it was ob-
served that reorganization energies are inversely linearly
correlated with the square root of the number of monomer
units n in conjugated oligomers for n=2–12, in contrast to
the linear relationship between HOMO–LUMO gap and 1/n
in short conjugated oligomers.[26a] Despite the importance of
reorganization energy for hole transport in organic semicon-
ductor devices, the reorganization energies of p-conjugated
oligomers longer than n=12 have never been investigated
by the DFT approach.


We have now studied the internal reorganization energy
of the self-exchange hole-transfer process (l) in oligothio-
phenes and oligoselenophenes for up to n=50 and found
that, for long oligomers, the reorganization energy correlates
linearly with the reciprocal of chain length. Moreover, it ap-
proaches zero for infinite chain length (i.e., for polymers).
We note that effective electronic coupling is another impor-
tant factor governing charge-carrier mobility, but its evalua-
tion is outside of the current study.


Figure 1. Internal reorganization energy l+ +l0 for hole transfer and the
adiabatic ionization energy DE.
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Theoretical Methods


All calculations were carried out with the Gaussian03 program.[32] The
geometries of all oligomers were fully optimized by using a hybrid[33]


Becke three-parameter exchange density functional with the LYP corre-
lation functional (B3LYP)[34] and the 6-31G(d) basis set (B3LYP/6-
31G(d) method). We note that B3LYP/6-31G(d) is a very accurate
method for predicting the band gap of conjugated polymers such as poly-
thiophene and polyselenophenes[29] and that the B3LYP method gives the
best results compared to the BHandHLYP and MP2 methods with re-
spect to experiments for reorganization energy[35] of pentacene. The inter-
nal reorganization energies l for the self-exchange hole-transfer process
are taken as the sum of the relaxation energies for the cation radical
moving from the geometry of the neutral state to that of the cation-radi-
cal state (l+) and for the neutral oligomer moving from the geometry of
the cation radical state to that of the neutral state (l0); see Figure 1. Oli-
gothiophenes and oligoselenophenes are denoted by nT and nSe, respec-


tively, where n is the number of heter-
oaromatic rings. The scf= tight key-
word was used in all single-point
energy calculations. In addition, to cal-
culate the reorganization energies of
long oligothiophenes and oligoseleno-
phenes such as nT and nSe (n =20, 30,
and 50) the additional keyword inte-
gral(grid=ultrafine) was used.


The geometries of oligothiophenes and oligoselenophenes were con-
strained to C2h and C2v symmetries for even and odd values of n, respec-
tively, since the oligothiophene structures that are relevant to OFET de-
vices have a planar conformation in the solid state. The energy difference
between the symmetry-constrained and -unconstrained geometries is
always less than 0.12 kcalmol�1 for oligothiophenes and less than
0.05 kcalmol�1 for oligoselenophenes. The optimized geometries of 20T,
30T, and 50T without symmetry constraints have planar structures which
are indistinguishable from the symmetry-constrained geometries (energy
difference <0.01 kcalmol�1). While the optimized geometries of symme-
try-unconstrained 20Se, 30Se, and 50Se are slightly curved,[36] the energy
difference between the symmetry-constrained and symmetry-uncon-
strained structures is less than 0.03 kcalmol�1 (<1.5 meV). Since the
energy differences between the planar and nonplanar minimal structures
of all oligothiophenes and oligoselenophenes are negligible, small tor-
sional changes in the oligomers do not contribute to the reorganization
energies.[37] We are also aware that large spin contamination leads to un-
reliable estimations of reorganization energies.[38] Fortunately, spin con-
tamination is negligible for all the cation radicals studied in this paper at
the B3LYP/6-31G(d) level of theory. The largest S2 values are found for
the 9T cation radical (S2=0.77) and for the 9Se cation radical (S2=0.78).
The S2 values for long cation radicals are even smaller (0.752 for the 50T
cation radical). The S2 values after annihilation of the first spin contami-
nant are 0.75 for all the cation radicals studied here.


The adiabatic ionization potential (IP1a) was calculated as the energy dif-
ference between the optimized structures of the cation radical and neu-
tral molecule, while the vertical ionization potential (IP1v) was calculated
as the energy difference between the cation radical having the optimized
geometry of the neutral molecule and optimized geometry of the neutral
molecule.


Results


We studied the relationship between reorganization energy
l and conjugated chain length for oligothiophenes and oligo-
selenophenes (Figure 2). The two components of the reor-
ganization energy l+ and l0 are nearly the same for oligo-
thiophenes and oligoselenophenes (Figure 2a and b, respec-
tively). This is in accordance with previous studies on reor-


ganization energies for biphenyl, triphenylamine, and N,N’-
diphenyl-N,N’-bis(3-methylphenyl)-1,1’-biphenyl-4,4’-diamine
(TPD).[39] For medium-length oligothiophenes and oligosele-
nophenes, l0 is slightly larger than l+ (by up to 7 meV for
8T and by up to 10 meV for 8Se), while the two components


Figure 2. Relaxation energies l0 and l+ of a) oligothiophenes and b) oli-
goselenophenes versus chain length (n =10–50) and versus reciprocal
chain length (insets, lines indicate the linear relation for n>10). Reor-
ganization energy l =l0+l+ versus c) reciprocal chain length (lines indi-
cate the linear relation for n>10), and versus d) the square root of n at
the B3LYP/6-31G(d) level.
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are equal (within 1 meV) for very long (50-mers) and very
short (di- and trimers) oligomers. The reorganization ener-
gies of oligothiophenes and oligoselenophenes show similar
behaviors, however, the reorganization energies of oligosele-
nophenes are always slightly higher (between 1.02 to 1.11
times) than those of oligothiophenes (Figure 2c). We note
that the calculated reorganization energies of oligofurans
and oligopyrroles are somewhat lower than those of oligo-
thiophenes.[26a]


Our calculations of the reorganization energy for oligo-
thiophenes and oligoselenophenes up to the 50-mers show
that a linear relationship between the square root of n and l


is maintained only up to n�15 (Figure 2d). For larger n
(n=10–50), a linear relationship is observed between reor-
ganization energy and reciprocal chain length with R2=0.99
(Figure 2c), and no saturation behavior is observed in the 1/
n correlation (at the B3LYP/6-31G(d) level).[40]


Importantly, the extrapolation approaches l�0 for infin-
ite numbers of oligomer rings (i.e., polythiophene or polyse-
lenophene with one unit of charge) assuming that the
B3LYP/6-31G(d) level of theory correctly predicts polaron
delocalization (see discussion below). Linear extrapolation
of reorganization energies versus 1/n predicts reorganization
energies of very close to zero, of �0.007 and �0.010 eV for
polythiophene and polyselenophene, respectively (for infin-
ite n). Quadratic extrapolation of reorganization energies
versus 1/n results in a fit of similar quality (R2=0.999, see
Supporting Information), and the predicted reorganization
energies for infinite n are even closer to zero (0.0008 eV and
0.0009 eV for polythiophene and polyselenophene, respec-
tively). Thus, our calculations suggest that the ideal polymer,
which is well defined, ideally ordered,[41] has a long conju-
gated chain, is planar, and carries one unit of charge, may
serve as a very good FET material.[42] This is because, ac-
cording to our extrapolations from oligothiophene and oli-
goselenophene, such polymers should have low reorganiza-
tion energies, and field-effect mobility is known to increase
with diminishing reorganization energy.[24,26,43,44] Interesting-
ly, the free-carrier mobility of the mobile states in the or-
dered regions of regioregular polythiophene film is estimat-
ed to be much higher than that in amorphous polythiophene
(1–4 cm2V�1 s�1, based on experimental data fitted to a mo-
bility edge model).[45] Also, it was recently shown that the
chain conformation determines the charge-transport proper-
ties of conjugated polymers to a large extent, and that the
mobility of a single stretched polymer chain should increase
by few orders of magnitude compared to multiple strongly
coiled polymer chains.[46] The recently discovered high mobi-
lity in liquid-crystal polythiophene-type polymers is attribut-
ed to their crystallinity.[19, 47]


The reorganization energy for cyclic oligothiophenes in an
anti conformation has been studied previously by us, al-
though correlation with 1/n was not explored.[48] The abso-
lute values of l are significantly higher for cyclic oligothio-
phene than for linear oligothiophenes; however, as expect-
ed, the reorganization energy approaches zero for infinite
n.[48, 49] For details, see the Supporting Information.


Discussion


To explain why the extrapolation of the reorganization
energy approaches l�0 for an infinite number of thiophene
units, we studied bond-length changes on reorganization
from a neutral to a cation-radical geometry (Figure 3) and
charge distribution in cation radicals (Figure 4) for oligo-
thiophenes.[50] As the number of oligomer units increases,
the total number of geometric parameters which are
changed on moving from the neutral molecule to a cation-
radical geometry and vice versa increases, but each change
in a geometric parameter becomes smaller, since one unit of
charge in the cation radical is well delocalized over the
backbone.


Geometric changes on moving from the neutral molecule
to the cation radical for oligothiophenes are shown in
Figure 3 as the bond-length alternation (BLA) pattern.


Figure 3. Bond-length alternation in a) 2T and 2TC+ , b) 10T and 10TC+ ,
and c) 50T and 50TC+ at the B3LYP/6-31G(d) level. The x axis is the C�C
bond number starting from one end of the conjugated chain. The repeat-
ing sets of three linked points represent intra-ring C�C bonds, while
every fourth point on the x axis corresponds to an inter-ring C�C bond.
The points are linked solely as a visual aid. Only half of the molecule is
represented in the figures, as the second half is the mirror image of the
first.
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These geometric changes are very significant for 2T (Fig-
ure 3a). However, they become smaller for 10T (Figure 3b)
and very small for long oligomers such as 50T. Importantly,
for medium length (10T) and long oligomers (50T), the geo-
metric changes occurring between the neutral molecule and
its cation radical are roughly constant for all C�C bonds
(Figure 3b and c). Total change in lengths of all C�C bond
(� ACHTUNGTRENNUNG(jDxj), where Dx is a change in bond length) on moving
from the neutral oligomer to its cation radical remain con-
stant for n�9 and are roughly equal to 0.45	0.01 J per
molecule for all oligomers (0.45 J per molecule for 9T and
10T, 0.46 J per molecule for 20T and 0.45 J per molecule
for 50T). However, the � ACHTUNGTRENNUNG(jDxj) value increases gradually up
to n=9 (0.24 J per molecule for 2T, 0.40 J per molecule
for 6T). Since the number of C�C bonds increases linearly
with n, while the total geometric changes stay constant for
n�9, the change in a particular C�C bond length decreases
with 1/n.


The charge distribution at the B3LYP/6-31G(d) level in
oligothiophene cation radicals is shown in Figure 4. There is
some charge localization (although relatively small) for the
6T and 10T[51] cation radicals, while for longer oligomer
cation radicals, such as those of 20T and 50T, the charge is
practically completely delocalized over the oligomer back-
bone.[42] Thus, for the cation radicals of long oligomers we
can assume that each ring carries 1/n units of charge. We
note that the charge distribution pattern in oligothiophene
cation radicals is significantly dependent on the amount of
Hartree–Fock (HF) exchange used. Localization of charges
is proportional to the amount of HF exchange; the charge
distribution is highly localized at the HF level and practical-
ly completely delocalized at pure DFT levels.[52] We believe
that if the charges in cation radicals are localized (due to
solid-state effects or deficiencies of theoretical methods)
then reorganization energy might approach a finite (al-
though very small) value even for infinite chains.[53] While
presently it is unclear which theoretical method reproduces
charge-distribution patterns correctly,[54] we note that the
B3LYP functional employed here gives the best results


when compared to experiment for the reorganization energy
of pentacene.[35]


Based on Figures 3 and 4, we can understand the linear
relationship found between reorganization energy and recip-
rocal chain length (Figure 2). First, we consider changes in
oligomer bond lengths on going from a neutral to a cation-
radical geometry (Figure 3). From Equation (3), we see that
l~DE, where DE= E*


0�E0 or DE= E*þ�E+ . Now, let us
assume a harmonic oscillator approximation for energy
changes as a function of bond length change, so we get
Equation (4),


l 

X
ðjDxjÞ2 ð4Þ


and define NC�C=4n�1, where NC�C is the total number of
C�C bonds and n is the number of oligomer rings. All Dx
are practically equal for long oligomers (Figure 3), so Equa-
tions (5) and (6) hold.


X
ðjDxjÞ ¼ NC�CjDxj ð5Þ


X
ðjDxjÞ2 ¼ NC�CðjDxjÞ2 ð6Þ


From Equations (4) and (6) we can write l~NC�C(Dx)2.
From Equation (5) we obtain Equation (7).


Dx ¼
X
ðjDxjÞ=NC�C ð7Þ


Thus, l~NC�C(� ACHTUNGTRENNUNG(jDxj)/NC�C)
2 and consequently l~


� ACHTUNGTRENNUNG(jDxj)2/NC�C. Remembering that �(Dx) is constant for long
oligomers (see Figure 3 and discussion above) and is inde-
pendent of NC�C or n, and since NC�C~n, we obtain l~1/n ;
that is, the reorganization energy is inversely proportional to
oligomer length for long oligomers (oligothiophenes).


A similar conclusion can be obtained on the basis of
charge distribution in cation radicals of long oligomers
(Figure 4). Since l~DE and DE~�q1q2, we assume Equa-
tion (8),


l 

X


q1q2 ð8Þ


where q1 and q2 are the charges on neighboring atoms.
Taking into account that the charge is equally delocalized
over the oligomer backbone for long oligomers (Figure 4),
and as first approximation making the rough assumption
that the charge is equally distributed between all carbon
atoms in the rings, we can write �q1q2=Nq2.[55] Each carbon
atom carries roughly 1/N units of charge (where N is the
number of carbon atoms), that is, q=1/N, so we can rewrite
Equation (8) as l~N ACHTUNGTRENNUNG(1/N)2 and since N~n we again obtain
l~1/n for long oligomers.


On the basis of Equation (1) we estimated the contribu-
tion of reorganization energy (1/l)1/2expACHTUNGTRENNUNG(�l/4k0T) to the
rate of charge transfer for oligothiophenes (Figure 5). Since
the orbital overlap (bandwidth) V only decreases slightly


Figure 4. Mulliken charge distribution for 6TC+, 10TC+ , 20TC+ , and 50TC+


at the B3LYP/6-31G(d) level.
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with increasing oligomer length,[26a] the exponential nature
of the contribution of the internal reorganization energy
dominates. The rate of charge transfer clearly increases with
increasing oligomer length. Interestingly, two independent
regions can be observed in Figure 5: a linear region for n=


2–10, and another, even steeper region for n=10–50.


Dependence of ionization potentials of oligothiophenes and
oligoselenophenes on chain length : The difference between
the first vertical (IP1v) and adiabatic (IP1a) ionization poten-
tials is equal to l+ (Figure 1). Since the two components of
the reorganization energy (l+ and l0) are nearly the same
for oligothiophenes and oligoselenophenes (Figure 2a and
b), the difference between IP1v and IP1a almost equal to half
the reorganization energy for hole transport. The depend-
ence of the IP1a and IP1v on chain length for oligothiophenes
and oligoselenophenes is shown in Figure 6. Interestingly,
the relationship between IP1a and IP1v and chain length is
not similar to that between the reorganization energy and n
(there is a linear correlation between reorganization energy
and the square root of n for small n values and with the re-
ciprocal of n for large n values). Nor is it similar to the rela-
tionship between the HOMO–LUMO gap and n (there is a
linear correlation between the HOMO–LUMO gap and 1/n
for small n values which converges to a constant value for
large n);[29] see Supporting Information for details. Instead,
IP1a of oligothiophenes and oligoselenophenes linearly cor-
relates with an empirically obtained 1/n0.75 (Figure 6b),
while IP1v of oligothiophenes and oligoselenophenes linearly
correlates with a similarly empirically obtained 1/n0.70 (Fig-
ure 6c). Since the calculated reorganization energy for poly-
thiophene is zero (Figure 2c), both IP1a and IP1v of polythio-
phene obtained by extrapolating the 1/n0.75 and 1/n0.70 lines
for oligomers, respectively, are practically the same (4.65
and 4.60 eV, respectively). These values match reasonably
well with the experimentally reported value of IP1a for poly-
thiophene (5.0 eV).[56] The predicted ionization potentials


(both IP1a and IP1v) for polyselenophene are very similar to
those of polythiophene (4.60 and 4.56 eV, respectively).


Conclusion


We have found that the 1/n extrapolation of reorganization
energies reaches l�0 (at B3LYP/6-31G(d)) for conjugated
polymers such as polythiophene and polyselenophene, that
is, the ideal polymer, which is well-defined, ideally ordered,
has a long conjugated length, is planar, and carries one unit
of charge, may serve as a very good FET material. A linear
relationship between the internal reorganization energy for
a self-exchange hole transfer process l and the square root
of chain length holds only for short conjugated oligomers,
such as oligothiophenes and oligoselenophenes, and for
longer oligomers (n>10) this relationship breaks down. In-


Figure 5. Contribution of reorganization energy (1/l)1/2exp ACHTUNGTRENNUNG(�l/4k0T) to
the rate of charge transfer for oligothiophenes versus chain length (n=2–
50) and versus the reciprocal of chain length (inset).


Figure 6. a) Adiabatic and vertical ionization potentials (IP1a and IP1v) of
oligothiophene and oligoselenophene versus chain length n. b) Adiabatic
ionization potentials (IP1a) of oligothiophene and oligoselenophene
versus 1/n0.75, and c) the vertical ionization potentials (IP1v) of oligothio-
phene and oligoselenophene versus 1/n0.70.


Chem. Eur. J. 2008, 14, 6734 – 6741 F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6739


FULL PAPERHopping Transport in Oligothiophenes and Oligoselenophenes



www.chemeurj.org





stead, a linear relationship is observed between reorganiza-
tion energy and the reciprocal chain length for long p-conju-
gated oligomers. This linear correlation is explained on the
basis of bond-length changes that take place as the oligomer
moves from a neutral geometry to being a cation-radical
species and on the basis of the charge distribution in cation
radicals. In contrast to the saturation behavior that was ob-
served in the correlation between 1/n and HOMO–LUMO
gaps for long p-conjugated heterocyclic oligomers, no such
saturation was observed in the relationship between 1/n and
reorganization energies. The reorganization energies of oli-
goselenophenes have been studied for the first time and
were found to be very similar (very slightly higher) to those
of oligothiophenes, and they show an identical trend with
changing oligomer length. We believe that our findings will
be important for design of the new materials for OFETs.
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Abstract: We have synthesized the
mono, di-, and tri-a-fluoro ligands in
the tris(2-pyridylmethyl)amine (TPA)
series, namely, FTPA, F2TPA and
F3TPA, respectively. Fluorination at
the a-position of these nitrogen-con-
taining tripods shifts the oxidation po-
tential of the ligand by 45–70 mV per
added fluorine atom. The crystal struc-
tures of the dichloroiron(II) complexes
with FTPA and F2TPA reveal that the
iron center lies in a distorted octahe-
dral geometry comparable to that al-
ready found in TPAFeCl2. All spectro-
scopic data indicate that the geometry
is retained in solution. These three iso-
structural complexes all react with mo-
lecular dioxygen to yield stable m-
oxodiiron ACHTUNGTRENNUNG(III) complexes. Crystal struc-
ture analyses are reported for each of
these three m-oxo compounds. With
TPA, a symmetrical structure is ob-
tained for a dicationic compound with
the tripod coordinated in the k4N coor-


dination mode. With FTPA, the com-
pound is a neutral m-oxodiiron ACHTUNGTRENNUNG(III)
complex with a k3N coordination mode
of the ligand. Oxygenation of the
F2TPA complex gave a neutral unsym-
metrical compound, the structure of
which is reminiscent of that already
found with the trifluorinated ligand.
On reduction, all m-oxodiironACHTUNGTRENNUNG(III) com-
plexes revert to the starting iron(II)
species. The oxygenation reaction par-
allels the well-known formation of m-
oxo derivatives from dioxygen in the
chemistry of porphyrins reported
almost three decades ago. The striking
feature of the series of iron(II) precur-
sors is the effect of the ligand on the
kinetics of oxygenation of the com-
plexes. Whereas the parent complex


undergoes 90 % conversion over 40 h,
the monofluorinated ligand provides a
complex that has fully reacted after
30 h, whereas the reaction time for the
complex with the difluorinated ligand
is only 10 h. Analysis of the spectro-
scopic data reveals that formation of
the m-oxo complexes proceeds in two
distinct reversible kinetic steps with k1


�10k2. For TPAFeCl2 and FTPAFeCl2


only small variations in the k1 and k2


values are observed. By contrast,
F2TPAFeCl2 exhibits k1 and k2 values
that are ten times higher. These differ-
ences in kinetics are interpreted in the
light of structural and electronic ef-
fects, especially the Lewis acidity at the
metal center. Our results suggest coor-
dination of dioxygen as an initial step
in the process leading to formation of
m-oxodiironACHTUNGTRENNUNG(III) compounds, by con-
trast with an unlikely outer-sphere re-
duction of dioxygen, which generally
occurs at negative potentials.
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Introduction


The use of molecular dioxygen (O2) under mild conditions
to carry out various oxidation reactions is a particularly im-
portant challenge in the current economical context: indeed,
most of the processes involved in oxidation chemistry
remain expensive and dangerous, and they often involve
oxygen donors or/and high temperatures and pressures.[1]


Considering that chemistry is upstream of many industries,
it seems obvious that real effort must be made to meet the
goals of “sustainable growth” and “green chemistry”.[2]


Interaction of dioxygen with metal-containing biomole-
cules is a key process in aerobic life; many essential oxida-
tion reactions are carried out by metalloenzymes.[3–8]


Historically, the modern biomimetic approach to dioxygen
activation by iron complexes started with the chemistry of
heme-containing proteins, which led to the development of
synthetic porphyrins more than three decades ago.[9–11] Non-
heme iron-containing enzymes that activate dioxygen are a
more recently studied class of metalloproteins in which the
metal center at the active site can be either mono- or dinu-
clear.[12–14] With the exception of enzymes for which non in-
nocent substates such as catechol may modify the electronic
structure of the iron center on coordination,[15,16] a generally
accepted common mechanism involves coordination of di-
oxygen to a iron(II) center as initial step.[12] An alternative
and convenient way to generate potentially reactive iron-
based species is the so-called shunt reaction involving reac-
tion of metal sites and peroxides, that is, an already reduced
form of oxygen, whereas Nature uses molecular dioxygen.
This approach has been reviewed, both for proteins and syn-
thetic analogues of active sites, and mechanistic probes have
been set up to determine whether high-valent oxo iron spe-
cies are formed during the catalytic act, or if a radical-based
mechanism (Haber–Weiss-like, for instance) is preferred.[17]


Only few reports of dioxygen reactivity towards mononu-
clear non-porphyrinic synthetic iron(II) complexes in the ab-
sence of substrates have been made. Very often, the pres-
ence of non-innocent ligands such as (a-ceto) carboxylates,
thiolates, or catecholates proved to be crucial.[18–24] In some
cases, examples of formation of m-oxo dinuclear complexes
were reported, and a mechanism that parallels what is de-
scribed in porphyrin chemistry was discussed.[20,21, 23] Recent-
ly, FeII complexes with amide-containing macrocycles were
shown to react with dioxygen.[25]


A particular case of stabilization of a mononuclear
oxoiron ACHTUNGTRENNUNG(III) product was reported for a complex with a ster-
ically hindered ligand with amido groups.[26, 27] More recently,
a m-oxodiiron complex was also postulated as intermediate
in the transfer of an oxygen atom from FeIV to FeII.[28] A few
reports describe oxygen-atom transfer reactions from dioxy-
gen to triphenylphosphine, or oxidation of benzylic alcohols
to aldehydes by using iron(II) complexes of cyclic amines,
or even iron ACHTUNGTRENNUNG(III) derivatives of tetraamido cyclic ligands, for
which a m-oxodiiron(IV) species was characterized.[29,30] In
these cases, the postulated metal–oxo based mechanism
must at least share two common steps: 1) coordination of di-


oxygen to the metal center and 2) formation of potentially
reactive intermediates such as peroxidic or high-valent ox-
oiron species that might react with substrates if present in
the medium.


Almost two decades ago, halogenation of porphyrins was
shown to induce better activity in oxidation process, as a
logical consequence of decreased stability of the oxo inter-
mediates with electron-deficient macrocycles.[11] Whereas
the biomimetic oxidation chemistry of iron complexes with
ligands of the tris(2-pyridylmethyl)amine (L0 =TPA) type is
extremely well documented, only a limited number of re-
ports on halogenated derivatives of this class of ligands is
available.[23,31] However, it seemed likely that the effect ob-
served with porphyrins would also be found for this ligand
class. Following this idea, we already briefly reported several
years ago the convenient preparation of tris(2-fluoro-6-pyri-
dylmethyl)amine (L3 =F3TPA), the structure of the corre-
sponding dichloroiron(II) complex, and the fact that dioxy-
gen reacts rapidly with this complex to yield a m-oxodiiron-
ACHTUNGTRENNUNG(III) species.[23] We then decided to extend the preparation
of fluorinated ligands to the mono- and disubstituted tripods
(L1 =FTPA and L2 = F2TPA), and to carry out systematic re-
activity studies on the corresponding complexes LnFeCl2,
with special attention to oxygen ligation. Here we report a
full study of structure and reactivity toward dioxygen of iso-
structural dichloroiron(II) complexes in the fluorinated TPA
series, with the major outcome that dioxygen does coordi-
nate and that Lewis acidity at the metal center is an impor-
tant parameter with respect to dioxygen ligation. We also
report that formation of a m-oxodiiron ACHTUNGTRENNUNG(III) species is indeed
a general reaction if oxygenation is carried out in the ab-
sence of a substrate and that, on reduction, the iron(II)
starting material can be fully recovered, whereby several
oxygenation/reduction cycles are possible.


Results


Ligand synthesis and electrochemical data : The key step in
the synthesis of the fluorinated ligands is the already report-
ed preparation of 2-fluoro-6-bromomethylpyridine, also
used for the synthesis of F3TPA.[23] Access to the mono-,
and difluorinated tripods is easily achieved by reaction of
one or two equivalents of this compound with the corre-
sponding secondary and primary amines (bis(2-pyridylme-
thyl)amine and picolylamine, respectively). Acceptable
yields (55 and 59 % respectively) could be obtained, and all
ligands displayed good stability properties. When electro-
chemically oxidized, TPA tripods generally undergo irrever-
sible oxidation at the primary amine site.[32] To gain insight
into the accepting/donating properties of the ligands, we
used cyclic voltammetry to measure their anodic potentials
(Table 1). Replacement of an a-hydrogen by a fluorine atom
shifts the potential upwards by 45–70 mV; this reflects the
expected effect of the halo substituent, and indicates that
F3TPA is a very electron deficient ligand.
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Preparation of complexes and characterization : Metalation
of the tripods by FeCl2 was performed by a straightforward
method that was already reported for L0FeCl2 and
L3FeCl2.


[23,31] The compounds are potentially oxygen sensi-
tive, so the reaction must be carried out under inert atmos-
phere. The reaction is quantitative, the LnFeCl2 complexes
are thermally stable, and they are generally yellow. They are
soluble in acetonitrile, and were characterized in solution by
UV/Vis spectroscopy, paramagnetic 1H NMR spectroscopy,
electrochemical techniques such as molar conductivity and,
in certain cases, cyclic voltammetry. The geometry in solu-
tion can be deduced from combined analysis of the spectro-
scopic data. Two kinds of geometry are generally observed
for dichloro iron(II) complexes within the class of simple
TPA derivatives (Scheme 1).[31, 33]


X-ray diffraction analysis of L1FeCl2 and L2FeCl2 : Single
crystals of both complexes were obtained by layering a solu-
tion in acetonitrile with dry, degassed diethyl ether under
argon. The ORTEP diagrams (Figure 1 and Figure 2) reveal
that the metal center lies in a distorted octahedral environ-
ment with the tripod acting as a tetradentate ligand. In


L1FeCl2, the fluoropyridine moiety lies in the equatorial po-
sition; in L2FeCl2, the position of the second fluorine atom
is disordered in the ratio 80:20 (equatorial:axial). All distan-
ces are longer than 2.1 L, in line with a high-spin state of


the metal center in these com-
plexes. In both complexes, the
shortest metal–ligand distances
are the axial ones, and that cor-
responding to the unsubstituted
pyridine moiety in L1FeCl2. The
metal to tertiary amine distan-
ces are slightly longer. Finally,
the longest distances are found
between the iron center and the
substituted pyridine moieties.


As expected for a five-mem-
bered metallacycle, all N-Fe-N
angles in both structures involv-
ing the tertiary amine lie in the
range of 70–788, that is, distor-
tion with respect to ideal octa-
hedral geometry is severe. As a
consequence, the two trans pyr-
idine units are not coplanar,
and the dihedral angle f can
easily be measured. Indeed sig-
nificant differences are ob-
served on substitution of the
parent L0FeCl2 complex, with
6.7<f<19.08 (Table 2). Also,


we noticed that these trans pyridine moieties are slightly
tilted with respect to each other. For instance, in the struc-
ture of L2FeCl2, one fluorine atom points up, whereas the
other is orientated downwards.


We thus defined the torsion angle q involving both trans
nitrogen atoms and the a-carbon atom of one of the pyri-


Table 1. Anodic redox potentials of the ligands described in this study.
Conditions: CH3CN, 0.1 m TBAPF6 as supporting electrolyte, scan rate
200 mV s�1, platinum electrode, SCE reference electrode.


Ea [mV] DEa ACHTUNGTRENNUNG(Ln�Ln�1)


L0 =TPA 1.118 –
L1 =FTPA 1.166 48
L2 =F2TPA 1.236 70
L3 =F3TPA 1.281 45


Scheme 1. Ligands and dichloroiron(II) complexes discussed in this work. The preparation and structure of
F3TPAFeCl2 were already reported.[23]


Figure 1. ORTEP diagram of FTPAFeCl2 with partial numbering scheme.
Selected bond lengths [L] and angles [8]: Fe�N1 2.2937(19), Fe�N4
2.3775(18), Fe�N2 2.2015(17), Fe�N3 2.1766(16), Fe�Cl1 2.3848(9), Fe�
Cl2 2.4146(7); N4-Fe-N1 70.67(6), N2-Fe-N1 74.47(7), N3-Fe-N1 77.53(7),
Cl2-Fe-Cl1 96.81(3), N4-Fe-Cl2 93.13(5), N2-Fe-Cl2 95.29(6), N3-Fe-Cl1
94.46(5), N1-Fe-Cl2 91.68(5).
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dine rings on one side, and the a-carbon atom of the second
trans pyridine ring on the other. As a structural parameter
to gain insight into the equatorial flexibility of the pyridyl
groups around the metal center, we finally introduced the 1


parameter as the product of f and q. Again, it appears obvi-
ous from the values listed in Table 2 that a-substitution at
the pyridyl site induces significant changes in values of 1;
the most strongly affected compound is L2FeCl2.


Solution studies on L1FeCl2 and L
2FeCl2


UV/Vis spectroscopy : Both L1FeCl2 and L2FeCl2 display
ligand-centered transitions at l= 258 nm (e=11.4 M
103 mmol�1 cm2) and l= 260 nm (e= 12.2 M103 mmol�1 cm2)
in acetonitrile. The metal-to ligand charge-transfer (MLCT)
transitions appear as well-defined signals at l= 415 nm (e=


1.5 M 103 mmol�1 cm2) and l=390 nm (e=1.4 M
103 mmol�1 cm2) respectively. The values of the molar extinc-
tion coefficient suggest that the tripod ligand coordinates in
the tetradentate k4N mode, as is the case for the parent
L0FeCl2 complex.[31]


Molar conductivity : Molar conductivity was measured in the
concentration range of 3–5 mm in acetonitrile, and values of
L=31 S cm2 mol�1 and 36 S cm2 mol�1 were determined for
L1FeCl2 and L2FeCl2, respectively. These values lie in the ex-
pected range for neutral electrolytes and thus indicate that
dissociation must be minor at these concentrations: by com-
parison, L values close to 100 and 150 Scm2 mol�1 were
found for pure mono- and dicationic species, respective-
ly.[24,31,34] All data are listed in Table 3.


1H NMR spectroscopy : Both spectra exhibit paramagnetical-
ly shifted resonances within the range 10–130 ppm, in line
with a high-spin state for the metal center in solution. The
spectrum of L1FeCl2 is qualitatively identical to that already
reported for the brominated analogue BrTPAFeCl2, and as-


signment can easily be made by
direct comparison.[31] The mid-
intensity peak width Dn1/2 de-
creases in the order a-H�
CH2>b-H>g-H. This is also
true of L2FeCl2, which exhibits
a simple paramagnetic spec-
trum. All traces and assign-
ments are given in the Support-
ing Information.


Oxygenation of LnFeCl2 com-
plexes in solution


UV/Vis monitoring : The color-
change observed on saturation
of the medium with dry dioxy-
gen could be monitored by UV/
Vis spectroscopy. As shown in
Figure 3, oxygenation proceeds


smoothly for all three complexes. Isosbestic points are pres-


Figure 2. ORTEP diagram of F2TPAFeCl2 with partial numbering
scheme. The second fluorine atoms are disordered: Hf2 stands for a 80 %
fluorine-occupied position, and H1f for a 20 % fluorine-occupied posi-
tion. Selected bond lengths [L] and angles [8]: Fe�N1 2.257(2), Fe�N4
2.342(2), Fe�N3 2.337(2), Fe�N2 2.213(2), Fe�Cl2 2.3361(7), Fe�Cl1
2.4465(7); N4-Fe-N1 74.86(8), N3-Fe-N1 71.58(8), N2-Fe-N1 77.21(7),
Cl2-Fe-Cl1 95.97(2), N4-Fe-Cl1 93.09(5), N1-Fe-Cl1 90.83(6), N3-Fe-Cl1
91.73(5), N2-Fe-Cl2 96.30(6).


Table 2. Calculated values of dihedral angle f between the two trans-equatorial pyridyl mean planes, torsion
angle q between the two trans-equatorial pyridyl units and trans-angular distortion parameter 1 =fq in the
pseudo-octahedral complexes (value for TPAFeCl2 calculated from reference [31]).


f: dihedral angle Pyl/Pyr q : torsion angle Ca-Nb-Nc-Cd


f [8] q [8] 1 [82]


TPAFeCl2


ACHTUNGTRENNUNG(L0FeCl2)
6.75 3.08 20.8


FTPAFeCl2


ACHTUNGTRENNUNG(L1FeCl2)
11.97 2.53 30.3


F2TPAFeCl2


ACHTUNGTRENNUNG(L2FeCl2)
19.02 9.26 176.1


Table 3. Wavelengths, molar extinction coefficients for the MLCT ab-
sorptions of LnFeCl2 complexes and molar conductivities measured in
CH3CN at room temperature (value for TPAFeCl2 obtained from refer-
ence [31]). F3TPAFeCl2 displays a TBP geometry and exhibits no noticea-
ble absorption in this region.[23]


Complex lMLCT


[nm]
DlLnFeCl2�Ln�1FeCl2


e


[103 mmol cm2]
L [S cm2 mol�1]
ACHTUNGTRENNUNG(3<c<5 mm)


TPAFeCl2


(L0FeCl2)
427.0 – 1.4 30


FTPAFeCl2


(L1FeCl2)
415.0 12 1.5 31


F2 TPAFeCl2


(L2FeCl2)
390.0 25 1.4 36


F3TPAFeCl2


(L3FeCl2)
– – – 41
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ent at l=419 nm for L0FeCl2 and 423 nm for L1FeCl2, for
which the reaction is considered to be finished after 40 and
30 h, respectively. For these two complexes, the final spec-
trum exhibits absorptions at l=323.0 and 379.0 nm (e=3.1 M
103 and 3.5 M 103 mmol�1 cm2), and l=328.0 and 382.0 nm
(e= 2.8 M103 and 3.3 M 103 mmol�1 cm2), respectively, typical
of symmetrical m-oxodiiron ACHTUNGTRENNUNG(III) compounds.[35] L2FeCl2 dis-
plays a somehow different behavior, since a poorly defined
spectrum appears at first, and a stable m-oxo complex char-
acterized by a broad absorption at l= 335 nm (e=7.0 M
103 mmol�1 cm2) for an asymmetric m-oxo derivative is finally


formed.[36] In this particular case, the reaction time was
shortened to 10 h.


Variation of the spectrophotometric signal at the absorp-
tion wavelength of the m-oxo species (Figure 3 insets) with
time was analyzed with statistical methods, and clearly evi-
denced the presence of two well-defined rate-limiting steps.
The apparent first-order rate constants k1 and k2 were calcu-
lated for L0 =TPA, L1 =FTPA and L2 =F2TPA and are
given in Table 4.


Regardless of the nature of the organic backbone, the
first rate-limiting step proceeds at least five times faster
than the second (Table 4). Moreover, it is noteworthy that
no spectral amplitude was lost during the mixing procedure,
which demonstrates the absence of initial fast steps. Further-
more, no slowest steps were observed and the final absorb-
ance accordingly corresponds to the expected value of the
m-oxo complexes with L0, L1, and L2. A schematic represen-
tation of these two rate-limiting steps is displayed in
Figure 4.


Since O2 concentrations are similar for each sample, the
corresponding kinetic parameters k1 and k2 can be com-
pared. As suggested by similar values of k1 and k2, L0 and L1


display similar reactivity towards dioxygen. As indicated
above, L2FeCl2 stands as an interesting contrast in that its
pseudo-first-order rate constants k1 and k2 are about one
order of magnitude higher.


1H NMR monitoring : Monitoring the oxygenation reaction
by 1H NMR spectroscopy was impossible for L2FeCl2 and
L3FeCl3, because of precipitation of the reaction products
during the reaction. In these cases, only the disappearance


Figure 3. Spectral absorption changes versus time for oxygenation of the
pseudo-octahedral dichloroiron(II) complexes L0FeCl2 (A), L1FeCl2 (B),
and L2FeCl2 (C) at room temperature in CH3CN under O2-saturated at-
mosphere. L0FeCl2: one scan every 120 min, L1FeCl2: one scan every
120 min, L2FeCl2: one scan every 5 min over 1 h, then 1 scan every
15 min. Inset: Variation of absorbance at lmax of the m-oxo complexes
versus time.


Table 4. First-order rate constants k1 and k2 measured for the three
iron(II) complexes under O2-saturated conditions in CH3CN. Uncertain-
ties of 3s, where s is the standard deviation.


Complex k1 [h�1] k2 [h�1]


TPAFeCl2 (TPA =L0) 0.68(6) 0.087(6)
FTPAFeCl2 (FTPA=L1) 0.49(6) 0.094(6)
F2TPAFeCl2 (F2TPA =L2) 7.9(9) 0.61(6)


Figure 4. Schematic representation of the two-step kinetics observed
during oxygenation of L2FeCl2 under O2-saturation conditions.
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of the starting material could be observed, together with de-
tection of noticeable amounts of free ligand released in the
medium. With L0FeCl2 and L1FeCl2, however, following the
progress of the reaction was possible. With L0FeCl2, the re-
action proceeds very smoothly, and the resonances of the
new species are concentrated between d=++ 40 and �5 ppm,
with a mid-intensity peak width Dn1/2 between 900 and
150 Hz, in line with the presence of ironACHTUNGTRENNUNG(III) species. Ten
hours after oxygenation, only a few percent of the starting
complex are left. After 24 h, nothing is left of the iron(II)
complex. L1FeCl2 exhibits similar behavior, with the appear-
ance of new broad (300<Dn1/2<2000 Hz) resonances be-
tween 30 and 0 ppm. Over 5 h, about 50 % of the starting
material is consumed. After 15 h only trace amounts of
starting material are detected, and the reaction medium
does not change any more with time. All curves are given in
the Supporting Information.


Isolation of the oxygenation products revealed that in all
cases m-oxodiiron ACHTUNGTRENNUNG(III) complexes could be obtained, as dis-
played in Scheme 2.


Structure of the oxygenated products isolated as solids


L0FeCl2 : As mentioned above, L0FeCl2 reacts smoothly with
dioxygen, and both UV/Vis and 1H NMR spectroscopy sug-
gest the reaction to be clean.[37] The end product could be
isolated as a powder by working up the oxygenated acetoni-
trile solution of the complex (concentration followed by pre-
cipitation with diethyl ether and washing several times).
Single crystals were obtained by recrystallization from ace-
tonitrile/diethyl ether. Alternatively, layering a freshly oxy-


genated solution of the complex with diethyl ether afforded
the same crystalline species over two weeks. In parallel to
the structural analysis by X-ray diffraction, crystals were dis-
solved in CD3CN, and their spectroscopic data (UV/Vis and
1H NMR) were shown to be identical to those of the end
product detected by direct monitoring of the oxygenation.


The oxygenated compound obtained as a single-crystalline
material was the symmetrical m-oxodiiron ACHTUNGTRENNUNG(III) species
[(L0FeCl)2O]Cl2·2 H2O. The m-oxo core [(L0FeCl)2O]2+ is a
dication, and two remote chloride ions are present in the
structure, an ORTEP diagram of which is displayed in
Figure 5. The ligands coordinate in a trans fashion to each
other, as shown in the scheme in Table 5.


L1FeCl2 : The same procedure as described above was ap-
plied to L1FeCl2, including spectroscopic characterization of
the crystals, which revealed them to share the same data
with the end products obtained in solution.


X-ray diffraction analysis revealed that the symmetric m-
oxodiiron ACHTUNGTRENNUNG(III) compound (L1FeCl2)2O·Et2O was obtained
(Figure 6). In this compound, the ligands are coordinated
trans to each other in the “hypodentate” fashion,[38,39] that is,
only two of the pyridyl units are coordinated to the metal,
and the fluorinated ring is a dangling substituent (k3N tri-
dentate coordination mode). Each iron atom has pseudo-oc-
tahedral geometry, with three nitrogen atoms from the
ligand, one oxygen from the m-oxo bridge and two chloride
ligands. As a consequence, (L1FeCl2)2O is a neutral species.


L2FeCl2 : Identical procedures to those described above were
used. Single crystals were obtained, and their UV/Vis spec-


Scheme 2. Access to m-oxodiiron ACHTUNGTRENNUNG(III) compounds by reaction of O2 with dichloroiron(II) derivatives of the parent TPA and fluorinated ligands. Oxygena-
tion of L3FeCl2 has already been reported, and in that case small amounts of a diiron(II) compound were also obtained.[23]
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trum was similar to that obtained on oxygenation of the
iron(II) precursor.


The compound L2FeClOFeCl3·CH3CN·Et2O was obtained,
and its structure is displayed in Figure 7. This structure is
very similar to that already reported for the unsymmetrical
m-oxo dimer with L3 (F3TPA ligand).[23]


Table 5 lists the main structural parameters common to
the m-oxodiiron ACHTUNGTRENNUNG(III) complexes reported in this work.


Infrared characterization of the m-oxo species : To detect the
asymmetric FeOFe band, solid-state infrared data of m-


oxodiiron ACHTUNGTRENNUNG(III) complexes were recorded on KBr pellets in
the 600–900 cm�1 range and compared to those obtained
from the iron(II) precursors. The values of nFeOFe = 813 and
811 cm�1 for [(L0FeCl)2O]Cl2 and [(L1FeCl2)2O], respective-
ly, are comparable to that of nFeOFe =816 cm�1 found for
[(L0FeCl)2O] ACHTUNGTRENNUNG(ClO4)2, in line with the presence of a symmet-
rical m-oxo unit.[35] In unsymmetrical m-oxodiiron ACHTUNGTRENNUNG(III) com-
plexes, the asymmetry has been postulated to upshift the
nFeOFe frequency by 30–40 cm�1.[36] Thus, our observation that
nFeOFe = 873 and 868 cm�1 for L2FeClOFeCl3 and
L3FeClOFeCl3, respectively, certainly reflects the presence
of such asymmetry in our complexes.


Reduction of the m-oxo complexes : When a m-oxo complex
was stirred in solution in the presence of zinc amalgam
under argon, the color gradually turned back to yellow. This
could be monitored by UV/Vis spectroscopy, by direct re-
duction in the cell under anaerobic conditions. The example
of the reduction of [(L0FeCl)2O]Cl2 displayed in Figure 8
shows that the reduction is spectroscopically quantitative
and yields a spectrum almost identical (but slightly redshift-
ed) to that of the starting material L0FeCl2.


For all complexes, the spectra of the iron(II) mononuclear
precursors could be detected after 5–10 min of reduction,
and we estimated that reduction was quantitative. In the
particular case of the reduction of the clean unsymmetrical
m-oxo complex L2FeClOFeCl3, only half of the intensity of
the starting material was obtained, unless the reduction was
carried out in the presence of added free ligand, which led
to quantitative recovery of the starting signal. Thus, regener-
ation of a iron(II) complex is possible on reduction of the
oxygenated medium, as indicated in Scheme 3.


Discussion


General considerations : The preparation of the ligands is
trivial and does not require any particular comment. We
paid special attention to the redox potentials of the free li-
gands, however. As already stated, tripods of the TPA type
undergo irreversible oxidation of the aliphatic nitrogen
atom at positive potentials.[32] In the present work, all com-
pounds were studied under the same experimental condi-
tions to obtain comparable data. Obviously, fluorination in-
creases the oxidation potential of the tripod. Thus, the basic-
ity of the ligands must follow the trend TPA>FTPA>


F2TPA>F3TPA with a net effect of 45–70 mV per a-fluorine
atom added to the basic skeleton. It is therefore postulated
that for identical structure and geometry in complexes, the
Lewis acidity of the metal center M should follow the trend
F3TPA(M)>F2TPA(M)>FTPA(M)>TPA(M).


Metalation of the ligands was achieved by standard meth-
ods under dry and strictly anaerobic conditions. We already
reported that the geometries of L0FeCl2 and L3FeCl2 ob-
served in the solid state are retained in solution.[23,31] UV/
Vis spectroscopy (eMLCT>1.4 M 103 mmol�1 cm2), 1H NMR
(35<Dn1/2 b-b’H<170 Hz) and molar conductivities (L= 31


Figure 5. ORTEP diagram of the dication [(TPAFeCl)2O]2+ with partial
numbering scheme. Selected bond lengths [L] and angles [8]: Fe�O1
1.7874(4), Fe�Cl1 2.2983(7), Fe�N1 2.165(2), Fe�N4 2.232(2), Fe�N2
2.222(2), Fe�N3 2.139(2), Fe�Fe 3.567(4); N4-Fe-O1 170.40(6), N2-Fe-
Cl1 164.62(6), N3-Fe-N1 152.84(9), Fe-O1-Fe 172.22(4).


Table 5. Comparison of structural data for the diiron ACHTUNGTRENNUNG(III) m-oxo species
discussed in this study (data for F3TPAFe2OCl4 obtained from reference
[23]).


Ligand Complex Fe1�
Fe2


Fe1�
O


Fe2�
O


Fe1-O-
Fe2


TPA
k4N


3.567 1.788 1.788 172.2


FTPA
k3N


3.575 1.793 1.793 170.5


F2TPA
k4N


3.486 1.771 1.753 163.0


F3TPA
k4N


3.464 1.757 1.754 161.3
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and 36 S cm2 mol�1) strongly support the same hypothesis for
L1FeCl2 and L2FeCl2.


Structures of the iron(II) complexes : We previously report-
ed the preparation and structural characterization of the
parent L0FeCl2 and trifluorinated tripod L3FeCl2 com-
plexes.[23,31] Given that fluorine atoms are not particularly
bulky groups, these two complexes were expected to be iso-


structural. Thus, direct comparison of the reactivities of
these two complexes would have provided insight into the
net electronic effect of a substitution with electronegative
groups. In fact, trisubstitution at the a-position, even with a
small atom such as fluorine, proved to be sufficient to
induce a trigonal-bipyramidal geometry.[23] We thus em-
barked on the preparation of the mono-a- and di-a-fluori-
nated ligands, the dichloroiron(II) complexes of which dis-
play a distorted Oh geometry with a k4N coordination mode
of the ligand. We defined 1 as a trans-angular distortion pa-
rameter in the pseudo-octahedral complexes, resulting from
the relative inclination and torsion of the two trans-pyridine
moieties of the tripod. With 1=17682 for L2FeCl2, we
indeed observed a consequent trans-equatorial distortion.
We thus provided an a posteriori explanation why Oh geom-
etry was not found in L3FeCl2: increasing 1 to a certain
point (as result of some repulsion due to trisubstitution)
would simply lead to decoordination of one of the equatori-
al arms of the tripod and give a trigonal bipyramidal geome-
try.


In the UV/Vis spectrum, the Oh (k4N) complexes general-
ly display a broad but well-defined MLCT absorption. Halo-
genation shifts the maximum from l=427 nm in L0FeCl2 to
l=390 nm in L2FeCl2.


Structure of the m-oxodiiron ACHTUNGTRENNUNG(III) compounds : With L0


(TPA), the end oxygenation product is the salt
[(L0FeCl)2O]Cl2. The structure of the cation has already
been described twice, once as a perchlorate and once as a
mixed-salt countercation.[35,40] In the present work, the pres-
ence of two chloride anions does not induce significant
changes: the m-oxo moiety exhibits a symmetrical structure
in which the tertiary amino groups of both TPA ligands are
located cis to the m-oxo bridge, and the main structural pa-
rameters (metal–metal distances and Fe-O-Fe angles, see
Table 5) lie in comparable range to those already reported
with the perchlorate counteranion (Fe�Fe 3.565 L, Fe-O-Fe
1758) and slightly below those observed for the mixed salt
(Fe�Fe 3.581 L, and Fe-O-Fe 1808).[35,40]


Figure 6. ORTEP diagram of compound (FTPAFeCl2)2O with partial
numbering scheme. Selected bond lengths [L] and angles [8]: Fe�O1
1.7934(6), Fe�Cl1 2.3317(12), Fe�N3 2.202(4), Fe�N1 2.274(3), Fe�N2
2.279(3), Fe�Cl2 2.3572(13), Fe�Fe 3.575(4); N1-Fe-O1 163.17(11), N3-
Fe-Cl2 160.62(10), N2-Fe-Cl1 164.55(10), Fe-O1-Fe 170.5(3).


Figure 7. ORTEP diagram of compound F2TPAFe2Cl4O with partial num-
bering scheme. Selected bond lengths [L] and angles [8]: Fe1�Cl1
2.322(12), Fe1�O1 1.772(3), Fe1�N1 2.143(4), Fe1�N2 2.257(3), Fe1�N3
2.220(3), Fe1�N4 2.196(4), Fe2�O1 1.753(3), Fe2�Cl2 2.2251(13), Fe2�
Cl3 2.2320(12), Fe2�Cl4 2.2327(14), Fe1�Fe2 3.486(2); N2-Fe1-N3
74.85(12), N1-Fe1-Cl1 167.03(10), N2-Fe1-O1 171.73(14), Fe1-O1-Fe2
163.0(2). Inset: view of F3TPAFe2Cl4O.[23]


Figure 8. Reduction of [(L0FeCl)2O]Cl2 by zinc amalgam in a UV/Vis
cuvette under anaerobic conditions (CH3CN, RT). Intermediate traces re-
corded 2 and 4 min after beginning of reduction. Reaction is considered
as finished after 6 min.
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As it is the case for the dichloroiron(II) mononuclear
complexes, we now can compare the structural parameters
of the complete m-oxo series, that is, from the parent TPA
ligand to the a-trifluorinated tripod (Table 5). A regular and
significant decrease in the Fe-O-Fe angle is observed on
going from the L0 (TPA) to L3 (F3TPA) complexes, together
with shortening of the Fe�Fe distance. From a qualitative
point of view, (L1FeCl2)2O looks like an intermediate situa-
tion between the “regular” symmetrical m-oxo derivative
found with L0 and the unsymmetrical complexes with L2 and
L3. The ligand here adopts the k3N coordination mode. This
particular geometry is probably the result of three combined
effects: 1) some steric hindrance (which may be weak, since
fluoro substituents are not particularly bulky) of the ligand
due to a substitution; 2) possible lower affinity of the elec-
tron-deficient pyridine for the metal; and 3) high affinity of
chloride ions for the ironACHTUNGTRENNUNG(III) center.


Recycling m-oxodiironACHTUNGTRENNUNG(III) complexes to iron(II) precursors :
In the chemistry of ironACHTUNGTRENNUNG(III) complexes with substituted
tris(2-pyridylmethyl)amine ligands, we already showed that
zinc amalgam is useful to reduce simple ironACHTUNGTRENNUNG(III) com-
pounds to the iron(II) state.[24] Indeed, in the present study,
zinc amalgam was also found to be an easy way to recover
the starting material quantitatively for complexes of L0 and
L1. When the complexes with L2 and L3 were reduced, the
spectroscopic yield was not more than 50 % for the obvious
reason that the diiron ACHTUNGTRENNUNG(III) compound has only one ligand
coordinated (unless additional free ligand was added before
reduction). Thus, it is possible to regenerate reactive
iron(II) derivatives by reduction of the final m-oxo deriva-
tives.


Coordination of dioxygen and kinetic studies : We already
reported the fast reaction of L3FeCl2 (in which the metal
center exhibits a tbp geometry) with O2 in the absence of
substrates, which leads to formation of the unsymmetrical m-
oxodiiron ACHTUNGTRENNUNG(III) complex.[23] We now have a series of three
complexes L0–2FeCl2 that share the same distorted Oh geom-
etry, and for which the reaction kinetics vary according to
TPAFeCl2�FTPAFeCl2<F2TPAFeCl2.


All our complexes display
moderately to strongly positive
redox FeII/FeIII couples.[41] The
potential of the first reduction
of molecular dioxygen is nega-
tive with E8=�0.73 V versus
SCE in DMSO.[42, 43] Even if this
value is dependent on condi-
tions, it seems very unlikely to
reach largely positive values of
up to 200 mV or even more that
are measured for distorted Oh


complexes.[41] We thus believe
that a mechanism based on
outer-sphere reduction of di-


oxygen is unlikely. By contrast, our kinetic study strongly
supports coordination of dioxygen as the initial step of m-
oxo formation.


We observed two distinct rate-limiting steps that must re-
flect coordination of dioxygen to the metal followed by a
more complex process leading to formation of the final
products (Scheme 4).


Binding of O2 to the metal center occurs in step 1, which
is likely to involve two substeps, that is, decoordination of a
ligand from the metal center followed by oxygen ligation.
Two ligands could dissociate from the starting iron(II) com-
plexes: 1) one of the pyridyl arms, but this seems very un-
likely to occur, since the first spectroscopic step is character-
ized by an increase in absorbance; 2) more likely, a chloride
ion may decoordinate to afford a vacant site for O2.


[44] Since,
in the absence of dioxygen in the medium, the molecular
conductivity and spectroscopic data indicate that only a very
small amount of the complex dissociates in solution, we pro-
pose that the first limiting step involves a fast equilibrium
leading to LnFeCl+ , followed by slow production of the oxy
species.


L0FeCl2 and L1FeCl2 exhibit k1 and k2 values that are com-
parable. Switching to L2FeCl2 affords values of k1 and k2


about ten times higher. All three complexes are isostructur-
al. The main structural difference between L0FeCl2 and
L1FeCl2 on the one hand and L2FeCl2 on the other is the
value of the trans-equatorial distortion parameter 1, which
switches from 20.8 and 30.3 for the first two complexes to
176.1 for L2FeCl2. Such a distortion might destabilize the
Fe�Cl bond in solution and favor halogenide dissociation
(fast pre-equilibrium with stability constant K, Scheme 4).
Considering that the pseudo-first-order rate constant k1 is
associated to binding of O2 at the vacant site, the increase of
k1 in L2FeCl2 might be due to electronic effects that are sig-
nificantly different in this particular complex. Obviously,
among the three complexes reported here, L2FeCl2 is the
one that should display the most pronounced Lewis acidity
at the metal center. We also note that the dichloro iron(II)
complex of the (6-Me)3TPA ligand is insensitive to dioxy-
gen.[46] The question of correlating Lewis acidity of the
metal center and reactivity of dioxygen has already been ad-
dressed in chemical modelling of catechol 1,2-dioxygenases,


Scheme 3. From m-oxodiironACHTUNGTRENNUNG(III) to -iron(II) complexes. Conditions: red.=Zn/Hg, CH3CN, 5–10 min under
argon.
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with the result that high Lewis acidity would confer high
oxygenation rates.[47–50] We thus postulate that the accelera-
tion observed with L2FeCl2 is not only due to structural ef-
fects, but also to an increased Lewis acidity at the iron
center due to the presence of the two fluoro substituents.


From our kinetic studies, we believe that an oxy form
termed LnFeCl(O2)


+ must be formed. Trapping this species
is a real challenge which we are currently addressing with
modified ligands. But further on, what happens in step 2? It
seems reasonable to propose that the oxo complex
LnFeCl(O2)


+ would react with LnFeCl+ , again with signifi-
cant acceleration in the case of the L2FeCl2 complex. At the
moment, we can only postulate that the reaction would
follow a multistep pathway leading to formation of m-oxo
complexes, the possibility of which was already mentioned
in the chemistry of TPA complexes[20,23] or even demonstrat-
ed in the chemistry of porphyrins,[45] .


Conclusion


The biomimetic relevance of TPA ligands and derivatives no
longer remains to be demonstrated. In the chemistry of iron
TPA complexes, reaction of dioxygen with a metal center
generally requires activation of non-innocent ligands. This is
the case for all thiolato-, phenol-, catechol- and benzoyl for-
mate-substituted compounds. Here we reported the prepara-
tion of a new series of simple ligands that are easy to obtain
and exhibit different electronic properties than those al-
ready known in this field. We have fully characterized the
corresponding dichloroiron(II) complexes, which react with
molecular dioxygen without the need for extra activating li-
gands, with a noticeable acceleration of the kinetics in the
case of the difluorinated ligand. We can now confirm that
formation of m-oxodiiron ACHTUNGTRENNUNG(III) derivatives from iron(II) com-
plexes and dioxygen, as described for porphyrins some
thirty years ago, is a general behavior. Coordination of di-
oxygen is a crucial stage in this multistep process, and our
kinetic studies suggest that it is noticeably influenced by the
Lewis acidity at the metal center. Transient oxygenated spe-


cies must be generated during
oxygenation. The fact that sev-
eral oxygenation and reduction
cycles can be performed should
allow conditions for reactivity
versus substrates to be set up.
Work in this direction is in
progress.


Experimental Section


General : Chemicals were purchased
from Aldrich Chemicals and used as
received. Tris(2-pyridylmethyl)amine
(TPA =L0) and bis(2-pyridylmethyl)a-
mine (DPA) were prepared according
to published methods.[51, 52] 2-Fluoro-6-
bromomethylpyridine was prepared by


a reported procedure.[23] F3TPA=L3 was prepared by the procedure de-
scribed in the same reference. All solvents used during the metallation
reactions and work-up were distilled and dried according to published
procedures[53] and degassed shortly before use. Analytical-grade anhy-
drous FeCl2 was obtained as a white powder by treating iron powder
(ACS grade) with hydrochloric acid in the presence of methanol under
an argon atmosphere. Air-sensitive compounds were prepared and han-
dled under argon atmosphere by standard Schlenk techniques.[23, 31] The
purity of the dry dioxygen was 99.99999% (grade 5). Zinc amalgam was
prepared by stirring a mixture of 200 g of mercury, 2 g of zinc powder
and 100 cm3 of 25% aqueous sulfuric acid overnight. The acidic phase
was removed, and the amalgam thoroughly washed with distilled water
until neutral pH, then fresh mercury (5 mL) was added. The resulting
amalgam was filtered on a paper skimmer and washed twice with dry
THF. It was then left under primary vacuum overnight. Elemental analy-
ses were carried out by the Service dRAnalyses de la F;d;ration de Re-
cherche de Chimie, Universit; Louis Pasteur, Strasbourg, France.


Physical methods : 1H NMR data were recorded in CD3CN for the com-
plexes and CDCl3 for the ligands at ambient temperature on a Bruker
AC 300 spectrometer at 300.1300 MHz with the residual CHCl3


(CD2HCN) as reference for calibration. The UV/Vis spectra were record-
ed on a Varian Cary 05 E UV-VIS NIR spectrophotometer equipped
with an Oxford instrument DN1704 cryostat in optically transparent
Schlenck cells. The kinetic data were analyzed with the commercial soft-
ware Biokine.[54] This program fits up to three exponential functions to
the experimental curves with the Simplex algorithm after initialization
with a Pad;–Laplace method.[55, 56] Conductivity measurements were car-
ried out under argon at 20 8C with a CDM 210 Radiometer Copenhagen
Conductivity Meter and a Tacussel CDC745-9 electrode. Cyclic voltam-
metric data were obtained with a PAR 173 A potentiostat in a 0.1m ace-
tonitrile solution of TBAPF6 (supporting electrolyte) by using platinum
and saturated calomel electrodes as reference. For each measurement,
the potential was checked by addition of a small amount of ferrocene
(Fc/Fc+ : 0.380 V vs. SCE) to the cell. Infrared spectra were measured in
the solid state as KBr pellets on a Perkin-Elmer FT-IR, BX series spec-
trophotometer.


Synthesis of L1=FTPA : 2-Fluoro-6-bromomethylpyridine (1.5 g,
7.89 mmol) was added to a solution of DPA (1.57 g, 7.89 mmol) in etha-
nol (100 cm3). Na2CO3 (1.6 g, 15.77 mmol) was added to the mixture. The
reaction mixture was heated to 95 8C and stirred for 15 h. The mixture
was then cooled to room temperature, and the solvent removed under
vacuum. Then water was added and the product was extracted with
CH2Cl2 (3 M 50 mL). The organic phase was dried over MgSO4, and the
solvent was removed by rotary evaporation. The residue was extracted
with pentane. Concentration of this solution afforded white-orange mi-
crocrystals (yield: 1.34 g, 55%). 1H NMR (300 MHz, CDCl3): d=3.83 (s,
2H), 3.89 (s, 4H), 6.75 (m, 1H), 7.13 (m, 2 H), 7.45 (m, 1 H), 7.56 (m,


Scheme 4. Proposed interpretation of the two kinetic steps involving 1) coordination of O2 and 2) formation of
the m-oxo derivatives.
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2H); 7.63 (m, 2 H), 7.74 (m, 1H), 8.53 ppm (m, 2H, a-pyridyl); elemental
analysis calcd (%) for C18H17N4F: C 70.11, H 5.56, N 18.17, F 6.16;
found: C 69.79, H 5.64, N 18.08.


Synthesis of L2=F2TPA : 2-Fluoro-6-bromomethyl pyridine (3 g,
15.78 mmol) was added to a solution of picolylamine (852 mg,
7.89 mmol) in ethanol (150 cm3). Na2CO3 (3 g, 28.30 mmol) was added to
the mixture. The reaction mixture was heated to 95 8C and stirred for
15 h. The mixture was then cooled to room temperature, and the solvent
removed under vacuum. Then water was added and the product was ex-
tracted with CH2Cl2 (3 M 50 mL). The organic phase was dried over
MgSO4, and the solvent removed by rotary evaporation. The residue was
extracted with pentane. Concentration of this solution afforded hygro-
scopic white-yellow microcrystals. (Yield: 1.51 g, 59 %). 1H NMR
(300 MHz, CDCl3): d =3.86 (s, 4H), 3.94 (s, 2H), 6.77 (m, 2H), 7.19 (m,
1H), 7.48 (m, 2H), 7.63 (m, 1H), 7.67 (m, 1H), 7.70 (m, 2H), 8.55 ppm
(m, 1H, a-pyridyl); elemental analysis calcd (%) for C18H16N4F2: C 66.25,
H 4.94, N 17.17; found: C 65.87, H 5.05, N 16.63.


Oxygenation of iron(II) compounds : The procedure for F3TPAFeCl2 has
already been described.[23] For TPAFeCl2, FTPAFeCl2, and F2TPAFeCl2,
we proceeded as follows: iron(II) complex (140 mg) was dissolved in
CH3CN (50 mL) under argon in a Schlenk tube. Dry dioxygen was bub-
bled for 15 s, and the medium was kept under oxygen in the closed
Schlenk tube and stirred for 48 h. The solvent was then evaporated. The
dark solid was washed with diethyl ether. Part of it was dissolved in
CD3CN for NMR analysis. The rest was dissolved in regular acetonitrile
(technical grade), the solution was introduced in glass tubes, and layered
with diethyl ether (technical grade). Single crystals formed over several
days.


X-ray analysis : Single crystals of FTPAFeCl2, F2TPAFeCl2·CH3CN,
(TPAFeCl)2OCl2· ACHTUNGTRENNUNG(H2O)2, (FTPAFeCl2)2O·Et2O and
F2TPAFe2Cl4O·CH3CN·Et2O were mounted on a Nonius Kappa CCD
area detector diffractometer (l ACHTUNGTRENNUNG(MoKa)= 0.71073 L). Quantitative data
were obtained at 173 K for all complexes. The complete conditions of
data collection (Denzo software) and structure refinements are given in
the Supporting Information. The cell parameters were determined from
reflections taken from one set of ten frames (1.08 steps in phi angle),
each at 20 s exposure. The structures were solved by direct methods
(SIR97) and refined against F2 by using the SHELXL97 software (Kappa
CCD Operation Manual, Nonius B.V., Delft, The Netherlands, 1997; G.
M. Sheldrick, SHELXL97, Program for the refinement of crystal struc-
tures, University of Gçttingen, Germany, 1997). Absorption was not cor-
rected. All non-hydrogen atoms were refined anisotropically. Hydrogen
atoms were generated according to stereochemistry and refined using a
riding model in SHELXL97.


Crystal data for FTPAFeCl2: Yellow crystals, monoclinic, space group
P21/n, a=9.3920(10), b=13.784(2), c=14.617(2) L, b=103.31(5)8, V=


1841.5(4) L3, 1calcd = 1.569 g cm�3, Z=4. For 5381 unique, observed reflec-
tions with I>2s(I) and 235 parameters, the discrepancy indices were R=


0.041 and Rw =0.096.


Crystal data for F2TPAFeCl2·CH3CN: Yellow crystals, monoclinic, space
group P21/c, a=10.0780(6), b=14.0300(9), c=15.4080(10) L, b=


97.500(3), V=2160.0(2) L3, Dcalcd =1.520 g.cm�3, Z=4. For 6313 unique,
observed reflections with I>2s(I) and 270 parameters, the discrepancy
indices were R=0.054 and Rw =0.100.


Crystal data for (TPAFeCl)2OCl2· ACHTUNGTRENNUNG(H2O)2: Dark red crystals, monoclinic,
space group C2/c, a=15.740(3), b=16.460(3), c=16.050(3) L, b=1118,
V=3881 (2) L3, 1calcd =1.520 g.cm�3, Z= 4. For 3492 unique, observed re-
flections with I>2s(I) and 240 parameters, the discrepancy indices were
R=0.038 and Rw =0.064.


Crystal data for (FTPAFeCl2)2O·Et2O: red crystals, tetragonal, space
group I41cd, a=b=17.4410(5), c=27.0270(7) L, V=8221.3(4) L3, 1calcd =


1.505 gcm�3, Z=8. For 4836 unique, observed reflections with I>2s(I)
and 263 parameters, the discrepancy indices were R=0.042 and Rw =


0.108.


Crystal data for F2TPAFe2Cl4O·CH3CN·Et2O: Yellow crystals, triclinic,
space group P�1, a=10.4000(10), b= 14.4760(10), c= 16.177(2) L, a=


82.244(5), b=71.479(5), g=64.457(5)8, V=1507.9(3) L3, 1calcd =


1.428 gcm�3, Z=2. For 8811 unique, observed reflections with I>2s(I)
and 306 parameters, the discrepancy indices are R= 0.063 and Rw =0.189.


CCDC 653837, 653838, 653839, 653840 and 653841 contain the supple-
mentary 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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Introduction


For several decades now, tris(pyrazol-1-yl)borate (scorpio-
nate) ligands A are widely used in bioinorganic and organo-
metallic chemistry (Figure 1).[1,2] Part of this success is owed


to the fact that introduction of appropriate substituents, R1,
into the 3-positions of the pyrazolyl rings allows extensive
control over the steric demand of the ligands, and thus over
their ability to kinetically stabilize reactive complex frag-
ments. By contrast, an adjustment of the ligand field
strengths of tris(pyrazol-1-yl)borates is much harder to ach-
ieve, because electronic substituent effects of R1–R3 on the
donor properties of the pyrazolyl rings turned out to be
rather modest.
One way to alter the donor/acceptor properties of scorpi-


onate ligands over a wider range is to replace the pyrazolyl
rings by phosphorus- (B[3–5]) or sulfur-containing groups
(C,[6,7] D ;[8–12] Figure 1). Similar to the parent scorpionates
A, ligands B–D provide a monoanionic, tridentate, face-cap-
ping coordination mode, but they differ from A with regard
to the softness of their donor sets. Moreover, in the thioimi-
dazolyl derivatives C, the boron atom is separated from the
donor atoms by three bonds as opposed to two bonds in A.
Very recently, even hybrid scorpionates of A–D have


become available, which provide nitrogen and phosphorus


Abstract: TMEDA-free (TMEDA:
tetramethylethylenediamine) LiCH2-
ACHTUNGTRENNUNGSMe is a suitable reagent for the selec-
tive introduction of (methylthio)methyl
groups into PhBBr2 and its p-silylated
derivative Me3Si�C6H4�BBr2. The re-
sulting compounds, R*�C6H4�B(Br)-
ACHTUNGTRENNUNG(CH2SMe) (R*=H: 2 ; R*=SiMe3: 7)
and PhB ACHTUNGTRENNUNG(CH2SMe)2 (3), form cyclic
dimers through B�S adduct bonds in
solution and in the solid state. Com-
pounds 2 and 3 have successfully been
used for preparing the (N2S) scorpio-
nate [PhBpz2ACHTUNGTRENNUNG(CH2SMe)]� ([5]�) (pz:
pyrazol-1-yl) and the (NS2) scorpionate
[PhBpzACHTUNGTRENNUNG(CH2SMe)2]


� , respectively.
Compound 7 proved to be an excellent
building block for the heteroditopic


poly(pyrazol-1-yl)borate p-[pz3B�
C6H4�Bpz2ACHTUNGTRENNUNG(CH2SMe)]2� ([10]2�) that
mimics the two ligation sites of the
copper enzymes peptidylglycine a-hy-
droxylating monooxygenase and dopa-
mine b-monooxygenase. Treatment of
the monotopic tripod [5]� with CuCl
and CuBr2 results in the formation of
complexes K[Cu(5)2] and [Cu(5)2]. An
X-ray crystallography study of
K[Cu(5)2] revealed a tetrahedral (N2S2)
coordination environment for the CuI


ion, whereas the CuII ion of [Cu(5)2]


possesses a square-pyramidal (N4S)
ligand sphere (S-atom in the axial posi-
tion). The remarkable redox properties
of K[Cu(5)2] and [Cu(5)2] have been
assessed by cyclic voltammetry and
quantum chemical calculations. The re-
action of K[Cu(5)2] with dry air leads
to the CuII species [Cu(5)2] and to a
tetranuclear CuII complex featuring
[PhB(O)pz2]


2� ligands. Addition of
CuCl to K2[10] gives the complex
K3[Cu(10)2] containing two ligand mol-
ecules per CuI center. The CuI ion
binds to both heteroscorpionate moiet-
ies and thereby establishes a coordina-
tion environment similar to that of the
CuI ion in K[Cu(5)2].
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((N2P),
[13,14] (NP2)


[15]) or nitrogen and sulfur donors
((N2S),


[16] (NS2)
[17–22]). These derivatives are most interesting,


because they allow a smooth modulation of the coordination
environment between the extremes (N3) and (P3)/(S3). Com-
plete homogeneous series of closely related ligands facilitate
an evaluation of the influence of gradual changes in the
donor set of tripods on the chemical properties of the coor-
dinated metal ion. This has been impressively demonstrated
by Vahrenkamp et al., who compared the biomimetic thio-
late-alkylating activity of tetrahedral (tet) zinc complexes
supported by [HBpzx(thioimidazolyl)3�x]


� (pz=pyrazol-1-yl)
ligands upon variation of x from x=0 to 3.[23–26] For our own
research on bioinorganic model systems with mixed-donor
scorpionates [RBpzxACHTUNGTRENNUNG(S-donor)3�x]


� we prefer (methylthio)-
methyl- over thioimidazolyl groups, because different sub-
stituents linked to the same boron center through B�N and
B�C bonds are less likely to scramble than substituents that
are all bonded through sp2-hybridized nitrogen atoms. Un-
fortunately, in the case of the thioether scorpionates [RBpzx-
ACHTUNGTRENNUNG(CH2SR


1)3�x]
� the homogeneous series is incomplete, be-


cause derivatives [RBpz2ACHTUNGTRENNUNG(CH2SR
1)]� are lacking. It was


therefore necessary to develop a facile route to these miss-
ing members, and a high-yield synthesis of the derivative
[PhBpz2ACHTUNGTRENNUNG(CH2SMe)]� will be described in this paper ([5]� ;
Scheme 1).
The potential of scorpionates [RBpzxACHTUNGTRENNUNG(CH2SR


1)3�x]
� goes


far beyond the preparation of mononuclear complexes, be-
cause they can be tied to other ligands through their non-co-
ordinating substituent R. In the past, our group has spent
considerable effort developing ditopic scorpionates which
we have used for the assembly of coordination poly-
mers,[27, 28] multiple-decker sandwich complexes,[29–31] metal-
lo-macrocycles[32] and dinuclear complexes with cooperating
metal ions.[33–35] So far, the main focus was on homoditopic


ligand systems consisting of two identical scorpionate units
that are bridged by organometallic or aromatic linkers. Re-
placement of pyrazolyl rings by thioether moieties allows to
extend the research to heteroditopic scorpionate ligands in
which the two donor sites are no longer the same so that the
two coordinated metal centers will show different reactivity.
Our choice of the first heteroditopic target scorpionate


for bioinorganic research projects was guided by the idea
that it should be similar to the ligand environment of natu-
rally occurring dinuclear metalloproteins for which the
added value of the second metal ion is already proven. In
this respect, the two copper-containing enzymes dopamine
b-monooxygenase (DbM) and peptidylglycine a-hydroxylat-
ing monooxygenase (PHM) appeared to be particularly at-
tractive, because each of them contains two copper ions sep-
arated by approximately 11 N, one with three histidine-imi-
dazolyl ligands (CuH) and the other bonded to two imida-
zoles and a methionine-thioether chain (CuM).


[36–38] DbM
and PHM catalyze stereospecific hydroxylations of C�H
bonds in the biosynthetic pathways of norepinephrine and
a-amidated peptides, respectively. CuM is the presumed site
of dioxygen binding, whereas the role of CuH is merely that
of an electron source.[37,39]


Figure 1. Tridentate facially coordinating borate ligands A–D (substitu-
ents R1–R3 on two pyrazolyl rings of A not shown).


Scheme 1. Synthesis of the 1,4-dimethyl-1,4-dithionia-2,5-diboratacyclo-
hexanes 2/3 and of the (N2S) scorpionate salts Li[5]/K[5]. i) 2 : n=2, 3 :
n=4; C6H6, 6 8C!RT, ii) C6H6, 6 8C!RT, iii) toluene, reflux.


Chem. Eur. J. 2008, 14, 6754 – 6770 L 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6755


FULL PAPER



www.chemeurj.org





The coordination spheres of CuH and CuM can be nicely
modeled by [RBpz3]


� and [RBpz2ACHTUNGTRENNUNG(CH2SMe)]� ligands, re-
spectively.[40] Connection of the two fragments by a p-phen-
ylene linker would result in the heteroditopic scorpionate
[10]2� (Scheme 2), which, in its straight conformation, sup-


ports a metal–metal distance of about 11 N as it has been
found in DbM and PHM.
Given this background, we have prepared the monotopic


scorpionate [PhBpz2ACHTUNGTRENNUNG(CH2SMe)]� ([5]�) and characterized its
CuI and CuII complexes. Based on these results, we have fur-
ther developed this chemistry to the point where a targeted
synthesis of the first heteroditopic scorpionate ligand p-
[pz3B�C6H4�Bpz2ACHTUNGTRENNUNG(CH2SMe)]2� ([10]2�) was possible and we
have studied the coordination behavior of [10]2� towards
CuI ions.


Results and Discussion


So far, (S3) and (NS2) borate ligands have been prepared by
using efficient one-pot protocols.[9–11,18,19, 41] With regard to


our aim of developing a general route to heteroditopic thio-
ether scorpionates, it was now inevitable to elucidate in
detail the chemical and structural properties not only of the
ligands themselves, but also of key intermediates.


Syntheses : The lithium and potassium (N2S) scorpionates
Li[5] and K[5] are accessible through a three-step sequence
starting from PhBBr2


[42] (Scheme 1).
For the selective introduction of one or two (methylthio)-


methyl groups in the first reaction step we employed donor-
free LiCH2SMe,[43] because, in our hands, it gave far better
results than the corresponding TMEDA-adduct (TMEDA:
tetramethylethylenediamine). The improvement in terms of
selectivity and yield of 2 and 3 was so significant that it out-
weighed the hazards associated with working with donor-
free LiCH2SMe (the compound violently explodes upon air
contact[43]). One advantage of the TMEDA-free reagent lies
in its poor solubility in the reaction solvent (C6H6) which
guarantees low stationary concentrations of the nucleophile
and makes it easier to control whether mono- (2) or disub-
stitution (3) takes place. Moreover, removal of LiBr during
workup is greatly facilitated if TMEDA is absent. According
to X-ray crystallography and NMR spectroscopy, both 2 and
3 form dimers in the solid state as well as in solution. Irre-
spective of that, addition of Me2NSiMe3 to 2 resulted in the
clean formation of the monomeric aminoborane 4. The
borate salts Li[5] and K[5] were finally obtained by transa-
mination of 4 with a mixture of pyrazole and alkali metal
pyrazolide. Another hybrid ligand, RiordanOs[18] (NS2) scor-
pionate LiACHTUNGTRENNUNG[PhBpz ACHTUNGTRENNUNG(CH2SMe)2], was accessible from 3 and
lithium pyrazolide (Lipz).
For the synthesis of the heteroditopic scorpionates Li2[10]


and K2[10] ,the p-silylated borylbenzene 6[44,45] was chosen
as starting material (Scheme 2). Introduction of the thio-
ACHTUNGTRENNUNGether substituent by using donor-free LiCH2SMe gave the si-
lylated analog (7) of 2. Similar to 2, 7 exists as dimer in solu-
tion and in the solid state (see the Supporting Information).
This is of critical importance for the entire synthesis con-
cept, because B�S adduct formation protects the thioether
groups from BBr3 attack in the subsequent reaction step,
thereby allowing the clean conversion of 7 into 8 via silicon/
boron exchange. Treatment of 8 with 6 equiv of Me2NSiMe3
led to the replacement of all bromide substituents by dime-
thylamino groups and consequently to the break-up of the
1,4-dithionia-2,5-diboratacyclohexane ring. The resulting
monomer 9 was transformed into the heteroditopic scorpio-
nates Li2[10] and K2[10] by reaction with Hpz/Mpz (6:4;
M=Li, K) in toluene at reflux temperature.
The copper complexes K[11] and 12 (Scheme 3) were pre-


pared by the reaction of K[5] with 1.3 equiv of CuCl and
0.5 equiv of CuBr2, respectively. Toluene was chosen as the
reaction medium, which led to heterogeneous conditions
and thus to reaction times of several days. The solubility of
K[5] in toluene is higher than the solubility of CuCl, thus
promoting the formation of complexes of stoichiometry
K[Cu(5)2] (i.e. , K[11]), even though the ratio of the starting
materials was roughly 1:1. Samples prepared in solvents


Scheme 2. Synthesis of the heteroditopic scorpionate ligands Li2[10] and
K2[10]. i) C6H6, 6 8C!RT, ii) C6H6, RT, iii) toluene, reflux.
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other than toluene did not provide single crystalline-
ACHTUNGTRENNUNGmaterial.
As already mentioned in the introductory part, copper


complexes of the (N2S) scorpionate ligand [5]� can be re-
garded as mimics of the O2-activating copper site in the hy-
droxylating enzymes DbM and PHM. We therefore investi-
gated the behavior of K[11] towards dry molecular oxygen
in C6H6 solution at room temperature. From the paramag-
netic reaction mixture, crystals were grown of the CuII com-
plex 12 (major component) and of a degradation product 13
containing [PhBpz2(O)]


2� ligands (minor component;
Scheme 3). The oxidative cleavage of the B�C bond indi-
cates activation of O2 by K[11] in a manner reminiscent of
related enzyme-mediated processes. The heterodinuclear
complex 14 (Scheme 3) was synthesized from K2[10] and
CuCl in THF (stoichiometric ratio=1:3).


Spectroscopy : The 11B NMR spectrum of 2 shows one reso-
nance at 2.5 ppm testifying to the presence of four-coordi-
nated boron nuclei.[46] This result can best be explained by
assuming that a B�S adduct is present in C6D6 solution.
Owing to the self-complementarity of PhB(Br)CH2SMe and
entropy reasons, the structure of this adduct is most likely
that of a cyclic dimer (PhB(Br)CH2SMe)2 (Scheme 1). The
BCH2 protons of 2 are not magnetically equivalent, but give
rise to two doublets (each integrating to 2H) in the
1H NMR spectrum, which is in accord with the presence of
chiral boron centers in (PhB(Br)CH2SMe)2 (d(1H)=2.64,
2.08 ppm; 2J ACHTUNGTRENNUNG(H,H)=12.7 Hz). The corresponding BCH2


carbon atoms lead to only one resonance (at d=34.9 ppm)
that is considerably broadened, owing to unresolved 1J ACHTUNGTRENNUNG(B,C)
coupling and fast quadrupolar relaxation of the boron
nuclei. Only one set of phenyl and methyl signals is ob-
served in the 1H and 13C NMR spectra of 2, thus ruling out
the presence of more than one of the possible isomers re-
sulting from different distributions of the substituents over
the axial/equatorial positions of the 1,4-dithionia-2,5-dibora-
tacyclohexane ring.
Similar to 2, the triorganylborane 3 reveals one 11B reso-


nance at d=�4.7 ppm and is therefore also likely to exist as
B�S adduct in solution. In contrast to 2, the 1H and
13C NMR spectra of 3 are rather complex and difficult to
assign because of many broadened and overlapping signals.
If we again assume a 1,4-dithionia-2,5-diboratacyclohexane
structure, one part of the problem clearly arises from the
two different CH2SMe fragments present in the molecule. In
addition, different isomers may exist in parallel or slowly
transform into each other in C6D6 solution. We therefore
added pyridine to the NMR tube in order to cleave the B�S
adducts and to form PhB ACHTUNGTRENNUNG(CH2SMe)2·py complexes instead.
As a result, the 11B NMR signal was shifted downfield to
0.0 ppm and the 1H NMR spectrum simplified considerably
and showed a better resolution. All in all, we observe three
resonances for the phenyl ring, three for the coordinated
pyridine molecule, and one signal for the SMe groups. The
corresponding integral ratio of 5:5:6 gives conclusive evi-
dence for the proposed structure. The BCH2 protons are
still inequivalent (d(1H)=2.55, 2.44 ppm; 2JACHTUNGTRENNUNG(H,H)=


11.9 Hz), because the boron atom of PhBACHTUNGTRENNUNG(CH2SMe)2·py is
prochiral.
The 11B NMR spectrum of the aminoborane 4 is charac-


terized by one signal at d=40.6 ppm that lies in a range typ-
ical of three-coordinated boron atoms.[46] N�B p-bonding
apparently reduces the Lewis acidity of the boron center to
such an extent that no B�S adducts are formed anymore.
This view is supported by the observation of two singlets in
the 1H NMR spectrum that are assignable to the NMe2
group and point towards a hindered rotation about the B�N
bond as a result of significant double bond character
(d(1H)=2.64, 2.47 ppm; dACHTUNGTRENNUNG(13C)=41.0, 39.7 ppm). The proton
resonance of the BCH2 fragment appears as one singlet at
d(1H)=2.22 ppm.
In line with the proposed borate structure of Li[5], its 11B


resonance possesses a chemical shift value of �0.8 ppm. Pyr-


Scheme 3. Synthesis of the mononuclear CuI and CuII complexes K[11]
and 12, the tetranuclear species 13, and of the dinuclear K+/CuI complex
14 ; the molecular structures are drawn according to the results of the X-
ray crystal structure analyses. i) +CuCl, toluene, RT, ii) +CuBr2, toluene,
RT, iii) C6H6, RT, iv) +CuCl, THF, RT.
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azolyl resonances are observed at d(1H)=8.18, 7.45,
6.14 ppm and dACHTUNGTRENNUNG(13C)=139.3, 135.8, 102.9 ppm. The integral
ratio of the Ph, pz, and CH2SMe signals in the proton spec-
trum of Li[5] fits to a (methylthio)methyl-bis(pyrazol-1-yl)-
borate ion. All key NMR data of K[5] are similar to those
of Li[5] and therefore do not merit a detailed discussion.
The NMR data of 7 closely resemble those of 2, apart


from the fact that the proton resonances of the aromatic
ring now give a well-resolved AA’BB’ pattern (d(1H)=7.94,
7.59 ppm; dACHTUNGTRENNUNG(13C)=133.4, 132.8 ppm) and that a SiMe3 signal
appears at d(1H)=0.27/d ACHTUNGTRENNUNG(13C)=�1.0 ppm. The successful re-
placement of SiMe3 by BBr2 in 8 is evident from the disap-
pearance of the SiMe3 signals accompanied by a downfield
shift of p-phenylene resonances, owing to the p-electron
withdrawing nature of the dibromoboryl substituent
(d(1H)=8.16, 7.74 ppm; d ACHTUNGTRENNUNG(13C)=137.5, 132.9 ppm). Some-
what surprisingly, no 11B NMR signal was detectable for the
BBr2 group in 8 ([D8]toluene; four-coordinated boron atom:
dACHTUNGTRENNUNG(11B)=2.2 ppm). This problem is solved after amination,
because 9 gives rise to two 11B NMR signals with an integral
ratio of 1:1 and chemical shift values of 40.7 and 33.1 ppm.
Characteristically, the four methyl groups of the B ACHTUNGTRENNUNG(NMe2)2
fragment are all equivalent at room temperature (d(1H)=


2.64 ppm (12H); dACHTUNGTRENNUNG(13C)=41.3 ppm), whereas those of the B-
ACHTUNGTRENNUNG(NMe2)ACHTUNGTRENNUNG(CH2SMe) moiety appear as two singlets with
d(1H)=2.69 (3H)/2.57 ppm (3H) and dACHTUNGTRENNUNG(13C)=41.2/
39.8 ppm. This well-known feature is usually attributed to
resonance saturation and thus to a lower degree of N�B p-
bonding in the B ACHTUNGTRENNUNG(NMe2)2 case.
For the heteroditopic scorpionates Li2[10] and K2[10] we


note NMR spectra that are merely a superposition of the


spectra of [PhBpz3]
�[47] and [5]� . Resonances for the p-phen-


ylene bridge are observed at d(1H)=6.42–6.30 (Li2[10])/
7.02–6.89 ppm (K2[10]) and at d ACHTUNGTRENNUNG(13C)=132.3, 131.1 (Li2[10])/
133.6, 133.0 ppm (K2[10]).
The room temperature 1H and 13C NMR spectra of the


CuI complex K[11] are characterized by broad and ill-de-
fined signals. Much sharper and interpretable resonances
are, however, obtained if the sample is heated to +50 8C.
This clearly indicates motional broadening rather than para-
magnetic CuII impurities to be responsible for the poor reso-
lution of the room temperature spectra of K[11]. At +50 8C,
only one set of signals is observed for the pyrazolyl protons
and all BCH2 protons have the same chemical shift value.
These observations are not compatible with a static molecu-
lar structure, but rather point towards association/dissocia-
tion equilibria in solution. We note, however, that the NMR
data of K[11] at elevated temperature are still decisively dif-
ferent from those of the free ligand [5]� . Owing to their par-
amagnetic nature, no interpretable NMR data of the CuII


complexes 12 and 13 were obtained. In the case of the CuI


complex 14, the yield of single crystalline material was very
low so that the entire sample was consumed in the selection
of an appropriate specimen for X-ray crystallography.


X-Ray crystal structure analyses : The compounds 2, 3,
(Li[5])2, K[5], 7, K2[10]ACHTUNGTRENNUNG(thf)2, (K[11])2, 12, 13, and 14 ACHTUNGTRENNUNG(thf)2
were characterized by X-ray crystallography. Key crystallo-
graphic data are compiled in Tables 1 and 2 and Table 1S (3,
7) in the Supporting Information).
Intermediate 2 crystallizes from pentane/C6H6 with two


crystallographically independent molecules in the asymmet-


Table 1. Crystallographic data for 2, (Li[5])2, K[5] and K2[10] ACHTUNGTRENNUNG(thf)2.


2 (Li[5])2 K[5] K2[10] ACHTUNGTRENNUNG(thf)2


formula C16H20B2Br2S2 C28H32B2Li2N8S2 C14H16BKN4S C31H40B2K2N10O2S·C4H8O
fw 457.88 580.24 322.28 788.71
color, shape colorless, plate colorless, block colorless, needle colorless, block
crystal size [mm] 0.31P0.26P0.12 0.42P0.37P0.35 0.23P0.13P0.12 0.23P0.21P0.18
T [K] 173(2) 173(2) 173(2) 173(2)
radiation [N] MoKa 0.71073 MoKa 0.71073 MoKa 0.71073 MoKa 0.71073
crystal system triclinic monoclinic orthorhombic triclinic
space group P1̄ P21/c P212121 P1̄
a [N] 6.7169(7) 8.4318(4) 9.2358(7) 11.6438(14)
b [N] 10.1354(12) 10.3095(5) 12.7378(11) 12.6677(16)
c [N] 21.012(2) 17.7212(8) 13.8257(13) 15.2056(17)
a [8] 77.436(9) 90 90 70.376(9)
b [8] 81.911(8) 97.510(3) 90 79.682(9)
g [8] 82.653(9) 90 90 86.565(10)
V [N3] 1375.3(3) 1527.25(12) 1626.5(2) 2078.4(4)
Z 3 2 4 2
Dcalcd [gcm


�3] 1.659 1.262 1.316 1.260
F ACHTUNGTRENNUNG(000) 684 608 672 832
m ACHTUNGTRENNUNG[mm�1] 4.641 0.207 0.452 0.324
no. of reflns collected 10646 38150 10736 17462
no. of indep reflns (Rint) 4931 (0.0475) 4254 (0.0348) 3037 (0.0718) 7748 (0.1079)
no. of reflns obsd (I>2s(I)) 4065 4067 2374 4272
no. of data/restraints/params 4931/0/298 4254/0/191 3037/0/190 7748/114/478
GOF on F2 1.013 1.096 1.017 1.003
R1, wR2 (I>2s(I)) 0.0419, 0.1002 0.0606, 0.1704 0.0627, 0.1394 0.1001, 0.2601
R1, wR2 (all data) 0.0542, 0.1055 0.0626, 0.1722 0.0857, 0.1506 0.1576, 0.3059
largest diff peak and hole (eN�3) 0.825/�1.264 0.992/�0.655 0.533/�0.434 0.708/�0.371
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ric unit. One has C1 symmetry, the other possesses an inver-
sion center. All key structural parameters of the two mole-
cules are the same within the margins of experimental error.
Thus, only the Ci symmetric structure will be discussed here
(Figure 2).
As already deduced from its NMR spectra, compound 2 is


indeed a 1,4-dithionia-2,5-diboratacyclohexane derivative.
The six-membered heterocycle adopts a chair conformation


in the solid state. Both bromide substituents occupy axial
positions, whereas the sterically more demanding phenyl
rings as well as the methyl groups are located at equatorial
positions. The only other structurally characterized example
of a 1,4-dithionia-2,5-diboratacyclohexane was reported by
Nçth, who prepared the compound (BH2ACHTUNGTRENNUNG(CH2SMe))2 by
thermolysis of the amine adduct Me3N·BH2 ACHTUNGTRENNUNG(CH2SMe).[48]


According to X-ray crystallography, (BH2ACHTUNGTRENNUNG(CH2SMe))2 also
prefers a chair conformation with two equatorial methyl
substituents in the crystal lattice. NMR spectroscopy, howev-
er, indicated the presence of two conformational isomers,
trans-(eq,eq) and trans-(ax,ax), in solution. The comparison
of 2 with (BH2ACHTUNGTRENNUNG(CH2SMe))2 revealed two differences in their
molecular structures: First, the B�S adduct bonds of 2 are
significantly longer (2.000(5) N vs. 1.951(2) N) and second,
the S�B�C and B�S�C bond angles are the same in 2
(S(3)�B(3)�C(3#)=105.5(3)8, B(3)�S(3)�C(3)=104.5(2)8)
but deviate from each other by 5.88 in (BH2 ACHTUNGTRENNUNG(CH2SMe))2
(108.1(1)8, 102.3(1)8). The B�S bond in 3 is elongated even
further to a value of 2.029(3) N, although the B�S bond in 7
is 1.972(10) N long (see the Supporting Information,
Figures 1aS and 1bS).
The lithium scorpionate complex Li[5] crystallizes in the


form of centrosymmetric dimers (Li[5])2 (Figure 3).
Each Li+ ion has a distorted tetrahedral ligand environ-


ment consisting of two pyrazolyl rings of one borate ligand
together with one pyrazolyl ring and the (methylthio)methyl
group of the other ligand. Two of the four pyrazolyl donors
within the aggregate adopt bridging positions between Li+


ions. The entire structure is strongly reminiscent of the mo-


Table 2. Crystallographic data for (K[11])2, 12, 13 and 14 ACHTUNGTRENNUNG(thf)2.


(K[11])2 12 13 14 ACHTUNGTRENNUNG(thf)2


formula C56H64B4Cu2K2N16S4·2C6H6 C28H32B2CuN8S2 C36H34B2Cu4N16O2 C54H64B4CuK3N20O2S2·2C4H8O
fw 1494.21 629.90 998.57 1457.66
color, shape colorless, block light violet, plate dark blue, block colorless, plate
crystal size [mm] 0.22P0.21P0.17 0.18P0.13P0.07 0.24P0.23P0.19 0.12P0.11P0.03
T [K] 173(2) 173(2) 173(2) 173(2)
radiation [N] MoKa 0.71073 MoKa 0.71073 MoKa 0.71073 MoKa 0.71073
crystal system triclinic triclinic monoclinic monoclinic
space group P1̄ P1̄ P21/n C2/c
a [N] 10.3367(6) 9.9336(15) 13.0380(9) 28.393(4)
b [N] 11.6603(7) 10.2087(13) 11.8504(11) 15.3601(14)
c [N] 31.508(2) 16.917(3) 13.0596(9) 18.695(3)
a [8] 81.959(5) 90.134(12) 90 90
b [8] 81.978(5) 98.521(13) 103.699(5) 117.551(10)
g [8] 81.510(5) 114.819(10) 90 90
V [N3] 3691.6(4) 1535.9(4) 1960.4(3) 7228.7(17)
Z 2 2 2 4
Dcalcd [gcm


�3] 1.344 1.362 1.692 1.339
F ACHTUNGTRENNUNG(000) 1552 654 1008 3048
m ACHTUNGTRENNUNG[mm�1] 0.854 0.880 2.198 0.592
no. of reflns collected 44320 12355 12130 20283
no. of indep reflns (Rint) 14312 (0.0798) 5395 (0.0857) 3617 (0.0476) 6372 (0.1449)
no. of reflns obsd (I>2s(I)) 10089 2622 3052 2410
no. of data/restraints/params 14312/0/865 5395/0/370 3617/0/271 6372/0/435
GOF on F2 1.143 0.947 1.017 0.870
R1, wR2 (I>2s(I)) 0.0969, 0.2352 0.0809, 0.1709 0.0336, 0.0815 0.0824, 0.1259
R1, wR2 (all data) 0.1242, 0.2434 0.1692, 0.2075 0.0446, 0.0857 0.2194, 0.1691
largest diff peak and hole (eN�3) 1.207/�0.687 1.133/�0.618 0.363/�0.524 0.909/�0.383


Figure 2. Molecular structure of 2 in the solid state; thermal ellipsoids at
the 50% probability level. Selected bond lengths [N], bond angles [8],
torsion angles [8], and dihedral angles [8]: B(3)�S(3) 2.000(5), B(3)�C(3#)
1.641(6), B(3)�C(31) 1.610(6), B(3)�Br(3) 2.065(5), S(3)�C(3) 1.812(4),
S(3)�C(37) 1.811(5); S(3)�B(3)�C(3#) 105.5(3), B(3)�S(3)�C(3) 104.5(2),
B(3)�S(3)�C(37) 104.9(2), C(3)�S(3)�C(37) 102.1(2); B(3)�S(3)�C(3)�
B(3#) 66.1(4), C(3#)�B(3)�S(3)�C(37) �168.5(3), C(31)�B(3)�S(3)�
C(37) 70.3(3), Br(3)�B(3)�S(3)�C(37) �50.8(3); C(3#)B(3)S(3)//
C(3)S(3)C(3#)S(3#) 58.3. Symmetry transformation used to generate
equivalent atoms: #: �x+1, �y+1, �z+2.
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lecular framework of the related dimer (LiACHTUNGTRENNUNG[FcBpz3])2, apart
from the fact that in the latter case ferrocenyl substituents
(Fc) and pyrazolyl rings are occupying the positions of the
phenyl and (methylthio)methyl groups, respectively.[28] Im-
portant bond lengths of (Li[5])2 are Li(1)�S(1#)=


2.498(3) N, Li(1)�N(12)=1.960(4) N, and Li(1)�N(22)=


2.115(4) N/Li(1)�N ACHTUNGTRENNUNG(22#)=2.160(4) N. Comparable Li�S
bond lengths have been reported for the dimeric compound
(Li ACHTUNGTRENNUNG(TMEDA) ACHTUNGTRENNUNG[CH2SPh])2 (six-membered ring; Li�S=


2.555(3) N[49]), the polymeric aggregate (LiACHTUNGTRENNUNG(thf)ACHTUNGTRENNUNG[CH2SMe])1
(ladder-like structure; Li�S=2.531(5) N[50]), and the infinite
network of solvent-free (methylthio)methyllithium (Li�S=


2.443(13) N/2.662(12) N[43]). The phenomenon of considera-
bly shorter Li�N bonds to the h1-coordinating pyrazolyl
rings compared to bonds between Li+ and m-coordinating
pyrazolyl donors has also been observed for (LiACHTUNGTRENNUNG[FcBpz3])2.
The solid state structure of the K+ complex K[5] is funda-


mentally different from that of the Li+ complex (Li[5])2:
First, K[5] is polymeric rather than dimeric in the crystal lat-
tice (Figure 4, Figure 1cS in the Supporting Information).
Second, the (methylthio)methyl chains are merely dangling
side groups, not coordinated to K+ ions in K[5]. Third, p-in-
teractions involving both the phenyl and pyrazolyl rings con-
tribute to the coordinative saturation of the K+ centers.
A more detailed inspection of the bonding situation re-


veals that each K+ ion interacts with one scorpionate ligand
through its two pyrazolyl nitrogen atoms (s-mode; K(1)�N-
ACHTUNGTRENNUNG(12A)=2.871(5) N, K(1)�N ACHTUNGTRENNUNG(22 A)=2.840(5) N) and the
phenyl ring (p-mode; shortest contact: K(1)�C ACHTUNGTRENNUNG(31A)=


3.054(4) N). A second borate ion functions as a chelating
ligand using the p-faces of both pyrazolyl rings for K+ coor-
dination; the distances between the metal ion and the ring


centroids (COG) amount to K(1)�COG ACHTUNGTRENNUNG(pzN(11))=3.000 N
and K(1)�COG ACHTUNGTRENNUNG(pzN(21))=2.971 N.
The potassium salt of the heteroditopic scorpionate K2[10]


crystallizes from THF together with three solvent molecules.
Two of them coordinate the two K+ ions (K2[10] ACHTUNGTRENNUNG(thf)2), the
third THF molecule occupies space in the crystal lattice
without acting as a ligand. Similar to K[5], K2[10]ACHTUNGTRENNUNG(thf)2 es-
tablishes a polymeric structure in the solid state. A section
of this polymer is shown in Figure 5.
Again similar to K[5], the phenylene ring of K2[10]ACHTUNGTRENNUNG(thf)2


takes part in potassium coordination so that an inverse sand-
wich complex is created in which two K+ ions are bonded to
the opposite sides of the same p-electron system
(K(1)···COG(Ar)=2.988 N, K(2)···COG(Ar)=3.045 N;
K(1)···COG(Ar)···K(2)=164.68). In addition to the phenyl-
ene ring and one THF ligand, potassium ion K(1) is coordi-
nated to the pyrazolyl ring pzN(11) of the heteroscorpionate
fragment and to pzN(31) of the homoscorpionate moiety (s-
modes; K(1)�N(12)=2.856(5) N, K(1)�N(32)=2.910(6) N).
K(2) binds to pzN(51) (s-mode; K(2)�N(52)=3.389(5) N)
and to the thioether chain (K(2)�S(1)=3.363(2) N). The K�
S interaction is remarkable, because (methylthio)methyl co-
ordination does not occur in the monotopic derivative K[5].
Most interestingly, trans-chelation of the K+ ions involving
both scorpionate fragments is preferred over cis-chelation
by either the tris(pyrazol-1-yl)borate or the [(methylthio)-
methyl]borate ligand alone. The pyrazolyl rings pzN(21) and
pzN(41) are not engaged in the coordination of K(1) or
K(2), but bind to potassium ions of adjacent complexes (s-
modes). Additional short intermolecular contacts are estab-
lished between these potassium ions and the p-faces of
pzN(11)/pzN(51).
Compound K[11] contains two scorpionate ligands per


CuI ion. The monoanionic charge of the complex is balanced
by a K+ ion. Electrostatic attraction and the need for K+


solvation lead to the formation of dimers (K[11])2 in the


Figure 3. Molecular structure of (Li[5])2 in the solid state; thermal ellip-
soids at the 50% probability level. Selected bond lengths [N], bond
angles [8], and torsion angles [8]: Li(1)�N(12) 1.960(4), Li(1)�N(22)
2.115(4), Li(1)�N ACHTUNGTRENNUNG(22#) 2.160(4), Li(1)�S(1#) 2.498(3), B(1)�N(11)
1.579(2), B(1)�N(21) 1.586(2), B(1)�C(1) 1.641(3), B(1)�C(31) 1.626(3),
S(1)�C(1) 1.804(2), S(1)�C(2) 1.815(2), Li(1)···Li(1#) 2.624(7); N(12)�
Li(1)�N(22) 96.5(2), N ACHTUNGTRENNUNG(22#)�Li(1)�S(1#) 88.8(1), Li(1)�N(22)�Li(1#)
75.7(2), N(22)�Li(1)�N ACHTUNGTRENNUNG(22#) 104.3(2), N(11)�B(1)�N(21) 107.7(1),
N(21)�B(1)�C(1) 109.7(1); B(1)�N(11)�N(12)�Li(1) 16.3(3), B(1)�
N(21)�N(22)�Li(1) �33.2(2), B(1)�N(21)�N(22)�Li(1#) 54.4(2), B(1)�
C(1)�S(1)�Li(1#) 83.3(2). Symmetry transformation used to generate
equivalent atoms: #: �x+1, �y+2, �z+1.


Figure 4. Section of the polymeric structure of K[5] in the solid state;
thermal ellipsoids at the 50% probability level. The H atoms have been
omitted for clarity. Selected bond lengths [N], bond angles [8], and tor-
sion angles [8]: K(1)�N ACHTUNGTRENNUNG(12 A) 2.871(5), K(1)�N ACHTUNGTRENNUNG(22 A) 2.840(5), K(1)�C-
ACHTUNGTRENNUNG(31 A) 3.054(4), K(1)�COG ACHTUNGTRENNUNG(pzN(11)) 3.000, K(1)�COG ACHTUNGTRENNUNG(pzN(21)) 2.971;
N(11)�B(1)�N(21) 106.0(3), C(1)�B(1)�C(31) 112.3(4), N ACHTUNGTRENNUNG(12 A)�K(1)�
N ACHTUNGTRENNUNG(22 A) 69.0(1); C(32)�C(31)�B(1)�C(1) 85.4(5). Symmetry transforma-
tion used to generate equivalent atoms: A: x�1=2, �y+ 1=2, �z.
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solid state; two crystallographically independent, centrosym-
metric dimers constitute the asymmetric unit of the crystal
lattice. Since both dimers have similar bond lengths and
angles, only one of them will be described here (Figure 6).
Each CuI center is coordinated by two thioether and two


pyrazolyl groups (pzN(11), pzN(41)) in a distorted tetrahe-
dral fashion (smallest/largest bond angle: N(42)�Cu(1)�
S(2)=101.3(2)8 / S(1)�Cu(1)�S(2)=127.7(1)8). The two
other pyrazolyl rings (pzN(21), pzN(51)) act as donors to-
wards K(1) (K(1)�N(22)=2.851(7) N, K(1)�N(52)=


2.757(7) N). The ligand sphere of K(1) is further completed
by the p-faces of pzN(11) and pzN(41). Importantly,
pzN(21) occupies a bridging position between K(1) and the
symmetry-related ion K(1#) and thus links the two halves of
the dimer together (K(1#)�N(22)=2.821(7) N). Copper ions
surrounded by an (N2S2) ligand sphere as in (K[11])2 occur
naturally in so-called “blue copper proteins” that are func-
tional in the reversible electron transfer: CuIQCuII+
e�.[38,51–53] Crystal structures of these proteins show a very ir-
regular tetrahedral coordination with two sulfur atoms from
methionine and cysteinate and two histidine nitrogen
atoms.[54] Numerous CuI and CuII complexes of mixed N-
and S-donor ligands have been investigated as mimics of
blue copper proteins to understand their intricate spectro-
scopical, electrochemical and structural features. We have
selected representative examples with imine- and thioether-
containing macrocyclic or thiosalen-type ligands for a struc-
tural comparison with (K[11])2. These compounds exhibit


Cu�N bond lengths in the range from 1.95 N to 2.05 N and
Cu�S bond lengths between 2.21 N and 2.29 N,[55,56] which
agree nicely with the corresponding bond lengths in (K[11])2
(Cu(1)�N(12)=2.054(7) N, Cu(1)�N(42)=2.058(7) N,
Cu(1)�S(1)=2.251(2) N, Cu(1)�S(2)=2.267(2) N).
The ligand/metal ratio of 2:1 present in the CuI complex


(K[11])2 is retained in the Cu
II complex 12 (Figure 7). How-


Figure 5. Section of the polymeric structure of K2[10] ACHTUNGTRENNUNG(thf)2 in the solid
state; thermal ellipsoids at the 50% probability level. For clarity, the H
atoms have been omitted; the coordinated THF molecules are represent-
ed as sticks. Selected bond lengths [N], bond angles [8], and torsion
angles [8]: B(1)�C(1) 1.640(9), B(1)�C(61) 1.625(8), B(1)�N(11)
1.578(7), B(1)�N(21) 1.563(9), B(2)�C(64) 1.618(8), B(2)�N(31)
1.566(8), B(2)�N(41) 1.571(8), B(2)�N(51) 1.564(7), K(1)�N(12)
2.856(5), K(1)�N(32) 2.910(6), K(1)�O(91) 3.003(7), K(2)�N(52)
3.389(5), K(2)�O(81) 2.761(6), K(2)�S(1) 3.363(2), K(1)···COG ACHTUNGTRENNUNG(C6H4)
2.988, K(2)···COG ACHTUNGTRENNUNG(C6H4) 3.045; C(1)�B(1)�C(61) 112.4(5), C(1)�B(1)�
N(11) 108.0(5), C(1)�B(1)�N(21) 109.4(5), N(12)�K(1)�N(32) 151.5(2),
S(1)�K(2)�N(52) 156.4(1); B(1)�N(11)�N(12)�K(1) �3.3(9), B(1)�
C(1)�S(1)�K(2) 46.4(6), B(2)�N(31)�N(32)�K(1) 24.5(8), B(2)�N(51)�
N(52)�K(2) 26.8(7).


Figure 6. Molecular structure of one of the two crystallographically inde-
pendent dimers (K[11])2 in the solid state; thermal ellipsoids at the 50%
probability level. The H atoms have been omitted for clarity. Selected
bond lengths [N], bond angles [8], and torsion angles [8]: Cu(1)�N(12)
2.054(7), Cu(1)�N(42) 2.058(7), Cu(1)�S(1) 2.251(2), Cu(1)�S(2)
2.267(2), K(1)�N(22) 2.851(7), K(1)�N ACHTUNGTRENNUNG(22#) 2.821(7), K(1)�N(52)
2.757(7), K(1)�N(12) 3.072(7); N(12)�Cu(1)�N(42) 108.5(3), N(12)�
Cu(1)�S(1) 102.2(2), N(12)�Cu(1)�S(2) 104.5(2), N(42)�Cu(1)�S(1)
111.5(2), N(42)�Cu(1)�S(2) 101.3(2), S(1)�Cu(1)�S(2) 127.7(1), C(1)�
S(1)�Cu(1) 104.0(3), C(2)�S(2)�Cu(1) 101.9(3), B(1)···Cu(1)···B(2)
140.9(2); B(1)�N(11)�N(12)�Cu(1) �4.2(11), B(1)�C(1)�S(1)�Cu(1)
48.2(6), B(2)�N(41)�N(42)�Cu(1) 17.4(10), B(2)�C(2)�S(2)�Cu(1)
54.9(7). Symmetry transformation used to generate equivalent atoms: #:
�x+2, �y+1, �z.


Figure 7. Molecular structure of 12 in the solid state; thermal ellipsoids at
the 50% probability level. The H atoms have been omitted for clarity.
Selected bond lengths [N], bond angles [8], and torsion angles [8]:
Cu(1)�N(12) 2.009(7), Cu(1)�N(22) 1.999(6), Cu(1)�N(42) 1.980(7),
Cu(1)�N(52) 1.986(6), Cu(1)�S(1) 2.805(3); N(12)�Cu(1)�N(22) 88.4(2),
N(12)�Cu(1)�N(42) 172.5(3), N(12)�Cu(1)�N(52) 90.0(3), N(42)�
Cu(1)�N(52) 88.4(3), N(12)�Cu(1)�S(1) 83.1(2), N(22)�Cu(1)�S(1)
90.1(2), C(1)�S(1)�Cu(1) 98.7(3), B(1)···Cu(1)···B(2) 168.1(1); B(1)�
N(11)�N(12)�Cu(1) �1.5(9), B(1)�N(21)�N(22)�Cu(1) -1.8(10), B(1)�
C(1)�S(1)�Cu(1) �15.7(8), B(2)�N(41)�N(42)�Cu(1) �0.9(9), B(2)�
N(51)�N(52)�Cu(1) 5.6(9).
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ever, we observe a distinctly different coordination pattern
with four pyrazolyl donors and one (methylthio)methyl
group spacedly disposed at the corners of a slightly distorted
square pyramid (trigonality index t[57]=0.05).
Most importantly, the sulfur atom occupies the axial posi-


tion. This feature makes compound 12 rather unique among
the few structurally characterized [CuII ACHTUNGTRENNUNG(sp2-N)4 ACHTUNGTRENNUNG(SR2)]


n+


complexes, which are either square pyramidal (spy), but
have the sulfur atom in an equatorial position,[58] or adopt a
trigonal bipyramidal conformation[58,59] (again with the
sulfur donor in an equatorial position). Thus, compound 12
fills a gap in the series of blue copper protein model sys-
tems, because an axially coordinated thioether donor in
trigonal (bi)pyramidal active site geometries is suggested to
confer highly positive CuI/CuII redox potentials.[58,60] As a
specific example of blue copper proteins, we are considering
the dimensions of the copper site in poplar CuII-plastocya-
nin, which has the methionine sulfur atom located at a long
but yet bonding distance of 2.82 N to the CuII ion.[54] This
value compares nicely to the Cu(1)�S(1) bond length in
complex 12 (2.805(3) N). In contrast, a much shorter Cu�S
bond (2.372(3) N) is observed in the square-pyramidal (t=


0.26) [CuII ACHTUNGTRENNUNG(sp2-N)4ACHTUNGTRENNUNG(SR2)]
2+ complex [Cu ACHTUNGTRENNUNG(pmtpm) ACHTUNGTRENNUNG(2,9-dmp)]-


ACHTUNGTRENNUNG(ClO4)2 featuring an equatorial thioether ligand (pmtpm=2-
pyridyl-N-(2’-methylthiophenyl)methyleneimine; 2,9-dmp=


2,9-dimethyl-1,10-phenanthroline).[58] The pronounced dif-
ference in Cu�S bond lengths between 12 and [Cu ACHTUNGTRENNUNG(pmtpm)-
ACHTUNGTRENNUNG(2,9-dmp)]ACHTUNGTRENNUNG(ClO4)2 is most likely owed to the Jahn–Teller dis-
tortion generally exhibited by five- and six-coordinated d9-
complexes. With regard to the Cu�S distance, 12 is, there-
fore, better compared to the CuII complex [Cu(L)] ACHTUNGTRENNUNG(NO3)2
(L=4,7-bis(3-aminopropyl)-1-thia-4,7-diazacyclononane)
possessing four sp3-nitrogen atoms at the base of a square
pyramid and a thioether moiety at the axial position. How-
ever, the bond distance Cu�S=2.561(1) N of the latter com-
pound[61] is still 0.244 N shorter than in 12 which may be due
to the short (methylthio)methyl tether of the scorpionate
ligand that prevents a closer approach of the sulfur atom.
This interpretation is supported by a view at the Cu–S
vector in 12, which deviates by 10.78 from the normal to the
least-squares plane (r.m.s. deviation 0.038 N) through Cu(1)
and its four N ligands. The four Cu�N bond lengths range
from Cu(1)�N(42)=1.980(7) N to Cu(1)�N(12)=2.009(7) N
and are thus in good agreement with the corresponding
values in the related five-coordinate CuII complexes.[58, 59]


The molecular structures of K[11] and 12 are distinctly dif-
ferent. Since these differences can easily be explained by ap-
plying basic rules for interactions between hard and soft
Lewis acids and bases, it is interesting to note that Meyer
et al. have published a CuII complex in which the metal ion
is surrounded by two pyrazolide-N- and two thioether-S-
atoms in a distorted square-planar (dspl) cis-(N2S2) coordi-
nation sphere.[62] On principle, it would be possible to estab-
lish a similar ligand environment also for [CuII(5)2], simply
by twisting the orthogonal planes S(1)/Cu(1)/N(12) and
S(2)/Cu(1)/N(42) of (K[11])2 into a coplanar arrangement
upon oxidation. However, the experimentally determined


structure of 12 appears to be sufficiently more favorable
than the alternative (N2S2) coordination to outweigh the
high degree of ligand redistribution that is required for the
transition from K[11] to 12.
After treatment of the CuI complex K[11] with dry air,


two products, the mononuclear CuII complex 12 and the tet-
ranuclear CuII species 13 (Figure 8) could be isolated.


The formation of 13 is remarkable because not only have
pyrazolide ions been released, but the (methylthio)methyl
group has been replaced by an oxygen atom in the course of
the reaction. Given the fact that we have taken all precau-
tions to exclude moisture from the reaction mixture, the in-
troduction of the oxygen atom into the scorpionate ligand is
most likely the result of a CuI-mediated O2 activation. This
hypothesis is confirmed by the fact, that exposure of a tolu-
ene solution of the CuII species 12 to air and moisture over
a period of several weeks did not yield any indication for
the formation of 13. Again, we note that oxidative cleavage
of the B�C-bond is reminiscent of the C�H activation ach-
ieved by the enzymes DbM and PHM. Once pyrazolylbo-
rates [PhBpz2(OH)]


� or [PhBpz2(O)]
2� have been formed,


further degradation of these molecules with liberation of
pyrazolide can easily occur because the three-coordinated
boron atoms of the resulting fragments PhBpz(OH)/ ACHTUNGTRENNUNG[Ph-
ACHTUNGTRENNUNGBpz(O)]� are efficiently stabilized by O�B p donation.


Figure 8. Molecular structure of 13 in the solid state; thermal ellipsoids at
the 50% probability level. The H atoms have been omitted for clarity.
Selected bond lengths [N], bond angles [8], and torsion angles [8]:
Cu(1)�O(1) 1.920(2), Cu(1)�N(12) 1.980(3), Cu(1)�N(31) 1.965(2),
Cu(1)�N(41) 1.976(2), Cu(2)�O(1) 1.924(2), Cu(2)�N(22) 1.980(3),
Cu(2)�N(32) 1.982(3), Cu(2)�N ACHTUNGTRENNUNG(42#) 1.973(2), B(1)�O(1) 1.443(4), B(1)�
C(1) 1.626(4), B(1)�N(11) 1.595(4), B(1)�N(21) 1.578(4); Cu(1)�O(1)�
Cu(2) 111.4(1), Cu(1)�O(1)�B(1) 117.1(2), Cu(2)�O(1)�B(1) 118.4(2),
O(1)�Cu(1)�N(12) 84.5(1), O(1)�Cu(1)�N(31) 86.9(1), O(1)�Cu(1)�
N(41) 178.9(1), N(12)�Cu(1)�N(31) 170.0(1), N(12)�Cu(1)�N(41)
94.5(1), N(31)�Cu(1)�N(41) 94.1(1), O(1)�Cu(2)�N(22) 84.3(1), O(1)�
Cu(2)�N(32) 86.2(1), O(1)�Cu(2)�N ACHTUNGTRENNUNG(42#) 177.8(1), N(22)�Cu(2)�N(32)
170.4(1), N(22)�Cu(2)�N ACHTUNGTRENNUNG(42#) 94.0(1), N(32)�Cu(2)�N ACHTUNGTRENNUNG(42#) 95.6(1);
B(1)�N(11)�N(12)�Cu(1) �13.2(3), B(1)�N(21)�N(22)�Cu(2) 2.3(3),
Cu(1)�N(31)�N(32)�Cu(2) -0.4(2), Cu(1)�N(41)�N(42)�Cu(2#) 17.7(3).
Symmetry transformation used to generate equivalent atoms: #: �x+1,
�y+1, �z+1.
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Each half of the centrosymmetric molecule of 13 consists
of one [PhBpz2(O)]


2� ligand that symmetrically bridges two
CuII ions by its oxygen atom (Cu(1)�O(1)=1.920(2) N,
Cu(2)�O(1)=1.924(2) N).[63] The pyrazolyl nitrogen atom
N(12) binds to Cu(1); N(22), which is part of the second
pyrazolyl ring, coordinates Cu(2) (Cu(1)�N(12)=Cu(2)�
N(22)=1.980(3) N). In addition to O(1), Cu(1) and Cu(2)
are connected by a pyrazolide ion with Cu(1)�N(31) and
Cu(2)�N(32) bond lengths of 1.965(2) N and 1.982(3) N, re-
spectively. The square planar coordination sphere of each
CuII ion is completed by a second pyrazolide ligand that
links the two halves of the tetranuclear aggregate (Cu(1)�
N(41)=1.976(2) N, Cu(2#)�N(42) 1.973(2) N).[64]
Complex 14 crystallized from a mixture of ligand K2[10]


and 3.3 equiv of CuCl in THF with one THF ligand bonded
to each K+ ion (14 ACHTUNGTRENNUNG(thf)2). The compound forms coordina-
tion polymers in the solid state; a view of the repeat unit,
which possesses a C2 axis running through Cu(1) and K(2),
is provided in Figure 9.


In this intricate structure, the CuI ion is placed between
two scorpionates into a tetrahedral (N2S2) ligand environ-
ment. We observe the same key structural features as in the
CuI complex (K[11])2 (Figure 6) of the monotopic scorpio-
nate [5]� (mean values of the Cu�S bonds: 2.264(2) N in
(K[11])2, 2.361(2) N in 14 ACHTUNGTRENNUNG(thf)2; mean values of the Cu�N


bonds: 2.048(7) N in (K[11])2, 2.023(7) N in 14 ACHTUNGTRENNUNG(thf)2). The
tris(pyrazol-1-yl)borate functionalities of the two ligands
bind jointly to the potassium ion K(2) with bond lengths of
2.840(8) N. Additional short contacts are established be-
tween K(2) and the sulfur atoms (K(2)�S(1)=3.385(3) N)
as well as the phenylene rings (K(2)�COG ACHTUNGTRENNUNG(C6H4)=3.051 N;
COG= ring centroid). Two more potassium ions, K(1) and
the symmetry-related K(1#), coordinate to the metalloma-
crocyclic core to maintain charge neutrality. K(1) binds to
one THF molecule, one pyrazolyl ring of a heteroscorpio-
nate fragment, one pyrazolyl ring of the corresponding ho-
moscorpionate moiety, and to the phenylene spacer. Each
repeat unit is connected to the neighboring unit through
pz(N(41)) and pz(N(51)), which bind to K(1*) (*: �x+ 3=2,
�y+ 3=2, �z+1) in a s- and p-mode, respectively. Interest-
ingly, a striking similarity is obvious between the coordina-
tion spheres of K(1)/K(2) in the potassium salt K2[10]ACHTUNGTRENNUNG(thf)2
and in the CuI complex 14 ACHTUNGTRENNUNG(thf)2.


Electrochemical investigations : Compounds K[5], K[11],
and 12 were investigated by cyclic voltammetry (CH2Cl2,
[NBu4][B ACHTUNGTRENNUNG(C6F5)4] (0.05m), versus FcH/FcH+ ; see the Sup-
porting Information for cyclic voltammograms of K[5] in
Figure 2aS and K[11] in Figure 2bS). The K+ salt of the free
ligand (K[5]) is electrochemically inactive in the potential
range between 0.75 V and �1.75 V; in the more anodic
regime, an irreversible oxidation process takes place.
In the potential range between 1.30 V and �2.10 V, the


cyclic voltammogram (CV) of the CuI complex K[11] shows
three irreversible redox events with peak potentials of Epa�
�0.71 V, 0.27 V, and Epc��1.49 V.
CuII complex 12 reveals two irreversible redox events at


Epa��0.79 V and Epc� -1.65 V (Figure 10). In more oxidiz-
ing conditions, 12 undergoes a further irreversible transition


that is also observed in the CV of K[5] and therefore attrib-
uted to a ligand-centered process.
The determination of peak potentials of K[11] is associat-


ed with estimated error margins of � 0.05 V. Moreover, Epc


and Epa of 12 were found to be somewhat concentration de-
pendent. Given this background, we attribute the redox


Figure 9. Molecular structure of 14 ACHTUNGTRENNUNG(thf)2 in the solid state. For clarity, the
H atoms have been omitted and atoms are represented as balls. Selected
bond lengths [N], bond angles [8], and torsion angles [8]: Cu(1)�S(1)
2.361(2), Cu(1)�N(12) 2.023(7), K(1)�N(22) 2.969(8), K(1)�N(52)
2.828(7), K(1)�O(71) 2.731(6), K(2)�N(32) 2.840(8), K(2)�S(1) 3.385(3),
K(1)�COG ACHTUNGTRENNUNG(C6H4) 3.033, K(2)�COG ACHTUNGTRENNUNG(C6H4) 3.051; S(1)�Cu(1)�S(1#)
128.2(1), S(1)�Cu(1)�N(12) 98.8(2), S(1)�Cu(1)�N ACHTUNGTRENNUNG(12#) 109.6(2), N(12)�
Cu(1)�N ACHTUNGTRENNUNG(12#) 112.0(4), N(22)�K(1)�N(52) 160.0(2), N(22)�K(1)�O(71)
86.6(2), N(52)�K(1)�O(71) 95.4(2); B(1)�N(11)�N(12)�Cu(1) �0.7(11),
B(1)�C(1)�S(1)�Cu(1) 47.3(6), B(1)�N(21)�N(22)�K(1) 36.9(9), B(2)�
N(31)�N(32)�K(2) -21.3(11), B(2)�N(51)�N(52)�K(1) �21.1(11). Sym-
metry transformation used to generate equivalent atoms: #: �x+1, y,
�z+ 1=2.


Figure 10. Cyclic voltammogram of 12 vs. FcH/FcH+; CH2Cl2, [NBu4][B-
ACHTUNGTRENNUNG(C6F5)4] as supporting electrolyte (0.05m), scan rate 200 mVs�1.
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waves Epa��0.71 V/Epc��1.49 V (CV of the CuI complex)
and Epa��0.79 V/Epc��1.65 V (CV of the CuII complex)
to the same electron transfer reaction, which in both sam-
ples occurs between the species [NBu4]


+[11]�Q12. The
highly cathodic value of Epc is likely owed to the fact that
the CuII ion is coordinated by two negatively charged li-
gands. Moreover, provided that the molecular structure of
12 in solution resembles its solid state structure, a square-
pyramidal (N4S) donor set is not well-suited to stabilize the
CuI state. It is therefore plausible that the initially created
species undergoes ligand rearrangement to form a tetrahe-
dral CuI complex. As a consequence, the redox event be-
comes electrochemically irreversible. The associated return
peak corresponds to the transformation of the tetrahedral
CuI complex into the corresponding CuII compound that
subsequently relaxes to the original structure.
The electrochemical properties of our complex stand in


stark contrast to a related system in which the copper ion is
surrounded by two chelating 1-methyl-2-((methylthio)-
methyl)-1H-benzimidazole (mmb) ligands. [Cu ACHTUNGTRENNUNG(mmb)2]ACHTUNGTRENNUNG[BF4]
undergoes an electrochemically reversible oxidation at
0.31 V vs. FcH/FcH+ .[65] In accordance with that is the ap-
parent similarity between the molecular structures of [CuI-
ACHTUNGTRENNUNG(mmb)2]


+ and [CuII ACHTUNGTRENNUNG(mmb)2 ACHTUNGTRENNUNG(h
1-OClO3)]


+ as it has been con-
firmed by X-ray crystallography for the solid state and by
DFT calculations for the gas phase.[65]


The redox event at Epa�0.27 V in the voltammogram of
K[11] was not detected in the CV of 12. We suggest as an
explanation that a cation exchange equilibrium leads to the
coexistence of K[11] and [NBu4]


+[11]� and that these two
species have different oxidation potentials, i.e., 0.27 V and
�0.71 V, respectively. The more anodic redox potential of
K[11] with respect to [NBu4]


+[11]� can then be rationalized
by assuming that the former exists as contact ion pairs in
CH2Cl2 solution, whereas less tightly associated ions are
present in solutions of the latter. We note in this context
that the CuI/CuII redox couple covers a broad range of stan-
dard oxidation potentials (exceeding variations of 1 V) de-
pending on the particular ligand environment, the solvent,
and on the nature of the counter ions (see p. 418 of
ref. [51b]).


Quantum chemical calculations : Density functional theory
(DFT) at the BP86 level including the COSMO continuum
model (solvent CH2Cl2) was employed in order to scrutinize
the hypothesis that a transition from the contact ion pair
K[11] to the largely solvent separated system [NBu4]


+[11]�


can indeed cause a shift in the corresponding CuI/CuII redox
potential of almost 1 V. Furthermore, we provide a theoreti-
cal assessment of the surprisingly cathodic potential re-
quired for the reduction of 12. Details of the theoretical
strategies are given in the section Experimental and Compu-
tational Methods below.
As one cannot necessarily expect the solid-state structures


of [11]� and 12 to prevail in solution, we also considered a
selected number of reasonable structural isomers. CuI ions
are known to possess a high affinity both to nitrogen- and to


sulfur-donor ligands.[66] We have, therefore, included the
three tetrahedral species [CuI(N4)


tet]� , [CuI ACHTUNGTRENNUNG(N3S)
tet]� , and


[CuI ACHTUNGTRENNUNG(N2S2)
tet]� into our DFT study (Figure 11). CuII ions, in


turn, have a significantly greater tendency to bind to amine


than to thioether ligands.[66] Our calculations on the CuII


complex 12 were therefore restricted to the two most plausi-
ble isomers, the square-pyramidal structure [CuII ACHTUNGTRENNUNG(N4S)


spy]
(see the X-ray crystal structure analysis) and its square-
planar congener [CuII(N4)


spl] (Figure 11). Calculated relative
energies (DE in kcalmol�1) with respect to the most stable
isomer are compiled in Figure 11.
First we note a pleasing agreement between the experi-


mentally determined bond lengths and angles of K[11] and
12 with the corresponding calculated values for KACHTUNGTRENNUNG[CuI-
ACHTUNGTRENNUNG(N2S2)


tet] and [CuII ACHTUNGTRENNUNG(N4S)
spy], respectively (see the Supporting


Information).
The CuI complex [CuI(N4)


tet]� represents the most stable
structure of all three anionic isomers. The [CuI ACHTUNGTRENNUNG(N3S)


tet]�


isomer is slightly less stable (DE=0.4 kcalmol�1). Replace-
ment of a second pyrazolyl ligand by a (methylthio)methyl
group leads to a further increase in energy by 2.6 kcalmol�1


([CuI ACHTUNGTRENNUNG(N2S2)
tet]�), even though one might have anticipated


the CuI ion to bind preferably to the softer (methylthio)-
methyl donors. At this point we note, however, that the
energy differences obtained here might fall within the typi-
cal error margins of the method employed,[67] and thus we
refrain from providing any definitive statement with regard
to the most stable coordination isomer of the free anion. We
would rather see these results as an indication for the pres-
ence of a set of flexible isomers of [11]� in solution, which is
in accord with the NMR spectroscopic results on K[11] (see
above). In the crystal lattice, we observed the seemingly
least stable [CuI ACHTUNGTRENNUNG(N2S2)


tet]� coordination mode for the com-
plex anion of K[11]. A closer inspection of the solid state
structure suggests, however, a counterion effect as the likely
explanation, because the K+ cation in crystalline K[11] is p-
coordinated to two pyrazolyl rings,[30,31,47, 68] one from each
scorpionate ligand. Such a type of molecular pocket is only


Figure 11. Relative energies (DE in kcalmol�1 obtained at the BP86/
SDD(Cu)TZVP(+COSMO:CH2Cl2)//BP86/SDD(Cu)TZVP level) be-
tween different coordination polyhedra of [11]� (top row) and 12
(bottom row).
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available in the [CuI ACHTUNGTRENNUNG(N2S2)
tet]� polyhedron but in none of


the others. The (N2S2) ligand environment therefore appears
to be stabilized through p-coordination of the potassium
counter ion (the structure of this contact ion pair was
indeed shown to correspond to a minimum on the potential
energy surface). It should be emphasized that p-interactions
between K+ and [11]� may also be relevant in the liquid
phase as they can lead to different distributions of coordina-
tion polyhedra in solutions of K[11] as compared to samples
of [11]� generated by reduction of CuII-complex 12 under
the conditions of a CV experiment (i.e. in solutions contain-
ing non-coordinating [NBu4]


+-salts as supporting electro-
lytes).
The crystal structure of 12 reveals a square-pyramidal


complex with a long axial Cu�S bond of 2.805(3) N suggest-
ing a weakly coordinated (methylthio)methyl ligand. A very
similar five-coordinated structure was found to be a mini-
mum on the potential energy surface of 12 by reoptimiza-
tion of the crystallographically determined structural param-
eters ([CuII ACHTUNGTRENNUNG(N4S)


spy]; Figure 11). Avoiding of the Cu�S con-
tact by turning the CH2SMe arm by 908 about the B�C
bond and subsequent reoptimization of the structure results
in an energy increase of merely 0.7 kcalmol�1 for the result-
ing square-planar (spl) species [CuII(N4)


spl].
All in all, our calculations lead to the conclusion that the


tetrahedral CuI complex [CuI(N4)
tet]� and the square-planar


CuII complex [CuII(N4)
spl] should be among the most abun-


dant isomers in solutions of [11]� and 12, respectively. With
regard to the interconversion of both species under electro-
chemical conditions it is important to note that [CuI(N4)


tet]�


cannot simply rearrange into [CuII(N4)
spl] by counterrotation


of the two N�Cu�N planes. This reorganization is blocked
by the pyrazolyl protons in the 3-positions of the scorpio-
nate ligands (Figure 3S in the Supporting Information).
Indeed, we located a second minimum resulting from geom-
etry optimization commencing at the tetrahedral CuI coordi-
nation environment, from which the ligands arrange as
closely as possible into the square planar geometry after oxi-
dation to the CuII state. The resulting distorted square
planar (dspl) isomer [CuII(N4)


dspl] is less stable than [CuII-
ACHTUNGTRENNUNG(N4S)


spy] by 3.1 kcalmol�1.
With this picture at hand, we can now turn to the electron


transitions and structural rearrangements taking place
during the cyclic voltammetric measurements on K[11] and
12. An important aspect of most microscopic theories of
electron transfer is the assumption that the reactants and
products share a common nuclear configuration at the
moment of the actual act of oxidation or reduction.[69] We
thus see the experimental peak potentials arising as a conse-
quence of vertical oxidation or reduction events. According-
ly, we simulate these processes by computing the vertical
ionization potentials (IE) or electron affinities of the respec-
tive species. We relate the computed potentials to that ob-
tained for the ferrocene/ferrocenium (FcH/FcH+) redox
couple (computed: IEFcH=119.2 kcalmol�1), which serves as
internal standard also in our CV measurements. Computed
energy differences (obtained in kcalmol�1) were converted


into electrochemical potentials by division by the Faraday
constant F (403305.5 Ccal�1).
The cyclic voltammogram of K[11] is considered first


(Scheme 4). In the initial step, vertical ionization of KACHTUNGTRENNUNG[CuI-
ACHTUNGTRENNUNG(N2S2)


tet] takes place, leading to the isostructural CuII com-


plex [K ACHTUNGTRENNUNG{CuII ACHTUNGTRENNUNG(N2S2)
tet}]+ . This process is computed to require


an electrode potential of 0.31 V, which compares well with
the experimental peak potential of Epa=0.27 V.
After the electron transfer, the K+ ion dissociates from


the CuII complex and the ligand sphere of [CuII ACHTUNGTRENNUNG(N2S2)
tet] re-


organizes to give the distorted square-planar (dspl) isomer
[CuII(N4)


dspl]. Subsequent vertical reduction of [CuII(N4)
dspl]


yields the corresponding CuI complex [CuI(N4)
dspl]� . The cal-


culated potential required for this transition amounts to
�1.54 V, in good agreement with the experimental peak po-
tential of Epc =�1.49 V taken from the CV of K[11]. In con-
trast, vertical reduction of the undistorted isomer
[CuII(N4)


spl] would correspond to a highly cathodic potential
value of �2.23 V, a clear indication that the distorted square
planar CuII complex is responsible for the redox wave at
Epc=�1.49 V in the cyclic voltammogram of K[11] (cf. the
concept of the “entatic state” of enzyme active sites[70]).
[CuI(N4)


dspl]� rearranges to the more stable tetrahedral
structure [CuI(N4)


tet]� . Oxidation of this free anion to the
neutral complex [CuII(N4)


tet] takes place at a substantially
more negative potential (-0.74 V) than the oxidation of the
contact ion pair K[11] (0.31 V). The value of �0.74 V com-
pares well with the experimentally determined peak poten-
tial Epa=�0.71 V for K[11]. Oxidation of [CuI ACHTUNGTRENNUNG(N2S2)


tet]� to
[CuII ACHTUNGTRENNUNG(N2S2)


tet] is computed to occur at �0.32 V, which is in
contrast to the experimental finding and therefore again
suggests that [CuI(N4)


tet]� is indeed the most stable coordi-
nation geometry for the free ion, whereas the solid state
isomer [CuI ACHTUNGTRENNUNG(N2S2)


tet]� is clearly negligible in solution.
As expected and outlined above, the two redox transitions


visible in the CV of the CuII complex 12 are also observed
in the CV of K[11], which indicates that in both cases the
same species are involved in the electron transfer processes.
Following our quantum chemical interpretation, this points


Scheme 4. Proposed pathways for reactions taking place during electro-
chemical conversion of K[11]. Experimental data (in brackets) were
taken from the cyclic voltammogram of K[11]; notation of coordination
polyhedra: see Figure 11 and text for details.
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to the predominance of the distorted square-planar configu-
ration [CuII(N4)


dspl] in both experiments. Yet, in the case of
12, this is somewhat counterintuitive considering the fact
that we have prepared the sample by dissolving single crys-
tals evidently containing the undistorted square-planar
isomer [CuII(N4)


spl] . For this species, however, a redox po-
tential of �2.23 V results from our DFT calculations, as op-
posed to a value of �1.54 V for [CuII(N4)


dspl] and in disa-
greement with the experimental redox potentials of �1.49 V
and �1.65 V for K[11] and 12, respectively.
At first sight, one could plainly see this as a large error in


the DFT description of the intricate electronic processes
behind CV measurements. Notwithstanding all appropriate
skepticism as to the uncritical use of DFT for chemical
problems involving transition metal complexes,[71] we did
not find any hint for a source of error in the quantum chem-
ical results. And indeed, given the overall good performance
of the DFT description of CV data above, this would appear
as an unexpected failure of DFT for an otherwise innocuous
species that largely resembles all other isomers studied here.
Also, we have previously established the level of DFT em-
ployed here as a very robust means to predict trends in the
electrochemical properties of a homologous series of transi-
tion metal complexes.[72] Rather than plainly assuming a fun-
damental DFT error, we suggest the following chemical sce-
nario as an alternative explanation: Assuming a fast equilib-
rium between the distorted and the undistorted isomers
[CuII(N4)


dspl] and [CuII(N4)
spl] any amount of [CuII(N4)


dspl]
present will give rise to a reduction wave at about �1.5 V in
the course of the CV scan. Simultaneously, the [CuII(N4)


dspl]
consumed in this process will be replenished from the reser-
voir of the undistorted isomer [CuII(N4)


spl]. Provided that
the scan rate is slow on the time scale of the equilibrium, no
undistorted [CuII(N4)


spl] will be left to yield a signal at the
predicted redox potential of �2.23 V.


Conclusion


Straightforward protocols have been elaborated for prepar-
ing the (N2S) scorpionate ligand [PhBpz2ACHTUNGTRENNUNG(CH2SMe)]� ([5]�)
and the heteroditopic poly(pyrazol-1-yl)borate p-[pz3B�
C6H4�Bpz2ACHTUNGTRENNUNG(CH2SMe)]2� ([10]2�). In our hands, the key to
success was the use of TMEDA-free LiCH2SMe for the in-
troduction of the sulfur donor group. With regard to the
synthesis of [10]2� it was important to recognize that the in-
termediate [(methylthio)methyl]borane p-Me3Si-C6H4-
B(Br) ACHTUNGTRENNUNG(CH2SMe) forms dimeric B�S adducts in solution. As
a result, the sulfur atom is protected from further electro-
philic attack so that BBr3 can be employed in a subsequent
silicon-boron exchange step leading to the unsymmetric
building block p-Br2B�C6H4-B(Br) ACHTUNGTRENNUNG(CH2SMe).


ACHTUNGTRENNUNG(Hetero)ditopic ligands are important for the preparation
of (hetero)dinuclear complexes in which an interaction be-
tween the two metal sites brings about chemical and/or
physical properties not exhibited by the mononuclear con-
stituents alone. The discorpionate [10]2� is designed to


mimic the two ligation sites of the copper enzymes peptidyl-
glycine a-hydroxylating monooxygenase and dopamine b-
monooxygenase in which the cooperative action of one
[his3Cu] and one [his2ACHTUNGTRENNUNG(met)Cu] fragment leads to oxidative
C�H activation (his=histidine; met=methionine). In a sys-
tematic study, we first investigated the coordination proper-
ties of the monotopic tripod [5]� toward CuI and CuII ions
and isolated 2:1 complexes K ACHTUNGTRENNUNG[CuI(5)2] (K[11]) and [Cu


II(5)2]
(12). The solid state structure of K[11] revealed a tetrahe-
dral (N2S2) coordination environment for the CuI ion,
whereas the CuII ion of 12 possesses a square-pyramidal
(N4S) ligand sphere. In the cyclic voltammograms of K[11]
and 12, the CuI/CuII transition is irreversible, most likely be-
cause electron transfer is accompanied by extensive ligand
reorganization. The quantum chemical assessment of the
redox processes provided detailed insights into the underly-
ing elementary processes and the nature of the dominant
species involved.
After K[11] had been treated with dry air, CuII complex


12 was isolated as the main product together with smaller
amounts of a decomposition product indicating oxidative B�
C activation. So far, we have no evidence for sulfur oxida-
tion.
Addition of excess CuCl to K2[10] led to the formation of


a compound K3[Cu(10)2] (14), which again contains two
ligand molecules per CuI center. The CuI ion binds to both
heteroscorpionate moieties and thereby establishes a coordi-
nation environment similar to that of the CuI ion in K[11].
By using the same synthetic approach as for [5]� and


[10]2�, an attractive goal for future ligand development lies
in the preparation of more sterically demanding derivatives
that are able to form well-defined complexes featuring only
one scorpionate unit per copper ion. Such complexes are
not only expected to show an increased affinity toward ele-
mental oxygen but also to kinetically stabilize the primary
intermediates of the O2-activation sequence so that they can
be unambiguously identified.[73–77]


Experimental and Computational Methods


General remarks : All reactions were carried out under a nitrogen atmos-
phere using Schlenk tube techniques. Reaction solvents were freshly dis-
tilled under argon from Na/Pb alloy (pentane, hexane) and Na/benzophe-
none (C6H6, toluene, Et2O, THF) prior to use; C6D6 was distilled under
nitrogen from Na/benzophenone and stored in a Schlenk flask. NMR:
Bruker AM 250, Avance 300, Avance 400, and DPX 250. Chemical shifts
are referenced to residual solvent signals (1H, 13C{1H}) or external
BF3·Et2O (11B{1H}). Abbreviations: s= singlet, d=doublet, vtr=virtual
triplet, m=multiplet, br=broad, n.o.= signal not observed, Ph=phenyl,
Ar=p-phenylene, pz=pyrazolyl ring of a bis(pyrazol-1-yl)borate unit,
pz’=pyrazolyl ring of a tris(pyrazol-1-yl)borate unit. BBr3 was stored
over mercury under a nitrogen atmosphere. SMe2 and BBr3 are commer-
cially available. PhBBr2,


[42,45] p-Me3Si-C6H4-BBr2,
[44,45] and LiCH2SMe[43]


were synthesized following literature procedures.


Caution! SMe2 is a flammable liquid of pungent odor; donor-free
LiCH2SMe violently explodes upon exposure to air or upon thermolysis
under an argon atmosphere.[43]


Synthesis of 2 : C6H6 (30 mL) was added to neat LiCH2SMe (0.48 g;
7.05 mmol) and the resulting suspension cooled to 6 8C. A solution of
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PhBBr2 (1.75 g; 7.05 mmol) in C6H6 (8 mL) was added dropwise with stir-
ring over a period of 45 min. The reaction mixture was allowed to warm
to RT and stirred for 12 h. The resulting colorless suspension was filtered
and the filtrate evaporated to dryness in vacuo. Recrystallization by slow
diffusion of pentane into a solution of the crude product in C6H6 gave
colorless crystals of 2. Yield: 1.36 g (2.97 mmol, 84%). 1H NMR
(400.1 MHz, C6D6): d =7.89 (d, 4H; PhH-o), 7.29 (vtr, 4H; PhH-m), 7.19
(t, 2H; PhH-p), 2.64, 2.08 (2Pd, 2J ACHTUNGTRENNUNG(H,H)=12.7 Hz, 2P2H; BCH2),
1.36 ppm (s, 6H; SMe); 13C NMR (100.6 MHz, C6D6): d=133.3 (PhC-o),
128.3 (PhC-p), 128.3 (PhC-m), 34.9 (br, BCH2), 20.3 ppm (SMe), n.o.
(PhC-i); 11B NMR (128.4 MHz, C6D6): d =2.5 ppm (h1/2=250 Hz); ele-
mental analysis calcd (%) for C16H20B2Br2S2 [457.88]: C 42.14, H 4.48;
found: C 41.97, H 4.40.


Synthesis of 3 : C6H6 (25 mL) was added to neat LiCH2SMe (0.57 g;
8.37 mmol) and the resulting suspension cooled to 6 8C. A solution of
PhBBr2 (1.04 g; 4.20 mmol) in C6H6 (15 mL) was added dropwise with
stirring over a period of 40 min. The reaction mixture was allowed to
warm to RT and stirred for 12 h. The resulting colorless suspension was
filtered and the filtrate concentrated in vacuo until a colorless microcrys-
talline precipitate formed. Pentane (40 mL) was added, the insoluble
product was collected on a frit and dried in vacuo. The crude product
was not analytically pure, but its purity was sufficiently high for further
transformation into [PhBpz ACHTUNGTRENNUNG(CH2SMe)2]


� .[18] Yield of the crude material:
approx. 65%; single crystals of 3 formed from an NMR sample (C6D6) at
RT. Yield of single crystalline material: 0.08 g (0.19 mmol, 9%). To facili-
tate its NMR-spectroscopic characterization, 3 was transformed into the
pyridine adduct PhB ACHTUNGTRENNUNG(CH2SMe)2·py.


1H NMR (400.1 MHz, C6D6): d=8.50
(d, 2H; pyH-o), 7.51 (d, 2H; PhH-o), 7.37 (vtr, 2H; PhH-m), 7.25 (t,
1H; PhH-p), 6.70–6.63 (m, 1H; pyH-p), 6.35 (vtr, 2H; pyH-m), 2.55, 2.44
(2Pd, 2J ACHTUNGTRENNUNG(H,H)=11.9 Hz, 2P2H; BCH2), 2.02 ppm (s, 6H; SMe);
13C NMR (100.6 MHz, C6D6): d=146.9 (pyC-o), 139.4 (pyC-p), 133.0
(PhC-o), 127.7 (PhC-m), 126.0 (PhC-p), 124.3 (pyC-m), 33.7 (br, BCH2),
19.9 ppm (SMe), n.o. (PhC-i); 11B NMR (128.4 MHz, C6D6): d=0.0 ppm
(h1/2=160 Hz).


Synthesis of 4 : 2 (0.34 g; 0.74 mmol) was dissolved in C6H6 (20 mL) and
the solution cooled to 6 8C. Neat Me2NSiMe3 (0.25 mL; 0.19 g;
1.62 mmol) was added through a syringe, the resulting colorless suspen-
sion was allowed to warm to RT and stirred for 12 h. All volatiles were
removed in vacuo leaving behind the product as a colorless waxy solid.
Yield: 0.24 g (1.23 mmol, 83%). 1H NMR (400.1 MHz, C6D6): d=7.52 (d,
2H; PhH-o), 7.28 (vtr, 2H; PhH-m), 7.20 (t, 1H; PhH-p), 2.64, 2.47 (2Ps,
2P3H; NMe), 2.22 (s, 2H; BCH2), 1.88 ppm (s, 3H; SMe); 13C NMR
(100.6 MHz, C6D6): d=132.0 (PhC-o), 127.9, 127.9 (PhC-m,p), 41.0, 39.7
(NMe), 24.4 (br, BCH2), 19.1 ppm (SMe), n.o. (PhC-i); 11B NMR
(128.4 MHz, C6D6): d=40.6 ppm (h1/2=150 Hz).


Synthesis of Li[5]: 4 (0.58 g; 3.02 mmol) was dissolved in toluene
(20 mL). To the stirred solution was added a solid mixture of Hpz
(0.21 g; 3.08 mmol) and Lipz (0.22 g; 2.95 mmol). The resulting suspen-
sion was heated to reflux for 12 h. Evaporation of the pale yellow solu-
tion in vacuo yielded a colorless solid foam. Recrystallization by gas dif-
fusion of pentane into a toluene solution of the crude product yielded
colorless crystals of (Li[5])2. Yield: 0.79 g (2.71 mmol, 92%). 1H NMR
(250.1 MHz, [D8]THF): d =8.18, 7.45 (2Pd, 2P2H; pzH-3,5), 6.93–6.84,
6.47–6.37 (2Pm, 3H, 2H; PhH), 6.14 (vtr, 2H; pzH-4), 2.30 (s, 2H;
BCH2), 2.06 ppm (s, 3H; SMe); 13C NMR (62.9 MHz, [D8]THF): d=


139.3, 135.8 (pzC-3,5), 132.2, 126.9 (PhC), 125.1 (PhC-p), 102.9 (pzC-4),
33.6 (br, BCH2), 20.1 ppm (SMe), n.o. (PhC-i); 11B NMR (80.3 MHz,
[D8]THF): d=�0.8 (h1/2=125 Hz); elemental analysis calcd (%) for
C14H16BLiN4S [290.12]·0.25 C7H8 [92.14]: C 60.41, H 5.79, N 17.89; found:
C 59.85, H 6.42, N 17.19. Note: The presence of 0.25 equiv of toluene in
the bulk material was proven by 1H NMR spectroscopy.


Synthesis of K[5]: 4 (0.14 g; 0.72 mmol) was dissolved in toluene (6 mL).
To the stirred solution was added a solid mixture of Hpz (0.05 g;
0.73 mmol) and Kpz (0.08 g; 0.75 mmol). The resulting suspension was
heated to reflux for 3 h, cooled to RT and stirred for 12 h. The product
was isolated by filtration as a colorless microcrystalline solid. Colorless
single crystals of K [5] were obtained by slow diffusion of Et2O into its
THF solution. Yield: 0.20 g (0.62 mmol, 86%). 1H NMR (300.0 MHz,


[D8]THF): d =7.87, 7.26 (2Pd, 2P2H; pzH-3,5), 7.04–6.92, 6.90–6.84 (2P
m, 3H, 2H; PhH), 5.99 (vtr, 2H; pzH-4), 2.40 (s, 2H; BCH2), 1.94 ppm
(s, 3H; SMe); 13C NMR (62.9 MHz, [D8]THF): d=138.3 (pzC-3 or 5),
134.1 (PhC), 133.7 (pzC-3 or 5), 126.7 (PhC), 125.1 (PhC-p), 102.6 (pzC-
4), 33.8 (br, BCH2), 20.1 ppm (SMe), n.o. (PhC-i); 11B NMR (96.3 MHz,
[D8]THF): d =�1.0 ppm (h1/2=110 Hz); elemental analysis calcd (%) for
C14H16BKN4S [322.28]·0.5 H2O [18.01] : C 50.75, H 5.17, N 16.90; found:
C 50.77, H 4.99, N 16.57. Note: K[5] is hygroscopic.


Synthesis of 6 : p-Me3Si-C6H4-SiMe3 (0.99 g; 4.45 mmol) was dissolved in
C6H6 (10 mL). Neat BBr3 (1.11 g; 4.43 mmol) was added through a sy-
ringe and the pale yellow solution stirred for 18 h. All volatiles were re-
moved in vacuo leaving behind the product as a yellow oil. Yield: 1.41 g
(4.40 mmol, 99%). 1H NMR (400.1 MHz, C6D6): d=8.10, 7.34 (2Pd, 3J-
ACHTUNGTRENNUNG(H,H)=8.0 Hz, 2P2H; ArH), 0.14 ppm (s, 9H; SiMe); 13C NMR
(100.6 MHz, C6D6): d=150.1 (CSi), 136.8, 133.3 (ArC), �1.6 ppm (SiMe),
n.o. (CB); 11B NMR (128.4 MHz, C6D6): d =57.5 ppm (h1/2=285 Hz).


Synthesis of 7: C6H6 (15 mL) was added to solvent-free LiCH2SMe
(0.52 g; 7.64 mmol) and the resulting suspension cooled to 6 8C. A solu-
tion of 6 (2.53 g; 7.91 mmol) in C6H6 (10 mL) was added dropwise with
stirring over a period of 30 min. The reaction mixture was allowed to
warm to RT and stirred for 12 h. The resulting pearl white suspension
was filtered and the filtrate evaporated to dryness in vacuo leaving
behind the product as a colorless white solid. Yield: 1.83 g (3.04 mmol,
80%). Single crystals were grown by gas-phase diffusion of hexane into a
benzene solution of 7. 1H NMR (400.1 MHz, C6D6): d =7.94, 7.59 (2Pd,
3J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 2P4H; ArH), 2.73, 2.18 (2Pd, 2J ACHTUNGTRENNUNG(H,H)=12.7 Hz, 2P
2H; BCH2), 1.40 (s, 6H; SMe), 0.27 ppm (s, 18H; SiMe); 13C NMR
(100.6 MHz, C6D6): d=140.0 (CSi), 133.4, 132.8 (ArC), 20.4 (SMe),
�1.0 ppm (SiMe), n.o. (CB, BCH2);


11B NMR (128.4 MHz, C6D6): d=


3.0 ppm (h1/2=585 Hz); elemental analysis calcd (%) for C22H36B2Br2S2Si2
[602.25]: C 43.87, H 6.03; found: C 43.62, H 5.96.


Synthesis of 8 : 7 (2.10 g; 3.49 mmol) was dissolved in C6H6 (50 mL). Neat
BBr3 (1.75 g; 6.98 mmol) was added through a syringe and the colorless
solution stirred for 18 h, whereupon a colorless precipitate formed which
was collected on a frit. The crude product was washed with C6H6 (10 mL)
and dried in vacuo. Yield: 1.33 g (1.67 mmol, 48%). 1H NMR
(400.1 MHz, [D8]toluene): d =8.16, 7.74 (2Pd, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2P4H;
ArH), 2.52, 1.97 (2Pd, 2J ACHTUNGTRENNUNG(H,H)=12.5 Hz, 2P2H; BCH2), 1.35 ppm (s,
6H; SMe); 13C NMR (100.6 MHz, [D8]toluene): d=137.5, 132.9 (ArC),
34 (very br, BCH2), 20.3 ppm (SMe), n.o. (2PCB); 11B NMR
(128.4 MHz, [D8]toluene): d=2.2 ppm (B(Br) ACHTUNGTRENNUNG(CH2SMe)), n.o. (BBr2).


Synthesis of 9 : 8 (1.15 g; 1.44 mmol) was suspended in C6H6 (40 mL).
Neat Me2NSiMe3 (1.04 g; 8.87 mmol) was added through a syringe and
the resulting pale pink solution stirred for 12 h. All volatiles were re-
moved in vacuo to give the product as a pale yellow oil. Yield: 0.81 g
(2.78 mmol, 97%). 1H NMR (250.1 MHz, C6D6): d=7.68–7.56 (m, 4H;
ArH), 2.69 (s, 3H; BACHTUNGTRENNUNG(NMe2) ACHTUNGTRENNUNG(CH2SMe)), 2.64 (s, 12H; B ACHTUNGTRENNUNG(NMe2)2), 2.57 (s,
3H; BACHTUNGTRENNUNG(NMe2) ACHTUNGTRENNUNG(CH2SMe)), 2.29 (s, 2H; BCH2), 1.90 ppm (s, 3H; SMe);
13C NMR (62.9 MHz, C6D6): d=133.2, 131.5 (ArC), 41.3 (B ACHTUNGTRENNUNG(NMe2)2),
41.2, 39.8 (B ACHTUNGTRENNUNG(NMe2) ACHTUNGTRENNUNG(CH2SMe)), 19.2 ppm (SMe), n.o. (2PCB, BCH2);
11B NMR (128.4 MHz, C6D6): d =40.7 (1B, h1/2=270 Hz, BACHTUNGTRENNUNG(NMe2)-
ACHTUNGTRENNUNG(CH2SMe)), 33.1 ppm (1B, h1/2=190 Hz, B ACHTUNGTRENNUNG(NMe2)2).


Synthesis of Li2[10]: 9 (0.56 g; 1.92 mmol) was dissolved in toluene
(30 mL). To the stirred solution was added a solid mixture of Hpz
(0.39 g; 5.73 mmol) and Lipz (0.28 g; 3.80 mmol). The resulting suspen-
sion was heated to reflux for 11 h, cooled to RT and stirred for 1 h. The
product was isolated by filtration as a pale cream-colored microcrystal-
line solid. Yield: 0.84 g (1.65 mmol, 86%). 1H NMR (400.1 MHz,
[D8]THF): d=8.00 (d, 2H; pzH-3 or 5), 7.44 (d, 3H; pzH’-3 or 5), 7.42
(d, 2H; pzH-3 or 5), 7.00 (d, 3H; pzH’-3 or 5), 6.42–6.30 (m, 4H; ArH),
6.07 (vtr, 2H; pzH-4), 5.99 (vtr, 3H; pzH’-4), 2.26 (s, 2H; BCH2),
2.03 ppm (s, 3H; SMe); 13C NMR (100.6 MHz, [D8]THF): d=139.7
(pzC’-3 or 5), 139.1 (pzC-3 or 5), 136.2 (pzC’-3 or 5), 135.7 (pzC-3 or 5),
132.3, 131.1 (ArC), 103.0 (pzC’-4), 102.6 (pzC-4), 34 (br, BCH2),
20.0 ppm (SMe), n.o. (2PCB); 11B NMR (128.4 MHz, [D8]THF): d=4.1
(h1/2=400 Hz), 1.6 ppm (h1/2=280 Hz); elemental analysis calcd (%) for
C23H24B2Li2N10S [508.07]·0.5 H2O [18.02]: C 53.42, H 4.87, N 27.08;
found: C 53.32, H 4.98, N 27.32.
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Synthesis of K2[10]: 9 (0.81 g; 2.78 mmol) was dissolved in toluene
(40 mL). To the stirred solution was added a solid mixture of Hpz
(0.60 g; 8.81 mmol) and Kpz (0.59 g; 5.56 mmol). The resulting suspen-
sion was heated to reflux for 24 h. The product was isolated by filtration
as a colorless microcrystalline solid. Colorless single crystals of K2[10]-
ACHTUNGTRENNUNG(thf)2 were obtained by slow evaporation of a THF solution. Yield: 1.45 g
(2.53 mmol, 91%). 1H NMR (300.0 MHz, [D8]THF): d =7.57 (d, 2H;
pzH-3 or 5), 7.38 (d, 3H; pzH’-3 or 5), 7.23 (d, 2H; pzH-3 or 5), 7.16 (d,
3H; pzH’-3 or 5), 7.02–6.89 (m, 4H; ArH), 6.01 (m, 3H; pzH’-4), 5.96
(m, 2H; pzH-4), 2.50 (s, 2H; BCH2), 1.98 ppm (s, 3H; SMe); 13C NMR
(62.9 MHz, [D8]THF): d=139.5 (pzC’-3 or 5), 138.3 (pzC-3 or 5), 134.8
(pzC’-3 or 5), 133.6 (ArC), 133.0 (pzC-3 or 5; ArC), 103.3 (pzC’-4), 102.7
(pzC-4), 33 (very br, BCH2), 19.9 ppm (SMe), n.o. (2PCB); 11B NMR
(96.3 MHz, [D8]THF): d=3.8 (h1/2=470 Hz), 1.5 ppm (h1/2=420 Hz); ele-
mental analysis calcd (%) for C23H24B2K2N10S [572.39]: C 48.26, H 4.23,
N 24.47; found: C 47.62, H 4.16, N 23.81.


Synthesis of K[11]: K[5] (0.15 g; 0.47 mmol) and CuCl (0.06 g;
0.61 mmol) were suspended in toluene (25 mL). The reaction mixture
was stirred for 2 d at RT After centrifugation, the pale green supernatant
was evaporated to dryness in vacuo to give a pale green solid. Colorless
single crystals were obtained by slow diffusion of pentane into a C6H6 so-
lution of K[11]. Yield: 0.08 g (0.06 mmol, 26%). 1H NMR (250.1 MHz,
[D8]THF, 50 8C): d=7.35 (n.r., 4H; pzH-3 or 5), 7.03–6.90 (m, 10H, pzH-
3 or 5; PhH-m,p), 6.71 (n.r., 4H; PhH-o), 6.04 (n.r., 4H; pzH-4), 2.54
(n.r., 4H; BCH2), 2.11 ppm (s, 6H; SMe); 13C NMR (62.9 MHz,
[D8]THF, 50 8C): d =140.0 (br, pzC-3 or 5), 135.7 (br, pzC-3 or 5), 133.0
(br, PhC-o), 127.4 (br, PhC-m), 125.9 (br, PhC-p), 103.6 (br, pzC-4), 34.0
(br, BCH2), 22.8 ppm (SMe); 11B NMR (80.3 MHz, [D8]THF, 50 8C): d=


�0.8 ppm (h1/2=200 Hz); elemental analysis calcd (%) for
C28H32B2CuKN8S2 [669.01]·C6H6 [78.11]: C 54.66, H 5.13, N 14.99; found:
C 54.50, H 5.13, N 14.91.


Synthesis of 12 : K[5] (0.35 g; 1.09 mmol) and CuBr2 (0.13 g; 0.58 mmol)
were suspended in toluene (50 mL). The reaction mixture was stirred at
RT for 4 d. After centrifugation, the emerald green supernatant was
evaporated to dryness in vacuo to give a purple microcrystalline solid.
Dark purple single crystals were obtained by slow diffusion of hexane
into a toluene solution of 12. Yield 0.20 g (0.32 mmol, 59%). UV/vis (tol-
uene): lmax (e)=615 (70), 390 (550), 319 nm (shoulder;
750 mol�1 dm3cm�1); elemental analysis calcd (%) for C28H32B2CuN8S2
[629.90] :C 53.39, H 5.12, N 17.79; found: C 53.31, H 5.15, N 17.78.


Reaction of K[11] with O2 : Compressed air (dried over P4O10) was bub-
bled through a colorless solution of K[11] (0.29 g; 0.22 mmol) in C6H6


(10 mL) at RT over a period of 8 h. From the green paramagnetic reac-
tion mixture, crystals were grown of the CuII complex 12 (major compo-
nent) and the degradation product 13. Few single crystals of 13 were iso-
lated by crystal picking.


Synthesis of 14 : K2[10] (0.02 g; 0.03 mmol) and CuCl (0.01 g; 0.10 mmol)
were suspended in THF (20 mL). The resulting reaction mixture was
stirred at RT for 7 d. After centrifugation, the pale green supernatant
was evaporated to dryness in vacuo to give a pale green solid. Few color-
less single crystals of 14 ACHTUNGTRENNUNG(thf)2 were obtained by slow evaporation of a
THF solution.


Crystal structure analyses : Crystals of 2, (Li[5])2, K[5], K2[10] ACHTUNGTRENNUNG(thf)2,
(K[11])2, 12, 13, and 14 ACHTUNGTRENNUNG(thf)2 were measured by means of a STOE IPDS-
II diffractometer with graphite-monochromated MoKa radiation. An em-
pirical absorption correction with program PLATON[78] was performed
for all structures. The structures were solved by direct methods[79] and re-
fined with full-matrix least-squares on F2 using the program
SHELXL97.[80] Hydrogen atoms were placed on ideal positions and re-
fined with fixed isotropic displacement parameters using a riding model.
For K[5], the absolute structure has been determined: Flack x-parameter
0.2(1). K2[10] ACHTUNGTRENNUNG(thf)2 crystallizes together with one equivalent of non-coor-
dinated THF; (K[11])2 and 14 ACHTUNGTRENNUNG(thf)2 crystallize together with two equiva-
lents of non-coordinated benzene and THF, respectively. CCDC 675967
(2), 675968 (3), 675969 ((Li[5])2), 675970 (K[5]), 677107 (7), 675971
(K2[10] ACHTUNGTRENNUNG(thf)2), 675972 ((K[11])2), 675973 (12), 675974 (13), and 675975
(14 ACHTUNGTRENNUNG(thf)2) contain the supplementary crystallographic data for this paper.


These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Electrochemical measurements : All measurements were performed by
using an EG&G Princeton Applied Research 263 A potentiostat with a
platinum disc working electrode. Carefully dried (CaH2) and degassed
CH2Cl2 was used as solvent and [NBu4][BACHTUNGTRENNUNG(C6F5)4] as supporting electro-
lyte (0.05m). All potential values are referenced against the FcH/FcH+


couple.


Quantum chemical calculations : Quantum chemical calculations were
carried out employing the program Turbomole 5.9.[81] The BP86 function-
al[82,83] was used in combination with the TZVP basis set of Ahlrichs
et al.[84] for all atoms except Cu, for which we employed the relativistic
10-electron core potential/basis set combination developed by Dolg
et al.[85] For improved efficiency we made use of the resolution of identity
(RI) approximation[86–90] and the TZV-J coulomb fitting basis set was
used (ecp-10-mdf-J for Cu). Subsequent single point energy calculations
were performed using the COSMO continuum model[91] (solvent CH2Cl2,
dielectric constant at room temperature e =9.03) to account for solvation
effects.
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New Insights on the Mechanism of the Transition-Metal Stereoselective
Olefin Cyclopropanation


Elena Soriano*[a] and Jos+ Marco-Contelles[b]


Introduction


In the last decade PtII and AuI,III complexes and salts have
increasingly found use as efficient catalysts in a wide variety
of organic reactions involving C�C bond formation.[1] The
soft and alkynophilic character of these noble metals ena-
bles mild and chemoselective transformations of readily
available acyclic alkynes into useful, functionalized cyclic
skeletons.[2] Experimental and theoretical studies have sug-
gested that these catalysts activate alkyne moieties upon co-
ordination toward nucleophilic addition, to yield carbenoid
intermediates, which generate different cyclic adducts de-
pending on the molecular structure.[3,4] In this context, one
of the most important reactions from a synthetic point of
view concerns propargylic carboxylates,[5] which afford func-
tionalized bicycloACHTUNGTRENNUNG[n.1.0]enol esters from 1,5- and 1,6-enynes,
which are valuable building blocks for the preparation of a


diversity of natural products.[6,7] Thus, this methodology has
emerged as a more convenient, less hazardous alternative to
the use of a-diazocarbonyl compounds.[8]


Regarding the molecular mechanism of the cycloisomeri-
zation of propargylic esters with alkene groups, the intramo-
lecular reaction follows different paths in the available
manifold, depending on the nature of the enyne. Thus, our
previous computational results,[9] which were later confirmed
by experimental evidence,[7] have suggested that for 1,5- and
1,6-enynes the mechanism proceeds through a cyclopropana-
tion step to generate a metallocyclopropyl carbenoid inter-
mediate, which undergoes a 1,2-acyl shift to yield the cyclo-
propane-fused bicyclic compounds I (Scheme 1). This path-
way can account for the experimentally observed transfer of
chiral information from the propargylic position to the prod-
uct, on the basis of subtle intramolecular interactions in the
cyclopropanation transition structure.
However, 1,4-enynes do not yield cyclopropyl derivatives


because of ring strain, but allow an efficient synthesis of cy-
clopentenones II (Scheme 1),[10] as an alternative to classical
reactions such as the Pauson–Khand cyclocarbonylation[11]


and the Nazarov cyclization;[12] alternatively, indene deriva-
tives III are produced when the nucleophile is an aryl group
(Scheme 1).[13] These transformations follow an inverse se-
quence of steps (i.e., 1,2-acyl shift, then cyclization) due to
the conformationally restricted environment. This rear-
rangement reveals a high degree of chirality transfer, which
has been computationally justified through a mechanism via
carboxylate migration to yield a pentadienyl intermediate
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and provide explanations for the rea-
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that displays a helical nature, which indeed preserves the
chiral information.[14]


The intermolecular reaction of propargylic esters with al-
kenes, which is promoted by a variety of catalysts was first
reported by Uemura et al. ,[15] who observed the formation
of two diastereomers on the cyclopropanated product in ad-
dition to the competing formation of an allenyl ester.
Based on the ability of phosphine–AuI complexes to pro-


mote the intramolecular cycloisomerization of enynes, Toste
et al. carried out the corresponding intermolecular reaction
with alkenes.[16] Their results revealed, in sharp contrast with
the intramolecular version, that the reaction of enantioen-
riched propargylic carboxylates with olefins leads to racemic
allyl cyclopropanes with complete loss of optical purity
(Scheme 2). This observation is consistent with the interme-


diacy of a planar, achiral, alkylidene intermediate, which is
formed by an initial 1,2-carboxylate migration. Experimental
results also indicated a high cis selectivity in the formation
of the C=C bond and the cyclopropane ring. However, the
fact that the intermolecular version might follow a different
mechanistic route that 1,5- and 1,6-enynes, which also exhib-
it a high conformational freedom, is intriguing and not justi-
fied so far.


On other hand, besides the
1,2-ester rearrangement, the
corresponding 1,3-migration of
the ester is also possible to
yield allenyl derivatives IV
(Scheme 1), which interestingly
provide access to a wide variety
of useful functionalized adducts.
This divergent behavior critical-
ly depends on the alkyne substi-
tution in such a way that alkyl
substituents enhance the 1,3-re-
arrangement.[6,7a,15b,17,18]


As can be deduced, this com-
plex scenario requires a deep
analysis to understand the fac-
tors that control the regio- and
stereoselectivity of the reaction.
This will allow the improve-
ment and development of more
selective and efficient reactions,
of significant synthetic poten-
tial. Herein, we present a thor-
ough study of the plausible


mechanisms of the intermolecular process by means of a
theoretical approach based on density functional theory
(DFT) calculations. Particular attention has been paid to the
stereoselectivity of the catalytic cycle. In addition, to gain
insights into the chemo- and regioselectivity issues, we have
evaluated the possible competing reactions in an effort to
describe the factors that control the evolution of the activat-
ed alkyne.


Results and Discussion


The intermolecular AuI-catalyzed cyclopropanation tolerates
a wide range of olefin substitution patterns, including mono-
, 1,2-di-, 1,1-di-, tri-, and tetrasubstituted alkenes. This reac-
tion provides vinyl cyclopropanes with moderate to high cis
selectivity,[16] and therefore complements the trans selectivity
that is often observed in olefin cyclopropanations by using
a-diazoacetates.[19] Uemura et al. also reported the same cis
stereoselectivity in the presence of other catalysts, such as
[{RuCl2(CO)3}2], IrCl3, AuCl3, and PtCl2.


[15b] Experimental
results reported by Toste et al.[16] showed that the AuI-cata-
lyzed reaction of enantioenriched propargylic acetate with
styrene yields racemic vinyl cyclopropane, but with high dia-
stereoselectivity (Scheme 2).
On the basis of these observations, we first conducted a


DFT analysis on the mechanism in which a 1,2-acyl shift was
followed by the cyclopropanation step (Scheme 3). The
metal complex is asymmetrically coordinated by the alkyne
carbon atoms, with one shorter Au�C1 distance (Au�C1=


2.285, Au�C2=2.465 O). The formation of the presumed
vinyl carbenoid intermediate 3 (Scheme 3) takes place
through two consecutive steps. The 5-exo-dig anti nucleo-


Scheme 1. Transformations of propargylic esters promoted by late-transition-metal complexes.


Scheme 2. Intermolecular cyclopropanation of enantioenriched propar-
gylic esters catalyzed by gold(I) (ref. [16]).
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philic attack[20] of the ester onto the activated internal acety-
lenic carbon of 1 (Scheme 3) proceeds via transition struc-
ture TS1 (O-C2=2.473 O), which evolves to the five-mem-
bered cyclic intermediate 2. The subsequent ring opening
may proceed through two paths, via transition structure
TS2a or TS2b, to yield a (Z)-3a or E-vinyl carbene (3b), re-
spectively (Figure 1). Whereas the ester group experiences a


barrierless torsion upon optimization to a planarized Z in-
termediate, to alleviate the steric congestion, the E-vinyl
carbenoid exhibits steric hindrance between the phenyl
moiety and the catalyst to yield a nonplanar p system.
These structural effects have a deep impact on the electronic
character of the carbene atom, as we will describe later.
At this point, we calculated the possible transition struc-


tures for the addition of the carbene to the double bond of
a styrene molecule (4). From a stereochemical point of view,
the cyclopropanation of the achiral Z- and E-vinyl inter-
mediates can each affords two pair of enantiomers, given
that the reaction generates two new stereocenters. A mono-
substituted alkene, such as styrene, can attack a given car-
bene face in four different approaching trajectories, through
four possible transition states. One might envision that the
alkene could rotate around the approach vector to minimize
unfavorable interactions.
We have herein focused only on the cyclopropanation via


the Z intermediate because according to energy calculations


(see below), it should be fa-
vored over the E intermediate
(TS3V, see Table 1), which in
fact, agrees with the experimen-
tal stereochemical outcome (for
transition structures that in-
volve an E intermediate, see
the Supporting Information).
The four isomeric transtion


states of the approaching of the
alkene to the Z-carbene are two pairs of cis-(TS3I, TS3II)
and trans-(TS3III, TS3IV) adducts (Figure 2), each being, in


turn, a pair of enantiomers. Noteworthy, conformers TS3II
and TS3III present the C=C bond of the incoming alkene an-
tiperiplanar to the Au�C1 bond (torsion angle 175.4 and
166.38, respectively), whereas TS3I and TS3IV show a gauche
disposition (52.4 and 49.48, respectively), which involves a
high energy.[21] All our efforts to locate antiperiplanar transi-
tion structures for TS3I and TS3IV were unsuccessful; in-
stead, the alkene rotated upon optimization around the ap-
proach vector to yield a gauche orientation. This effect mini-
mizes the steric repulsion with the catalyst for TS3IV. Re-
garding TS3I, the alkene rotation is promoted by the forma-
tion by stabilizing p–p stacking interactions.


Scheme 3. Reaction mechanism for the intermolecular cyclopropanation of propargylic esters.


Figure 1. Optimized structures for the ring opening of 2 to the vinyl-car-
benoids 3a and 3b.


Figure 2. Transition structures of the cyclopropanation step for the sty-
rene attack to the catalyst–carbenoid complex (distances with the unsub-
stituted Ca, and substituted, Cb, alkene atom are shown in O). Most of
the HPs have been omitted for clarity.
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These TSs correspond to a concerted yet highly asynchro-
nous reaction pathway; this is consistent with the reaction of
an electrophilic carbene with an electron-rich olefin,[22] with
different C�C bond forming distances (Dd=0.535–0.670 O)
due to steric reasons, as can be deduced from comparison
with the cyclopropanation with ethylene (Dd=0.190 O; not
shown).
Table 1 summarizes the enthalpy and free energy differen-


ces computed in the gas phase and in nitromethane for this
mechanism along the reaction coordinate (Figure 3). The
first step proceeds with a very low activation barrier and is
moderately exothermic, which points to a favorable 5-exo-
dig cyclization of the ester group onto the activated alkyne.
The heterocycle opening involves a somewhat higher activa-
tion barrier and is slightly endothermic. The calculated re-


sults reveal that the formation of the E intermediate 3b is
kinetically favored over the Z isomer 3a, but thermodynam-
ically disfavored due to steric repulsions between the phenyl
moiety and the catalyst. In fact, the strong steric congestion
exhibited by 3b inhibits an efficient cyclopropanation, as re-
vealed by the computed energy values (TS3V). The loss of
conjugation in the E isomer results in a change in the
energy of the transition states.[23] The computed NPA charge
on C1 (�0.377 and �0.467 for the 3a and 3b, respectively)
indicates a higher electron density on C1 for 3b which, in
turn, makes the carbene less electrophilic and suggests a less
favorable interaction with the nucleophile.
The intermolecular cyclopropanation from 3a takes place


with a low enthalpy barrier but a moderately high free
energy barrier, as the entropy has a strong influence
(Table 1).
The model suggests a mechanism based on three reaction


steps, with the cyclopropanation being the rate-limiting step.
The overall process is favored from a thermodynamic point
of view (�19.0 kcalmol�1). When solvent effects are taken
into account, similar conclusions can be drawn. The most
striking differences concern the lowered activation barrier
for the first step, which is due to a better electrostatic solva-
tion of the transition structure in comparison to the reac-
tant, and the higher barrier for the cyclopropanation event,
which can be explained by a poor stabilization of the styrene
upon solvation by the polar environment.
The strong entropic contribution (DS� in the range �46 to


�48 calmol�1K�1 for the cyclopropanation step) could ex-
plain the difference in the presumed reaction pathway be-
tween the intra- and intermolecular cycloisomerization of
propargylic esters, because an initial intermolecular cyclo-
propanation would involve a high free energy barrier. To
test this hypothesis, we have performed geometry optimiza-
tions according to the proposed intramolecular mechanism,


through initial cyclopropanation
followed by acyl migration, by
taking into account the stereo-
chemical implications. To this
end, we have analyzed precur-
sors (R)- and (S)-1, and also
enyne 6 for comparison with
the intramolecular process
(Scheme 4).
The eight conceivable transi-


tion structures for both enantio-
mers, R and S are depicted in
Figure 4. The most stable struc-
tures are those arising from an
exo approach of the alkene
onto the least hindered side of
the ester, R-TS4I and S-TS4I.
They lack the destabilizing in-
teractions found for other con-
formers because the alkene
substituent remains far away
from the propargylic substitu-


Table 1. Relative enthalpies and free-energies (in kcalmol�1) for the cy-
clopropanation of propargylic ester 1 according to the mechanism depict-
ed in Scheme 3.


DHgas DGgas DHMeNO2
DGMeNO2


1 0.0 0.0 0.0 0.0
TS1 3.1 4.1 0.2 1.2
2 �16.4 �14.3 �13.6 �11.5
TS2a �8.7 �5.9 �4.7 �2.0
3a �15.5 �12.6 �13.0 �10.1
TS2b �11.1 �7.8 �8.1 �4.8
3b �11.4 �8.5 �9.4 �6.5
cyclopropane diastereoselectivity
TS3I �13.2 1.0 �5.5 8.8
TS3II �13.2 0.6 �5.8 7.9
TS3III �11.7 1.7 �4.3 9.2
TS3IV �10.8 3.4 �3.8 10.4
TS3V


[a] (3b) �5.7 8.1 1.6 15.5
cis-5 �35.1 �19.0 �30.4 �14.3
trans-5 �34.2 �20.8 �27.4 �14.0


[a] Only the most favorable result for the cyclopropanation of 3b is
shown.


Figure 3. Free energy profile for the catalytic cycle. Formation and cyclopropanation of both the vinyl inter-
mediates 3a and 3b are included. Only optimized structures for path 3a are shown for the sake of clarity.
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ents. The most stable transition structures present a rather
low enthalpy barrier, which is close to that computed for the
intramolecular cyclopropanation of enyne 6 (4.0 for R-TS4I
vs. 5.7 kcalmol�1 for 6 in the gas phase); however, the entro-
py contribution (�40 for R-TS4I vs. �2 calmol�1K�1 for 6)
yields a free energy of activation of 15.8 for the intermolec-
ular process, which is higher than any step of the alternative
mechanism. Remarkably, solvent effects clearly increase the
free energy barrier to 22.4 kcalmol�1 for R-TS4I, whereas
they induce a faster intramolecular cyclopropanation of 6
(free energy of activation of 3.2 kcalmol�1).
These results suggest a different mechanistic model for


both processes. Furthermore, the data cannot account for
the stereochemical outcome of 1, because they point to a
more favorable formation of the trans adducts, which is in
disagreement with the experimental evidence. Hence, al-
though the sequence depicted in Scheme 4a is plausible,[23]


the high free energy barrier for the first step supports a dif-
ferent mechanistic picture for the inter- and intramolecular
processes. Thus, it could be said that the entropy modulates
the operative mechanism in the cyclopropanation of propar-
gylic esters.


Insights into the stereochemistry


The results shown above give valuable information about
the general mechanism of the intermolecular cyclopropana-
tion, including important insights into the origin of the ste-
reoselectivity. First of all, structural and energetic data right-
ly reproduces the marked Z diastereoselectivity of the olefin
that is observed experimentally. As advanced above, the E-
vinyl-carbenoid intermediate 3b gives rise to a kinetically
less favored cyclopropanation than the Z isomer due to its
less electrophilic character (Table 1). Therefore, it seems a
nonproductive route to afford cyclopropanated products,
albeit this intermediate might evolve through a competing
cyclization path in the case of a propargylic phenyl substitu-
ent, as we will discuss later.
Regarding the origin of the cyclopropane cis/trans diaste-


reoselectivity, the transition structure TS3II (Figure 2), which


arises form the cis approach of
the olefin to the carbene with
respect to the ester fragment,
shows a lower energy than the
diastereomeric structure TS3III.
This is due to p-stacking inter-
actions between the syn aro-
matic rings, which stabilize
TS3II and also TS3I. In contrast,
the steric repulsion between
the olefin substituent and the
metal center might account for
the high energy in TS3IV. The
structure TS3III shows neither
stabilizing nor destabilizing in-
teractions, and yields a more
stable TS from the trans ap-


proach than TS3IV. Additionally, the gauche orientation be-
tween the reactant moieties (TS3I, TS3IV) have been shown
to be disfavored for styrenes on related cyclopropana-
tions.[21] These results allow an estimation of the cis/trans se-
lectivity (based on the Boltzmann distribution that was ob-
tained from Gibbs free energies) of 91:9; this is consistent
with the experimental value (>95:5).
To further test the mechanistic model, we have performed


calculations of the cyclopropanation with a trisubstituted
alkene, 1-methyl cyclopentene, which gives rise to a low cis/
trans stereoselectivity. The Boltzmann distribution analysis
computed from the free energy values for the transition
structures, predicted a cis/trans ratio of 1.8:1, which is in
good agreement with the reported experimental data
(1.2:1).[16] The transition state structures are shown in
Figure 5.
In summary, the calculations agree with the experimental


observations and suggest a cis selectivity in the rate- and se-
lectivity-determining cyclopropanation step.


Competitive processes


Intramolecular pentannulation : Sarpong et al. reported pen-
tannulations of aryl propargylic esters for the synthesis of in-
denes III in the presence of [PtCl2ACHTUNGTRENNUNG(PPh3)2] (Scheme 1).


[13a]


This process involves a formal C�H insertion of the vinyl
carbene intermediate.[24] A related transformation has been
recently performed by Wang and co-workers, who devel-
oped the Au-catalyzed synthesis of indene derivatives from
propargylic sulfides and related dithioacetals.[25]


Given the aforementioned highly unfavorable entropic
effect that accompanies the cyclopropanation from the vinyl
carbenoid intermediate, the competing intramolecular for-
mation of indene might be envisaged. In this context, very
recently Ohe et al. have reported that the pentannulation re-
action competes with the intermolecular cyclopropanation
for sec- and tert-propargylic esters under catalytic conditions
(Ru complexes or PtCl2).


[26] They have noted that the distri-
bution of products is influenced by the substituents at the
propargylic position (Figure 6).


Scheme 4. Reaction mechanism through the initial cyclopropanation step.
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The pentannulation step for precursor 1 (Figure 6) takes
place through the sterically less-favored E-vinyl carbene in-
termediate,[24] which is thermodynamically less stable and
less apt to undergo a cyclopropanation process than the Z
intermediate, as noted above. The calculations indicate that
the pentannulation proceeds with a free energy barrier of
15.7 kcalmol�1 (9.2 kcalmol�1 from the reactant complex),


and is exothermic by �8.5 kcalmol�1 (�15.0 kcalmol�1 from
the reactant). These results suggest that this path is certainly
viable under the reaction conditions, albeit less favored than
cyclopropanation in the presence of an olefin from kinetic
and thermodynamic perspectives; this is consistent with the
experimental observations for the AuI-mediated cycloisome-
rization of precursor 1.[16]


Formation of allene : The transformation of propargylic
esters into allenyl esters is a common reaction than can be
mediated by late transition metals.[18,27–29] Moreover, these
catalysts can further activate the allene formed for subse-
quent reactivity; this gives rise to a wide diversity of pro-
ducts.[13b,30] Hence, this [3,3]-sigmatropic rearrangement
competes with the formation of the vinyl carbenoid inter-
mediate through another intramolecular mechanism that in-
volves similar entropic effects. Moreover, a critical depend-
ence of the acetylenic substitution on the nature of the ester
shift has been found:[31] terminal alkynes preferentially un-
dergo a 1,2-migration of the acetate fragment, although
allene has been occasionally detected as a minor product
during the inter- or intracyclopropanation of propargylic
esters promoted by PtCl2,


[17] AuCl3,
[15b] and AuI;[28b] in con-


trast, internal alkynes bearing alkyl or phenyl substituents
mainly exhibit the formation of allene through a 1,3-ester
shift.
Theoretical calculations have revealed that the formation


of allene is a stepwise process through two steps involving


Figure 4. Transition structures of the cyclopropanation as first step of the
cycloisomerization of R- and S-1 and styrene (distances with the unsubsti-
tuted Ca, and substituted, Cb, alkene atom are shown in O). Free energy
barriers from the reactant complex are given in kcalmol�1.


Figure 5. Transition structures of the cyclopropanation step of 1-methyl
cyclopentene with the carbenoid complex. Most of the hydrogen atoms
have been omitted for clarity. Free energy differences from the most
stable TSs are given in kcalmol�1.


Figure 6. Optimized structures for the pentannulation process from the
E-vinyl intermediate 3b. Free energy differences from the reactant com-
plex are given in kcalmol�1.
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low activation barriers:[4c,32] first, the rate-limiting 6-endo-dig
attack of the carboxylic oxygen onto the alkynyl group, to
form a six-membered heterocycle, followed by the ring-
opening step.
To get insights into this competitive reaction, we have


chosen as theoretical models the precursor 11, because both
AuI and PtII-catalyzed processes have been reported, and
the analogous methylated 12, to cover the influence of the
acetylenic substitution. Figure 7 and Figure 8 display the
free energy profile for the 1,2- and 1,3-acyl shift for 11 and
12 catalyzed by AuI and PtCl2, respectively. These results
are consistent with the reported data and indicate that:
i) unsubstituted precursor 11 undergoes a most favorable
1,2-acyl shift, under both catalytic and solvent conditions, in
contrast to precursor 12 ; ii) the 1,3-acyl migration for 11
under PtCl2 catalysis becomes less disfavored in comparison
to the 1,2-shift in the polar solvent; iii) the apolar solvent
enhances the regioselectivity for the ester migration that is
mediated by PtCl2 for 12.


As far as a 1,3-migration for 12 would be disfavored due
to the presence of the substituent, the change in regioselec-
tivity must be due to electronic factors, which are probably
enhanced by steric effects. According to the computed NPA
charges, the acetylenic substituent enhances the electrophilic
character of the methyl-substituted alkyne carbon. In a com-
parison with the unsubstituted model 11, the substituent
clearly induces a higher charge density in C2 in 12 and an
opposite effect in C1 (Table 2), hence the 5-exo-dig cycliza-
tion of the ester oxygen (or other nucleophile) is inhibited,
thus being the 6-endo-dig reaction mode a more favorable
from a kinetic point of view.


The catalyst is pushed out and the metal–C1 distance in-
creases with the alkyne substitution to reduce the steric hin-
drance. It gives rise to a shorter metal–C2 length, which ulti-
mately should depend on the substitution at the propargylic
center. Overall, this effect reverses the polarization of the
alkyne and induces a higher electrophilic center at C1, as op-
posed to the unsubstituted model 11.


Conclusion


The easily accessible propargylic esters are versatile sub-
strates, and simple modifications of molecular structure
result in diverse product patterns. Given that this methodol-
ogy is very recent, many mechanistic details remain un-
known and results are often difficult to explain. In this
regard, a intriguingly issue concerns the notorious discrepan-
cy between the reaction pathway followed in the intra- and
intermolecular cyclopropanation processes. To this end, we
have undertaken the analysis of the intermolecular cyclopro-
panation of propargylic esters with alkenes. DFT calcula-
tions allow us to propose a reaction mechanism and explan-
ation for the reasons behind the difference with the intramo-
lecular version of this process. The results strongly suggest
that the entropic effects could modulate the operative mech-
anism and account for the aforementioned mechanistic dis-
crepancy. Thus, the entropy preferentially drives the inter-
molecular reaction through an intramolecular endo-dig cycli-
zation of the ester oxygen, which is kinetically more favora-
ble than an intermolecular cyclopropanation with the
alkene.
The data calculated according to this mechanistic model


accounts for the experimental stereoselectivity on the basis
of intra- and intermolecular interactions, and the energy


Figure 7. Free-energy profile for the 1,2- and 1,3-acyl shift for 11 and 12,
promoted by AuI, in the gas-phase (normal), toluene (italic) and nitrome-
thane (bold).


Figure 8. Free-energy profile for the 1,2- and 1,3-acyl shift for 11 and 12,
promoted by PtCl2, in the gas-phase (normal), toluene (italic) and nitro-
methane (bold).


Table 2. NPA charges on the alkyne carbon atoms activated by AuPH3 and
PtCl2, and the relevant metal–C distances (O).


AuPH3 PtCl2
charge
C1


charge
C2


Au�C1


distance
Au�C2


distance
charge
C1


charge
C2


Pt�C1


distance
Pt�C2


distance


11 �0.356 +0.063 2.239 2.514 �0.171 +0.006 2.052 2.219
12 +0.031 �0.131 2.377 2.285 +0.083 �0.019 2.102 2.089


Chem. Eur. J. 2008, 14, 6771 – 6779 I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6777


FULL PAPERMechanism of Olefin Cyclopropanation



www.chemeurj.org





values yield product ratios in good agreement with the ob-
served cis/trans diastereoselectivity.
Besides the cyclopropanation process, other transforma-


tions can take place and compete for such versatile precur-
sors. Our results are supported by the experimental observa-
tions and suggest that a possible pentannulation with a prop-
argylic aromatic ring is a feasible reaction, but it is kinetical-
ly and thermodynamically less favored than cyclopropana-
tion in the presence of an alkene.
On other hand, a 1,3-acyl shift would also show a similar


entropy barrier than that computed for the 1,2-acyl shift
step implied in the intermolecular cyclopropanation. Al-
though other factors may come into play, DFT results reveal
that the former is a considerably kinetically less-favored
process than the later for terminal alkynes, either in apolar
or polar solvents, whereas the 1,3-migration becomes the
preferred path for internal alkynes; this is in agreement with
the experimental evidence. The alkyl substituent in the ace-
tylenic position markedly modifies the electronic properties
of the activated alkyne and enhances the electrophilicity of
that acetylenic atom, and hence, allows a faster 1,3-acyl shift
to take place.
In summary, these findings provide new mechanistic de-


tails about this complex scenario and the factors that control
the versatility and mechanistic diversity found in the metal-
catalyzed transformations of propargylic esters.


Computational Methods


Calculations were carried out using the Gaussian 03 program.[33] All the
structures were optimized at the DFT level by means of the B3LYP func-
tional.[34] The 6–31G(d) basis set was applied for all the atoms except Au
and Pt, which have been described by the LANL2DZ basis set,[35] in
which the innermost electrons are replaced by a relativistic ECP and the
valence electrons are explicitly treated by a double-z basis set. To keep
the computational cost practical, the original Au ligand, PPh3 was substi-
tuted by PH3. The optimized geometries were characterized by harmonic
analysis, and the nature of the stationary points was determined accord-
ing to the number of negative eigenvalues of the Hessian matrix. The in-
trinsic reaction coordinate (IRC) pathways[36a] from the transition struc-
tures have been followed by using a second-order integration method,[36b]


to verify the proper connections. Zero-point vibration energy (ZPVE)
and thermal corrections (at 298 K, 1 atm) to the energy have been esti-
mated based on the frequency calculations.


Solvent effects were obtained through single-point calculations on the
gas-phase-optimized geometries with the Polarizable Continuum Model
PCM,[37] as implemented in Gaussian 03. Relative permittivities of 38.200
and 2.379 were assumed in the calculations to simulate nitromethane and
toluene as solvent, respectively.


Natural bond orbital (NBO) analysis[38] was performed by the module
NBO v.3.1 implemented in Gaussian 03 to evaluate the NPA atomic
charges.
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A Materials Approach to Site-Isolation of Grubbs Catalysts from
Incompatible Solvents and m-Chloroperoxybenzoic Acid


Martin T. Mwangi, M. Brett Runge, Kevin M. Hoak, Michael D. Schulz, and
Ned B. Bowden*[a]


Introduction


The capability to carry out multiple reactions in one flask is
an important goal in chemistry because of the need to speed
the synthesis of molecules while producing less waste and
requiring fewer hours of effort.[1–38] These reactions are
often called cascade or domino reactions; their names refer
to how several reactions occur in a predicted sequence in
the same reaction vessel. These reactions are terrific exam-
ples of green chemistry because they require less solvent
and produce less waste than the traditional method of isolat-
ing and characterizing products after each reaction.[5,30, 39]


Numerous cascade reactions have been developed, and
many of them use one catalyst that catalyzes multiple steps,
such as in a recent report in Nature of a catalytic reaction
with a proline derivative to form four stereocenters in one
pot.[1] The use of single catalysts to carry out multiple reac-
tions has been very successful, but these cascade reactions
typically require the development of new catalysts and
cannot be integrated with numerous homogeneous catalysts
that are often commercially available and are excellent cata-
lysts for one reaction.[3] The main reason for this limitation
is that these catalysts often poison one another or are pois-
oned by reagents required by a second catalyst. Thus, only
one can be added to a reaction vessel, and no cascade se-
quence is possible. What is needed to advance the field of
cascade reactions is a new method to integrate multiple cat-
alysts and reagents to take advantage of mature homogene-
ous catalysts that catalyze one reaction very well.


Because many catalysts and reagents poison one another,
they must be site-isolated from each other, such that multi-
ple catalysts or reagents can be integrated into one reaction
vessel for cascade reactions.[28,40–42] Site-isolation involves


Abstract: The development of a
method for site-isolation of Grubbs
second-generation catalyst from
MCPBA is described. In these reac-
tions, Grubbs catalyst was dissolved in
a solvent consisting of a mixture (1:1
v/v) of 1-butyl-3-methylimidazolium
hexafluorophosphate and methylene
chloride and completely encapsulated
within a thimble fabricated from poly-
dimethylsiloxane (PDMS). A series of
molecules that react by cross metathe-
sis or ring-closing metathesis were
added to the interior of the thimble
and allowed to react. In the last step,
m-chloroperoxybenzoic acid (MCPBA)
dissolved in MeOH/H2O (1:1 v/v) was


added to the exterior of the PDMS
thimble. Small organic molecules dif-
fused through the PDMS to react with
MCPBA to form epoxides, but the
Grubbs catalyst remained encapsulat-
ed. This result is important because
Grubbs catalyst catalytically decompos-
es MCPBA at ratios of MCPBA to
Grubbs of 3000 to 1. The yields for this
two-step cascade sequence ranged from
67 to 83%. The concept behind this se-
quence is that small organic molecules
have high flux through PDMS but


large molecules—such as Grubbs cata-
lyst—and ionic reagents—such as
MCPBA—have much lower flux
through PDMS. Small molecules can
thus react both outside and inside
PDMS thimbles, whereas incompatible
catalysts and reagents remain site-iso-
lated from each other. This method
does not require alteration of struc-
tures of the catalysts or reagents, so it
may be applied to a wide range of ho-
mogeneous catalysts and reagents. To
demonstrate further that the catalyst
was encapsulated, the Grubbs catalyst
was successfully recycled within the
cascade sequence.
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modifying the catalysts or reagents such that they do not
come into contact and poison one another. Numerous meth-
ods for site-isolation exist, such as attachment to a polymer
backbone, attachment of a catalyst to a solid polymeric sup-
port, attachment of catalysts to a heterogeneous surface,
trapping a catalyst inside a zeolite cage, or using catalytic
enzymes in which the active sites are protected by the
enzyme from interacting with the active site of another
enzyme.[10,17,20, 43–60] These methods have been very successful
in some instances: for example, FrIchet and Hawker at-
tached both acidic and basic residues to the interiors of star
polymers to integrate acid- and base-catalyzed reactions in
one vessel.[48,49] In another example, heterogeneous acidic
and basic clays were added to the same reaction vessel to
carry out concurrent acid- and base-catalyzed reactions.[61]


One critical limitation that hinders development of this ap-
proach is that most methods for site-isolation require the
structure of the catalyst be altered for attachment to a poly-
mer or solid support. These alterations may require several
synthetic steps and affect the reactivity and selectivity of
catalysts, or may simply not be possible with a wide variety
of reagents. In this paper we report a simple method for
site-isolation of a homogeneous, organometallic catalyst
from a reagent through the use of a polymeric membrane.
This method does not require the structures of the catalyst
or reagent to be altered and will, we believe, be a general
method for site-isolation of a variety of catalysts and re-
agents without affecting their structures.[62]


Our method for site-isolation of catalysts and reagents
uses polydimethylsiloxane (PDMS) thimbles (Scheme 1). To
begin this work, hollow PDMS thimbles 1.2 cm in diameter
and 5 cm in height and with PDMS walls that were 105 mm
thick were constructed. The bottoms of these thimbles were
composed of PDMS, but the tops were left open for easy
filling with solvent and catalyst. The concept behind the
work in this paper is simple: the Grubbs catalyst was added


to a solvent in the interiors of the PDMS thimbles and
MCPBA to the exteriors of the thimbles. The Grubbs cata-
lysts and MCPBA poison each other even at low loadings of
the Grubbs catalyst, but they were site-isolated by the
PDMS walls, whereas small molecules readily diffused
through the walls to react with the catalyst and reagent. Cas-
cade reactions with the Grubbs catalyst and MCPBA were
therefore possible even though these molecules were vastly
incompatible with each other.


This work builds on and greatly expands our prior work
on site-isolation of Grubbs catalysts by occlusion inside of
PDMS slabs.[63,64] In this prior work, the Grubbs catalysts
were swollen into a solid PDMS slab such that PDMS was
the new solvent for the catalyst. Occlusion was very success-
ful for site-isolation of the Grubbs catalyst, but limits re-
mained as to the choice of solvents that could be used and
some reagents reacted by olefin isomerization rather than
metathesis. Occlusion was therefore useful for a set of re-
agents, but not a wider solution to site-isolation.


Encapsulation in a PDMS thimble allows the catalyst to
remain dissolved in an organic solvent, is amenable to reac-
tions with polar or apolar substrates, and is a general
method for site-isolation of catalysts and reagents. It is criti-
cally important to note that we do not change the structures
of the Grubbs catalyst or the MCPBA. We site-isolated the
Grubbs catalyst by encapsulation even while it was freely
dissolved in a solvent at reasonable concentrations.


In this paper we describe our method to fabricate PDMS
thimbles and show how they can be used for site-isolation of
the Grubbs catalysts from MCPBA. This site-isolation
method allows cascade reactions that are not possible with-
out PDMS thimbles. The immediate impact of this paper is
that cascade reactions using metathesis catalysts and
MCPBA will be possible for the first time. The long-term
impact is a simple method to integrate organometallic cata-
lysts with reagents that poison one another into cascade re-
actions without having to affect the structures either of the
catalyst or of the reagent. This method should allow for a
wide variety of catalysts and reagents to be integrated into
cascade reactions without introduction of extra synthetic
steps.


Results and Discussion


Determining the optimum solvent for encapsulating Grubbs
catalysts in PDMS thimbles : A set of conditions was desired
for site-isolation of the Grubbs catalysts in the interior of a
PDMS thimble while allowing small molecules to diffuse
from the exterior to the interior to react (Scheme 2). Specif-
ically, a method was desired for adding reagents to the exte-
rior of a PDMS thimble, having them diffuse into the thim-
ble where the Grubbs catalyst was dissolved, reacting with
the Grubbs catalyst, and diffusing out of the thimble while
the Grubbs catalyst remained encapsulated. It would be nec-
essary to keep the Grubbs catalysts site-isolated in the inte-
rior of the thimbles (rather than allow them to diffuse


Scheme 1. a) Schematic representation of the PDMS thimbles used in
this work, which were shaped as cylinders with a PDMS bottom and an
open top. b) and c) The metathesis reaction occurs on the interior of the
thimble, and the oxidation occurs on the exterior of the thimble. Here,
G2 is Grubbs second-generation catalyst.
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through the PDMS) because
this would allow a second reac-
tion to take place outside the
thimble without concern for
whether reagents in the exterior
would be poisoned by the
Grubbs catalyst.


Although there exists a vast
amount of literature on the
rates of diffusion and the fluxes
through PDMS for a variety of
organic molecules, these data
are incomplete for many of the
molecules of interest for our
work and are not directly appli-
cable if PDMS is swelled by an
organic solvent. Prior literature
thus provides a useful guide for
our work, but it is not possible to predict the correct solvent
without measuring the flux for numerous molecules of inter-
est under different solvent conditions. The literature was
therefore used as a guide to select solvents and to test them
for the ring-closing metathesis of diethyl diallylmalonate
(Scheme 2).


Methylene chloride and 1-butyl-3-methylimidazolium hex-
afluorophosphate [BMIM] ACHTUNGTRENNUNG[PF6] (a room-temperature ionic
liquid) were used as solvents for this reaction. Methylene
chloride is a common solvent for Grubbs metathesis cata-
lysts and swells PDMS well. [BMIM]ACHTUNGTRENNUNG[PF6] is a relatively
new solvent that has been shown to be useful for metathesis
reactions and is the opposite of methylene chloride in that it
does not swell or diffuse into PDMS.[65–69] This result is not
surprising and can be understood on the basis of the incom-
patibility of the hydrophobic matrix of PDMS and the ionic
character of [BMIM] ACHTUNGTRENNUNG[PF6]. Through the choice of these two
sets of solvents, it was possible to test the effect of swelling
PDMS on the rates of reaction and whether it affected the
encapsulation of Grubbs catalysts.


Table 1 shows the results for the reaction sequence shown
in Scheme 2 in the presence of Grubbs first-generation cata-
lyst and different solvents. Because [BMIM]ACHTUNGTRENNUNG[PF6] does not
swell PDMS, we first studied whether the diethyl diallylmal-
onate could diffuse into the interior of the thimble at a rea-
sonable rate. From Entries 1 and 2 in Table 1 it is clear that,
although the rate of diffusion is enhanced by heating, the
levels of conversion were low. An additional problem with
this solvent was the poor solubility of the Grubbs catalyst.


ACHTUNGTRENNUNG[BMIM] ACHTUNGTRENNUNG[PF6] required a small amount of methylene chlo-
ride to be present to dissolve the catalyst fully. When meth-
ylene chloride was used, however, the catalyst rapidly dif-
fused from the interior as seen visually. Grubbs catalyst
forms a red solution when dissolved in methylene chloride;
after reaction with a substrate resulting in the formation of
a methylidene, this becomes an orange solution. Because of
these colors, it was obvious by eye whether the catalyst was


leaching from the interior of the PDMS thimble. Different
solvent mixtures of methylene chloride and [BMIM]ACHTUNGTRENNUNG[PF6]
were tested, and it was found that a 1:1 (v/v) mixture
worked best.


To determine whether the Grubbs catalyst was remaining
encapsulated, ring-closing experiments were carried out as
shown in Scheme 2 with a 1:1 (v/v) solvent mixture of
CH2Cl2/ ACHTUNGTRENNUNG[BMIM]ACHTUNGTRENNUNG[PF6] both in the interior of the thimble and
outside. Every four hours an aliquot was removed from the
exterior and analyzed to determine the concentration of Ru
by inductively coupled plasma-mass spectrometry (ICP-MS).
The results in Table 2 show that the Grubbs catalyst re-
mained mostly encapsulated, but it did leach to a small
degree. To minimize the amount of catalyst that leached, we
used a 1:1 (v/v) solvent mixture of MeOH/H2O outside the
thimble and repeated these experiments. This solvent mix-
ture was chosen because the Grubbs catalyst is insoluble in
it. The results in Table 2 clearly demonstrate that over
99.5% of the catalyst remained encapsulated in the interior
of the thimble even after 16 h.


Scheme 2. Reaction scheme for selective reagent transport and site-isola-
tion of Grubbs catalyst from MCPBA. Diethyl diallylmalonate was
added to the exterior of the PDMS thimble and diffused into the interior
to react with the Grubbs catalyst. The product was then free to diffuse
into the exterior.


Table 1. The effect of different solvents and temperatures on the ring-closing metathesis of diethyl diallylmal-
onate as shown in Scheme 2.


Entry[a] Solvent[b] t [h] T [8C] Conversion [%][c] Leaching[d]


1 ACHTUNGTRENNUNG[BMIM] 72 25 5 no
2 ACHTUNGTRENNUNG[BMIM] 72 60 62 no
3 CH2Cl2 NA 25 NA[e] yes
4 5:1 CH2Cl2/ ACHTUNGTRENNUNG[BMIM] 3 25 100 yes
5 3:1 CH2Cl2/ ACHTUNGTRENNUNG[BMIM] 5 25 100 yes
6 1:1 CH2Cl2/ ACHTUNGTRENNUNG[BMIM] 9 25 72 no
7 1:1 CH2Cl2/ ACHTUNGTRENNUNG[BMIM] 13 40 100 no
8[f] 1:1 CH2Cl2/ ACHTUNGTRENNUNG[BMIM] 1 45 100 no


[a] Solvent in the interior (1.5 mL) together with 4 mol% of Grubbs first-generation catalyst were added to
the interior of the thimble, whereas the same solvent (4.0 mL) was added to the exterior. [b] [BMIM] is the ab-
breviation for [BMIM] ACHTUNGTRENNUNG[PF6]. The ratios are based on volumes. [c] Conversion of the diethyl diallylmalonate to
the cyclized product as determined by 1H NMR spectroscopy. [d] Evidence for leaching of Grubbs catalyst
from the interior of the thimble was monitored by eye through the color change of the solvent outside the
thimble. [e] Conversion was not measured. [f] Grubbs second-generation catalyst was used.
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Metathesis with CH2Cl2/ ACHTUNGTRENNUNG[BMIM] ACHTUNGTRENNUNG[PF6] 1:1 (v/v) in the interi-
or and MeOH/H2O 1:1 (v/v) outside : The results in the pre-
vious section demonstrated that the Grubbs catalyst would
remain encapsulated if MeOH/H2O was used as the solvent
outside the thimbles. We allowed several reagents to react
in the presence of encapsulated Grubbs catalysts to learn if
this choice of solvents was compatible with our method. The
results in Table 3 show that these reactions were complete
in reasonable times with good yields.


Importantly, no color change of the MeOH/H2O outside
the thimble was observed even for the longest reaction
times. In addition, the ICP-MS experiments described in
Table 2 demonstrated that less than 0.5% of the Ru had
leached into the exterior of the thimble after 16 h, but
whether it was active metathe-
sis catalyst or not still had to be
determined. To answer this
question, diethyl diallylmalo-
nate was allowed to react in the
presence of Grubbs second-gen-
eration catalyst and
CH2Cl2/ ACHTUNGTRENNUNG[BMIM]ACHTUNGTRENNUNG[PF6] as the sol-
vent in the interiors of the


thimbles and MeOH/H2O as the solvent outside (Scheme 3).
Diethyl diallylmalonate was added to the solvent outside
the thimble and diffused through the PDMS walls to react.
After 4 and 9 h, the levels of conversion outside the PDMS
thimbles were determined to be 100%, and we then added
another batch of diethyl diallylmalonate. The level of con-
version outside the thimbles was immediately measured
after the addition of diethyl diallylmalonate, and was found
to be approximately 10% and 13% for the two times. The
low levels of conversion reflect the fact that the diethyl dia-
llylmalonate was added to the thimble exteriors whereas the
product preferentially partitioned in the CH2Cl2/ ACHTUNGTRENNUNG[BMIM]-
ACHTUNGTRENNUNG[PF6] found on the interiors of the thimbles. Subsequently,
2 mL of solvent from outside the thimbles was immediately
removed and placed in a Schlenk flask under N2. After 17 h,
levels of conversion for the reactions carried out in the pres-
ence and in the absence of the PDMS thimbles were mea-
sured. The results indicated that little or no active metathe-
sis catalyst was present in the solvent outside the thimbles
after both 4 and 9 h. Thus, although less than 0.5% of the
Ru had leached from the interiors of the thimbles, no active
catalyst was found on the exterior. All of the metathesis re-
actions took place within the thimble, even though the re-
agents had been added to the exterior.


Cascade reactions with Grubbs catalyst and MCPBA : Our
motivation in carrying out this research was to find a
method for site-isolation of the Grubbs catalyst such that it
could be used in cascade reactions with a poisonous second
reagent. To demonstrate this method, we chose to allow sub-
strates to undergo metathesis on the interiors of PDMS
thimbles and epoxidation with MCPBA outside the thim-
bles. These two reactions were chosen because the impor-
tance of metathesis reactions and epoxidations in organic


Table 3. Metathesis reactions in the presence of encapsulated catalyst
dissolved in CH2Cl2/ ACHTUNGTRENNUNG[BMIM] ACHTUNGTRENNUNG[PF6] (1:1 v/v) and a solvent mixture of
MeOH/H2O (1:1 v/v) outside the thimble.


Entry Substrate Catalyst[a] t [h] Yield [%][b]


1 G2 2.5 93


2 G2 2.5 87


3 G2 19 84


4 G2 26 69


5 G2 12 72


[a] These reactions were run at 4 mol% Grubbs second-generation cata-
lyst at 45 8C. [b] Isolated yield after the reaction was complete.


Scheme 3. Reaction scheme used in the two control experiments to investigate leaching of Grubbs catalyst. No
active Grubbs catalyst leached from the interiors of the thimbles to the outside.


Table 2. Amount of Ru measured outside the PDMS thimbles as a function of time.


CH2Cl2/ ACHTUNGTRENNUNG[BMIM] ACHTUNGTRENNUNG[PF6] outside MeOH/H2O outside


t
[h]


[Ru]
ACHTUNGTRENNUNG[mgmL�1][a]


[G2]outside
ACHTUNGTRENNUNG[mgmL�1]


[G2]interior
[b]


[G2]outside


Total G2 outside
[%][c]


[Ru]
ACHTUNGTRENNUNG[mgmL�1][a]


[G2]outside
ACHTUNGTRENNUNG[mgmL�1]


[G2]interior
[b]


[G2]outside


Total G2 outside
[%][c]


4 0.066 0.55 76 4.6 0.0040 0.034 1300 0.28
8 0.144 1.21 35 10.0 0.0069 0.058 740 0.41[d]


12 0.154 1.30 32 10.7 0.0073 0.061 700 0.36[d]


16 0.196 1.65 26 13.6 0.0092 0.077 560 0.36


[a] Measured by ICP-MS of an aliquot (0.5 mL) taken from outside the PDMS thimble. [b] Ratio of the concentration of the Grubbs catalyst in the inte-
rior of the thimble to that outside. [c] The percentage of the amount of catalyst added to the reaction that leached from the interior of the thimble to the
outside. [d] The percentage of G2 on the outside was lowered in the measurements made at 8 to 12 h because of the removal of 0.5 mL of solvent from
outside the thimble to measure the concentration of Ru.
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chemistry would make their combination in cascade reac-
tions a useful discovery.[70–77] In addition, evidence in the lit-
erature suggested that the Grubbs catalyst and MCPBA
were incompatible.[78–86] In related work by others, it was
shown that ruthenium compounds readily react with
MCPBA to generate ruthenium oxo species.[79–82,85–87] These
species oxidize alkenes and alkanes even at low loadings of
Ru. This work made it reasonable to ask if the Grubbs cata-
lyst was stable in the presence of MCPBA and whether it
would catalytically poison MCPBA.


Control experiments were performed to demonstrate that
the Grubbs catalyst poisons MCPBA. These control experi-
ments were necessary to show that they must be site-isolated
from each other—such as through the use of PDMS thim-
bles—and that the Grubbs catalyst catalytically decomposes
MCPBA. In these control experiments, diethyl diallylmalo-
nate was treated with Grubbs second-generation catalyst (4
to 0.1 mol%) to yield the cyclized product, and then
MCPBA was added (Table 4). PDMS thimbles were not
used, so the Grubbs catalyst was exposed to MCPBA. The
metathesis reaction was first performed in CH2Cl2 (1 mL),
and then MeOH with MCPBA (8 mL) was added. The
levels of conversion were poor even for the lowest catalyst
loadings. Entry 4 is notable be-
cause there were 3000 equiva-
lents of MCPBA for every
equivalent of Grubbs catalyst,
yet the catalyst decomposed
most of the MCPBA, resulting
in only 22% conversion into
epoxide. Additional reactions in
which the cyclization was com-
pleted in a CH2Cl2/ ACHTUNGTRENNUNG[BMIM]-
ACHTUNGTRENNUNG[PF6] mixture (1:1 v/v), fol-
lowed by the addition of
MCPBA dissolved in either
MeOH or MeOH/H2O, were at-
tempted. Again, a vigorous re-
action between MCPBA and
the Grubbs catalyst was ob-
served, and the epoxide was not
seen by 1H NMR spectroscopy.
These reactions were important
because they demonstrate the
incompatibility of even catalytic
amounts of Grubbs catalyst
with MCPBA.


To carry out the cascade re-
action, a two-step sequence was
used to minimize leaching of
the Grubbs catalyst from the
PDMS thimble (Scheme 4). In
these reactions, diethyl diallyl-
malonate was added to the inte-
rior of a thimble containing
CH2Cl2/ ACHTUNGTRENNUNG[BMIM]ACHTUNGTRENNUNG[PF6] (1:1 v/v,
1 mL) and the Grubbs catalyst.


After the metathesis reaction was complete, MCPBA in
MeOH/H2O (8 mL) was added to the thimble exterior, and
the epoxidation was allowed to go to completion. This se-
quence was successful, and the results for eight cascade re-
actions are shown in Table 5.


Recycling of the Grubbs catalyst within a cascade sequence :
A key aspect to any claim of site-isolation is that the cata-
lyst can be recycled. Our system allows for ease of recycling
of a catalyst merely by removing the exterior solvent after
the reaction is complete. To demonstrate this, Grubbs
second-generation catalyst, CH2Cl2 (1 mL), and diethyl dia-
llylmalonate were placed in the interior of a PDMS thimble.
After one hour for the metathesis reaction, MeOH (20 mL)
was added to the thimble exterior and was then removed
after two hours. This procedure was repeated with the addi-
tion of more diethyl diallylmalonate to the thimble interior,
followed again by MeOH (20 mL) to the thimble exterior.
Scheme 5a shows that the levels of conversion were quanti-
tative and that the yields were high over five recycling steps.
The amount of ruthenium present in the thimble exterior
for each cycle was measured by ICP-MS. It was found that
over 97% of the catalyst remained encapsulated within the


Table 4. Control experiments to demonstrate that MCPBA is incompatible with Grubbs catalyst.


Entry Solvent 1[a] Solvent 2 G2 [equiv][b] MCPBA [equiv][b] MCPBA/G2 Epoxide [%][c]


1 CH2Cl2 (1 mL) MeOH (8 mL) 0.04 3 75:1 <5
2 same as above 0.01 3 300:1 <5
3 same as above 0.004 3 750:1 8
4 same as above 0.001 3 3000:1 22
5 CH2Cl2/BMIM 1:1 MeOH 0.04 3 75:1 <5
6 CH2Cl2/BMIM 1:1 MeOH/H2O 1:1 0.04 3 75/1 <5


[a] In each of these reactions the diethyl diallylmalonate (approximately 300 mg) and the indicated mol per-
cent of Grubbs catalyst were added to solvent 1 and the system was allowed to react for 4 h. Next, solvent 2
was added together with the indicated equivalents (based on moles of diethyl diallylmalonate) of MCPBA,
and the system was allowed to react for 7 h. [b] Equivalents based on diethyl diallylmalonate. [c] The level of
conversion of the epoxide was determined by 1H NMR spectroscopy; the remaining cyclic olefin had not react-
ed.


Scheme 4. The two-step, one-pot method used to carry out a cascade sequence. Firstly, diethyl diallylmalonate
was allowed to react with encapsulated Grubbs catalyst in CH2Cl2/ ACHTUNGTRENNUNG[BMIM] ACHTUNGTRENNUNG[PF6] (1:1). We next added
MCPBA dissolved in MeOH/H2O (1:1) to the thimble exterior.
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thimble. To demonstrate the importance of this method fur-
ther, the Grubbs catalyst was recycled even as it was inte-
grated into a cascade sequence with MCPBA (Scheme 5b).
It is particularly noteworthy that high yields were obtained
for these reactions even after several recycling steps. The
Grubbs catalyst can thus be recycled simply by removing
the thimble from the reaction mixture, and this method is
compatible with cascade reactions.


Conclusion


A simple, new method for site-isolation of Grubbs second-
generation catalyst and MCPBA from each other is de-
scribed; it allows them to be integrated into cascade reac-
tions. Our method relies on the solid-state properties of
PDMS thimbles for site-isolation of the large Grubbs cata-
lyst from the polar MCPBA. These thimbles have high
fluxes for small molecules, but ionic and large molecules
have much lower fluxes; this allows them to be site-isolated
within the PDMS thimbles. They remain either in the
PDMS thimble interior or in the thimble exterior, while
small molecules freely react on both sides.


The significance of this research is the demonstration of a
new and simple method for site-isolation of homogeneous


organometallic catalysts for use
in cascade reactions and in re-
actions requiring that the cata-
lyst be recycled. Although
many useful homogeneous or-
ganometallic and inorganic cat-
alysts that carry out one reac-
tion in high yields have been
developed over the preceding
decades, they remain poorly in-
tegrated into cascade reactions
because they are often pois-
oned by each other or by other
reagents. To add these catalysts
to cascade reactions successful-
ly, they must be site-isolated
from each other. Our method is
a major advance in this field
because we have site-isolated
Grubbs catalyst without requir-
ing a change in its ligand struc-
ture or attachment to a solid
support. Furthermore, site-iso-
lation was accomplished simply
by addition to a PDMS thimble.
These criteria are critical be-
cause they strongly suggest that
our method may be applicable
to other catalysts. We envision
adding multiple catalysts or re-
agents straight from the manu-
facturer to different PDMS
thimbles and carrying out cas-


cade reactions that are not possible at the current time. In
future work, we will explore these opportunities to increase
the scope of our method such that a wider variety of cascade
reactions can be envisioned.


Experimental Section


Materials : Grubbs first- and second-generation catalysts were purchased
from Aldrich, stored in a glovebox under nitrogen, and used as supplied.
Substrates and reagents were purchased from Acros/Fisher (diallylamine,
4-acetoxystyrene, 4-methoxystyrene, styrene, 4-vinylbenzyl chloride,
MCPBA, 1-chlorobutane, N-methylimidazole) or from Aldrich (diethyl
diallylmalonate, hepta-1,6-dien-4-ol) and used as supplied. Organic sol-
vents (except for the ionic liquid) were purchased from Acros or Aldrich
at the highest purity and used as supplied. [BMIM] ACHTUNGTRENNUNG[PF6] was prepared by
literature procedures.[65–69] All solvents used for metathesis reactions were
degassed and maintained under nitrogen. The polydimethylsiloxane
(PDMS) preparation kit (Sylgard 184) was purchased from Essex Brow-
nell and used as supplied. Casting molds were made of brass. All reac-
tions were performed under a nitrogen atmosphere with use either of
Schlenk flasks or of a glove box unless otherwise stated.


Characterization : 1H and 13C NMR spectra were recorded on a Bruker
DPX 300 instrument with CDCl3 as solvent and TMS as an internal stan-
dard. Leaching of ruthenium from the thimbles was determined by ICP-
MS on a Varian Ultra mass 700 ICP-MS with sensitivity of 0.001 mgmL�1


at the University of Iowa hygiene laboratories.


Table 5. Cascade reactions with a variety of reagents as shown in Scheme 4.


Substrate Product tmetathesis


[h][a]
tepoxidation
[h][a]


Mol% G2 (MCPBA
[equiv])[b]


Yield
[%][c]


4 12 4 (3) 71


4 12 4 (10) 83


6 14 4 (5) 83


6 9 4 (5) 67


5 11 4 (5) 68


6 9 4 (5) 72


5 15 4 (5) 69


[a] These times refer to how long the metathesis and epoxidations reactions were allowed to run. [b] The
mol% of Grubbs catalyst is shown, and the equivalents of MCPBA based on the moles of diethyl diallylmalo-
nate are shown in parentheses. [c] Isolated yields.
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Preparation of PDMS thimbles : The two components from the PDMS
kit were mixed in a ratio of 1:10 (w/w). The mixture was then degassed,
placed in an oven maintained at 65 8C for ca. 5 min, and coated onto the
brass rods. The PDMS was cured at 65 8C for 2 h, and the procedure was
repeated once to yield tubes with thicknesses of 105 � 22 mm. Once
cured, the tubes were cut, and bottoms were added by placing thin films
of degassed, partially pre-cured PDMS onto Petri dishes and allowing the
tubes to stand in the PDMS while they fully cured. The finished thimbles
were then cut to the desired height, soaked in hexanes followed by meth-
ylene chloride, and dried before use. The thicknesses of the thimbles
were measured with a calibrated Fisher Micromaster optical microscope
interfaced to a computer fitted with Micron1 imaging software.


General procedure for olefin metathesis reactions—diethyl cyclopent-3-
ene-1,1-dicarboxylate : In a glove-box, Grubbs second-generation catalyst
(43 mg, 0.05 mmol) was placed in a PDMS thimble contained in a
Schlenk flask. The flask was sealed, removed from the glove box, and
placed under N2. Solvent mixtures (CH2Cl2/BMIM (1:1 v/v, 1 mL) and
MeOH/H2O (1:1 v/v, 4 mL) were added to the interior and exterior of
the thimble. Next, diethyl diallylmalonate (300 mL, 1.25 mmol) was added
to the thimble exterior, and the flask was placed in an oil bath main-
tained at 45 8C for 2.5 h. The reaction was cooled to room temperature,
and the product was extracted with hexanes (3M10 mL). The hexane ex-
tracts were dried over anhydrous MgSO4, solvent was removed in vacuo,
and the product was purified by passage through a silica gel column with


elution with EtOAc in hexanes (5%) to give the title compound as a
light yellow liquid (0.25 mg, 1.16 mmol, 93% yield). The products from
Table 3 had literature precedents; their characterization can be found in
the Supporting Information.


Procedure for cascade reactions—diethyl 6-oxa-bicyclo ACHTUNGTRENNUNG[3 :1.0]hexane-3,3-
dicarboxylate (1): In a glove box, Grubbs second-generation catalyst
(43 mg, 0.05 mmol) was placed in a PDMS thimble contained in a
Schlenk flask. The flask was sealed, removed from the glove box, and
placed under N2. Solvent (1 mL of CH2Cl2/ ACHTUNGTRENNUNG[BMIM] ACHTUNGTRENNUNG[PF6]) was added to
the interior of the thimble, followed by diethyl diallylmalonate (300 mL,
1.25 mmol). The reaction mixture was allowed to stir at ambient condi-
tions for 3 h, after which the flask was slowly charged with MCPBA (1 g,
3.7 mmol in MeOH/water 1:1 v/v, 8 mL) on the thimble exterior, and stir-
ring was continued for a further 12 h. Solvent on the thimble exterior
was removed, washed repeatedly with saturated NaHCO3, and extracted
with CH2Cl2 (3M10 mL). The thimble contents were extracted with hex-
anes (10 mL). The hexane and DCM extracts were pooled, washed with
brine, and dried over anhydrous MgSO4. Solvent was then removed in
vacuo, and the product was purified on a silica gel column with elution
with EtOAc (10%) to give the target epoxide in 71% yield (0.203 g,
0.89 mmol). The full characterization of molecules 1–6 is given in the
Supporting Information.


Control experiments to demonstrate that the metathesis reaction was oc-
curring in the interiors of the PDMS thimbles (Scheme 3): In a glove


Scheme 5. a) Diethyl diallylmalonate was added to the interior of a PDMS thimble, it was allowed to react for 1 h, MeOH (20 mL) was added to the
thimble exterior, cyclized product diffused to the thimble exterior, and the solvent was removed from the thimble exterior. The Grubbs catalyst was suc-
cessfully recycled five times. b) A similar procedure was followed in a recycling/cascade sequence in which MCPBA was added to the solvent taken from
the thimble exterior.
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box, Grubbs second-generation catalyst (43 mg, 0.05 mmol) was placed in
a PDMS thimble contained in a Schlenk flask. The flask was sealed and
removed from the glove box. With maintenance under nitrogen with the
aid of a Schlenk line, DCM/ ACHTUNGTRENNUNG[BMIM] ACHTUNGTRENNUNG[PF6] (1:1, 1 mL) was added to the
interior of the thimble, while MeOH/H2O (1:1, 4 mL) was added to the
flask on the thimble exterior. Next, diethyl diallylmalonate (300 mL,
1.25 mmoles) was added to the exterior of the thimble and the flask was
placed in an oil bath maintained at 45 8C for 4 h. An aliquot was removed
and extracted with hexanes, and the hexanes extracts were dried over an-
hydrous MgSO4 and concentrated in vacuo. The sample was analyzed by
1H NMR spectroscopy to determine the level of conversion. Fresh diethyl
diallylmalonate (300 mL, 1.25 mmol) was added to the thimble exterior
and mixed thoroughly for ca. 2 min, after which an aliquot was removed
and analyzed by NMR spectroscopy as detailed above. Next, half of the
remaining solvent from the thimble exterior was transferred by syringe
under N2 to a Schlenk flask. Both flasks were heated at 45 8C for 14 h,
after which they were analyzed for conversion by 1H NMR spectroscopy.


Control experiments to demonstrate that Grubbs metathesis catalyst poi-
sons MCPBA : In a glove box, a stock solution of Grubbs second-genera-
tion catalyst was prepared (39 mg in 10 mL CH2Cl2). An aliquot of the
stock solution (280 mL, 1.09 mg, 0.013 mmol) was added to a Schlenk
flask and further diluted with CH2Cl2 (720 mL). The flask was sealed, re-
moved from the glove box, and attached to a Schlenk line. Diethyl dia-
llylmalonate (300 mL, 1.25 mmol) was added, and the reaction was main-
tained at room temperature for 4 h. The flask was then charged with
MeOH (8 mL) and MCPBA (0.92 g, 3.75 mmol). This reaction mixture
was allowed to stir for 7 h, after which an aliquot was analyzed by
1H NMR spectroscopy to determine the degree of conversion to the ep-
oxide. This procedure was repeated similarly with different solvent mix-
tures and different ratios of Grubbs second-generation catalyst to
MCPBA as summarized in Table 4.


Procedure for recycling encapsulated Grubbs second-generation catalysts
(Scheme 5): In a glovebox, Grubbs second-generation catalyst (53 mg,
0.06 mmol) was placed in a PDMS thimble contained in a Schlenk flask.
The flask was sealed, removed from the glove box, and placed under N2.
CH2Cl2 (1 mL) was added to the thimble, followed by diethyl diallylmalo-
nate (300 mL, 1.25 mmol). This mixture was allowed to stir under N2 at
ambient temperature. After 1 h, MeOH (20 mL) was added to the thim-
ble exterior. After 2 h, all the solvent on the exterior of thimble was re-
moved, concentrated in vacuo, and weighed. Levels of conversion were
determined by 1H NMR spectroscopy. Fresh diethyl diallylmalonate
(300 mL, 1.25 mmol) was added to the interior of the thimble. This proce-
dure was repeated for a total of six cycles.


Procedure for recycling encapsulated Grubbs second-generation catalysts
in a metathesis/epoxidation cascade sequence : The catalyst was recycled
as described above, except that for each cycle the solvent in the thimble
exterior was removed and placed in a new flask containing MCPBA
(0.92 g, 3.74 mmol). The epoxidation reaction was allowed to run for
12 h. Conversion of the ring-closed olefin into the epoxide was confirmed
to be >98% by 1H NMR spectroscopy. The reaction mixture was then
dissolved in CH2Cl2 (50 mL) and washed with water (100 mL), followed
by saturated sodium bicarbonate (3M50 mL). The organic extract was
dried over anhydrous MgSO4 and concentrated in vacuo. The product
was purified by column chromatography with EtOAC in hexanes (10%)
as the eluent. This procedure was repeated for a total of five cycles.
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Introduction


As a result of the significance and the ever-increasing
demand for the a-amino acids in chemistry and biology, the
development of efficient methods for their preparation has
attracted considerable attention.[1] The Strecker reaction,
which was first reported in 1850, represents one of the sim-
plest and most economical methods.[2] In particular, the
asymmetric catalytic Strecker reaction is a highly useful and
desirable strategy. In recent years, considerable effort has
been devoted towards the development of catalytic asym-
metric Strecker reactions.[3] Efficient catalysts are chiral
metal complexes,[4] such as Al, Ti, Zr, and lanthanide com-
pounds, and chiral metal-free compounds[5] that contain gua-
nidines, ureas and thioureas, bis ACHTUNGTRENNUNG(N-oxides), ammonium salts,
Brønsted acids, bisformamides, and N-galactosyl ald ACHTUNGTRENNUNGimines.
Among those reports, Kobayashi described the first asym-


metric three-component Strecker reaction catalyzed by a
chiral zirconium catalyst.[4k,l] Until recently, only two exam-
ples of organocatalytic protocols had been reported by
List[5f] and Feng[5s] . Since multicomponent reactions have
many advantages, such as simplified procedures, mild reac-
tion conditions, high atom economy, and environmental
friendliness, the development of new catalysts for a direct
access to the Strecker products by starting from an alde-
hyde, amine, and a cyanide donor is still the research focus
and target in this field.[3a]


Chiral N-oxide, as a ligand or an organocatalyst, has been
shown to be highly efficient in many asymmetric proce-
dures.[6] Two main types of N-oxide have been developed,
which are tertiary amine-derived N-oxides and pyridine N-
oxides. The pyridine (or quinoline-type) N-oxides are very
popular and successful catalysts of this class; however, the
tertiary amine-derived N-oxides are being increasingly con-
centrated on. Recently, Hoveyda and Snapper reported the
l-proline based mono-N-oxides[7] and Feng developed the
amino acid derived N,N’-dioxides.[8] Herein, we wish to
report a novel trans-4-hydroxy-l-proline-based N,N’-dioxide
and its application in the catalytic asymmetric one-pot
three-component Strecker reaction.


Our strategy is to design a framework of amino acid de-
rived N,N’-dioxides (Scheme 1) that combine both the Lewis
base (N-oxide) and amide moieties, which can act as a bi-
functional organocatalyst in the Strecker reaction. The two
molecular amino acids are connected together by a carbon
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developed and used as efficient orga-
nocatalysts for the one-pot three-com-
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aldehydes were found to be suitable
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ly pure products could be obtained
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chain at the N termini (type A) or by a diamine at the acid
section (type B). Type A N,N’-dioxides have exhibited their
function in many reactions in our previous studies,[5l,m,8]


whereas type B N,N’-dioxides coordinated with indium ACHTUNGTRENNUNG(III)
have been used primarily for the asymmetric ring opening
of meso-epoxides with aromatic amines.[9]


Results and Discussion


The N-substituted a-amino nitriles, in particular, those with
an N-benzhydryl substituent, can be converted into the cor-
responding a-amino acids in one step without loss of enan-
tiomeric excess.[4f, 10] In our previous study, a stoichiometric
amount of the chiral quinoline N-oxide was applied to pro-
mote the Strecker reaction between N-benzhydrylimines
and trimethylsilyl cyanide (TMSCN).[5k] Inspired by this re-
search, we presumed that the amino acid based N,N’-diox-
ides, which contained both the N-oxide and amide moieties,
might be more efficient in the Strecker reaction. So the W1


N,N’-dioxides were chosen as
the organocatalysts for the ini-
tial tests of the one-pot three-
component Strecker reaction
with benzaldehyde, (1,1-diphe-
nyl)methylamine, and TMSCN.
Indeed, high reactivity was ob-
served although the enantiose-
lectivity was not satisfactory.[11]


The W1 N,N’-dioxides used
were prepared by the coupling
of two amino acid units at the
N termini, the backbone of
which may not be beneficial
for good enantioselectivity in


this system. Because an amino acid has two reactive func-
tional groups, it is logical to devise a new class of catalyst in
which two prolines are connected at the C termini by a di-
ACHTUNGTRENNUNGamine. Synthesis of the new backbone of the N,N’-dioxides
is much easier requiring only three steps: 1) reductive ami-
nation, 2) isobutyl chlorocarbonate assisted coupling, and
3) directed amine oxidation.


A series of novel N,N’-dioxides was prepared and exam-
ined (Table 1). Catalyst W2 provided the product with


14% ee (ee=enantiomeric excess); however, W3 gave only
racemic product (Table 1, entries 1 and 2). It might be that
the (S,S)-diamine possessed a better conformation to match
l-proline than the (R,R)-diamine. When replacing the
(1S,2S)-cyclohexane-1,2-diamine with (1S,2S)-1,2-diphenyl-
ethane-1,2-diamine, much better enantioselectivity was ob-
tained (entry 3). By changing the substituents at the N ter-
mini of the pyrrole ring, similar results were obtained with
the isopropyl and 3-pentyl groups (entries 4 and 5). Howev-
er, further enlargement or reduction of the ring size of the
cyclohexyl substituent led to worse enantioselectivity, with


Scheme 1. The design of N,N’-dioxides.


Table 1. Survey of N,N’-dioxides W2–8 in the asymmetric one-pot, three-
component Strecker reaction.[a]


Entry Catalyst Yield [%][b] ee [%][c]


1 W2 94 14
2 W3 88 0
3 W4 98 60
4 W5 97 59
5 W6 98 60
6 W7 98 80
7 W8 98 82
8[d] W8 87 72


[a] Reagents and conditions: After stirring the mixture of benzaldehyde
(0.2 mmol) and (1,1-diphenyl)methylamine (0.2 mmol) in CH2Cl2
(1.0 mL) for 2 h at 25 8C, the catalyst was added. Then TMSCN
(0.4 mmol) was added at �20 8C. [b] Yield of isolated product. [c] Deter-
mined by HPLC analysis (Chiralpak AD-H), and the absolute configura-
tion was established as S by comparison with the literature.[4f, 5s] [d] The
preformed imine was used as the substrate.
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40% ee provided by a cycloheptyl or cyclopentyl group.[12]


Encouragingly, 98% yield and 82% ee were gained by re-
placing the l-proline with trans-4-hydroxy-l-proline
(entry 7); the reason for this might be that the hydroxy
group adjusted the steric environment slightly, which was
more favorable for high enantioselectivity. N,N’-Dioxides
W7 and W8 were the optimal catalysts (entries 6 and 7).
The synthesis of W8 was easier than that of W7 in the re-
ductive amination step, so W8 was chosen as the final cata-
lyst. The preformed imine was also used as the substrate
with catalyst W8 (entry 8); however, the results were not as
good as those of the in-situ-generated imine. This showed
that the water released during the condensation of benzalde-
hyde and (1,1-diphenyl)methylamine was important for the
reaction.


As mentioned above, one of the advantages of this proto-
col was that the catalyst W8 can be prepared in three steps
in good yield from commercially available optically pure
trans-4-hydroxy-l-proline and (1S,2S)-1,2-diphenylethane-
1,2-diamine (Scheme 2).[7,9] In the first step, compound A


was obtained in nearly quantitative yield by reductive ami-
nation in the presence of cyclohexanone; followed by forma-
tion of amide W9, the reaction of which was completed in
1 h (62% yield); W8 was generated as a single diastereomer
in 86% isolated yield.


With the optimized catalyst W8 in hand, the reaction con-
ditions were explored. The solvent showed an important
impact on reactivity and selectivity. The ethereal solvents
such as Et2O gave low yield and moderate enantioselectivity
(Table 2, entry 1). Toluene, CH2ClCH2Cl, and CHCl3 provid-
ed good yields, but the enantioselectivities were notably di-
minished (entries 2, 3, and 4). When protic solvents like
CH3OH were used, high yields but racemic products were
afforded (entry 6). CH2Cl2 was the best solvent for the
three-component Strecker reaction (entry 5). The catalyst
loading and substrate concentration effects were investigat-
ed next (entries 7–10). On decreasing the catalyst loading
from 10 to 5 mol%, the ee value was maintained (entry 7).
The enantioselectivity was reduced when the catalyst load-
ing was increased to 20 mol% (entry 8).[13] The substrate
concentration has little effect on reactivity and enantioselec-


tivity in the range from 0.4 to 0.13m (entries 9 and 10). The
temperature effects were also examined (entries 11–13). On
decreasing the temperature from �20 to �45 8C, the ee
value increased to 90% ee (entry 12); however, a further de-
crease led to very low yield and enantioselectivity
(entry 13). Other parameters were also checked, such as the
effect of additives and the ratio of the three components,
but the results were not further improved. Therefore, the
optimal reaction conditions were selected as: 0.2 mmol of
benzaldehyde, 0.2 mmol of (1,1-diphenyl)-methylamine,
10 mol% of W8, and 0.4 mmol of TMSCN in 0.5 mL of
CH2Cl2 at �45 8C.


Under the optimal conditions, the substrate generality
was examined, and the results are listed in Table 3. Both the
aromatic and aliphatic aldehydes were found to be suitable
substrates for the asymmetric three-component Strecker re-
action. For the aromatic aldehydes, high yields (up to 98%)
and good enantioselectivities (up to 91% ee, up to 99% ee
after a single recrystallization) were achieved (Table 3, en-
tries 1–9). In general, the aromatic ring with electron-donat-
ing substituents exhibited higher reactivity (entries 3 and 4),
whereas the electron-withdrawing substituents showed
better enantioselectivities (entries 5–8). A low yield of 68%
was obtained for 2-nitrobenzaldehyde (entry 2), which was
presumably caused by the steric effect of the ortho-nitro
substituent. 2,4-Dichlorobenzaldehyde provided the product
with 89% ee (entry 8), whereas 96% yield and 91% ee were
obtained with 1-naphthaldehyde (entry 9). A poor ee value
was obtained for the heterocyclic aldehyde of furfural.[15]


For the aliphatic and a,b-unsaturated aldehydes, the catalyt-
ic system was also very efficient (up to 99% yield and
95% ee ; entries 10–18). Branched aldehydes represented
very good substrates (entries 13–15), for example, the best


Scheme 2. Synthesis of the chiral catalyst W8 from trans-4-hydroxy-l-pro-
line.


Table 2. Optimization of reaction conditions for the asymmetric one-pot,
three-component Strecker reaction.[a]


Entry Solvent Cat. [mol%] T [8C] t [h] Yield [%][b] ee [%][c]


1 Et2O 10 �20 20 25 60
2 PhCH3 10 �20 22 90 45
3 CHCl3 10 �20 10 98 42
4 ACHTUNGTRENNUNG(CH2Cl)2 10 �20 14 98 28
5 CH2Cl2 10 �20 12 98 82
6 CH3OH 10 �20 10 99 0
7 CH2Cl2 5 �20 10 90 81
8 CH2Cl2 20 �20 7 98 60
9[d] CH2Cl2 10 �20 8 98 81


10[e] CH2Cl2 10 �20 12 93 82
11[d] CH2Cl2 10 0 5 99 75
12[d] CH2Cl2 10 �45 36 93 90
13[d] CH2Cl2 10 �78 80 53 34


[a] Reagents and conditions: After stirring the mixture of benzaldehyde
(0.2 mmol) and (1,1-diphenyl)methylamine (0.2 mmol) in solvent
(1.0 mL) for 2 h at 25 8C, the catalyst W8 was added. Then TMSCN
(0.4 mmol) was added at reaction temperature. [b] Yield of isolated prod-
uct. [c] Determined by HPLC analysis (Chiralpak AD-H). [d] 0.5 mL
CH2Cl2 was used. [e] 1.5 mL CH2Cl2 was used.
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enantioselectivity was obtained with 2-ethylbutanal
(entry 15). In the case of the most challenging a-unbranched
aldehydes, slightly lower enantioselectivities were observed
(entries 11 and 12). A high yield and good ee value were
also given by a cyclic aldehyde (entry 18). Accordingly, a
larger substrate scope, better enantioselectivities, and the
opposite S isomers were achieved with these N,N’-dioxides
compared with our previously reported bisformamide cata-
lysts.[5s]


To elucidate the mechanism of the trans-4-hydroxy-l-pro-
line-based N,N’-dioxide-catalyzed one-pot three-component
Strecker reaction, a series of control experiments were de-


signed and performed (Table 4). To determine if the
TMSCN and N-oxide took part in the enantioselectivity-de-
termining step, other cyanide sources and the precursor W9


of the N,N’-dioxides were examined (Table 4, entries 1 and
2). The results indicated that the cooperation of the silicon-
containing cyanide source and the N-oxide was essential for
catalytic efficiency. Both the diamine-derived and the (S)-
phenylethylamine-derived mono-N-oxides, W10 and W11,
respectively, provided racemic products (entries 3 and 4),
which showed that the presence of two N-oxides together in
one molecule was also a requirement for asymmetric induc-
tion. According to the above phenomena and the previous
studies on N,N’-dioxides[7,8,9,16] and cyanosilylation,[5k–m,s] a
possible transition state was proposed as illustrated in
Figure 1. The two N-oxides coordinated to silicon at the
same time to form a hypervalent silicate species whereby a
fixed chiral pocket was created; meanwhile, the in-situ-gen-
erated imine was activated by a hydrogen bond between the
nitrogen of the imine and the hydrogen of the amide. The
Re face is much more accessible than the Si face, as in-
creased repulsion between the phenyl groups of the imine
and diamine occurs in TS2. Hence, the S product was
smoothly produced according to favorable TS1. However,
the real mechanism and the function of the hydroxy groups
are unclear and are being studied.


Conclusion


trans-4-Hydroxy-l-proline-based N,N’-dioxides have been
developed to catalyze the one-pot, three-component Streck-


Table 3. Scope of the asymmetric one-pot, three-component Strecker re-
action.[a]


Entry 1a–r 2a–r t [h] Yield [%][b] ee [%][c]


1 1a 2a 36 93 90 (99)[d] (S)[e]


2[f] 1b 2b 80 68 81
3 1c 2c 36 98 80 (99) (S)
4 1d 2d 40 95 80 (S)
5 1e 2e 72 90 84 (S)
6 1 f 2 f 72 95 87 (99) (S)
7 1g 2g 60 94 87 (99)
8[f] 1h 2h 60 82 89
9 1 i 2 i 36 96 91 (99) (S)


10 1j 2 j 36 98 83
11 1k 2k 30 96 81
12 1 l 2 l 36 60 80
13[g] 1m 2m 36 95 90
14 1n 2n 30 98 87
15 1o 2o 36 86 95
16 1p 2p 36 93 80
17 1q 2q 40 87 72
18 1r 2r 32 99 84


[a] Reagents and conditions: After stirring the mixture of aldehyde
(0.2 mmol) and (1,1-diphenyl)methylamine (0.2 mmol) in CH2Cl2
(0.5 mL) for 2 h at 25 8C, the catalyst W8 was added. Then TMSCN
(0.4 mmol) was added at �45 8C. [b] Yield of isolated product. [c] Deter-
mined by HPLC analysis (Chiralpak AD-H or AS-H). [d] After a single
recrystallization. [e] The absolute configuration was established as S by
comparison with the literature.[4e,f, 5k,s, 14] [f] The reaction was carried out at
�20 8C. [g] 15 mol% W8 was used.


Table 4. Control experiment for the mechanistic study.[a]


Entry Cyanide source Cat. [10 mol%] t [h] Yield [%][b] ee [%][c]


1[d] AcCN W8 40 78 0
2 TMSCN W9 15 86 0
3 TMSCN W10 15 96 4
4 TMSCN W11 15 93 0
5 TMSCN W8 8 98 81


[a] Reagents and conditions: After stirring the mixture of benzaldehyde
(0.2 mmol) and (1,1-diphenyl)methylamine (0.2 mmol) in CH2Cl2
(0.5 mL) for 2 h at 25 8C, the catalyst was added. Then TMSCN
(0.4 mmol) was added at �20 8C. [b] Yield of isolated product. [c] Deter-
mined by HPLC analysis (Chiralpak AD-H). [d] The reaction was carried
out at �45 8C.
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er reaction with an aldehyde, (1,1-diphenyl)methylamine,
and TMSCN. The novel organocatalyst is efficient for a
broad variety of aromatic and aliphatic aldehyde substrates,
leading to the corresponding products in excellent enantio-
selectivities (up to 95% ee). The catalyst is easily prepared
from trans-4-hydroxy-l-proline. A possible transition state
(TS1) has been proposed to explain the origin of asymmetric
induction. Further investigations are focused on the explora-
tion of related catalyst libraries, the detailed mechanism,
and extension of the reaction scope.


Experimental Section


General: 1H and 13C NMR spectra were recorded in CDCl3 or
[D6]DMSO on commercial apparatus. TMS served as internal standard
(d=0 ppm) for 1H NMR and CDCl3 was used as internal standard (d=


77.0 ppm) for 13C NMR; the coupling constants J are given in Hz. Chemi-
cal shifts are reported in ppm with the solvent reference as the internal
standard (CHCl3: d=7.26 ppm). HPLC analysis was performed on a
chiral column (Daicel Chiralpak AD-H or AS-H column). Optical rota-
tions were reported as follows: [a]TD (c g/100 mL, in solvent). HRMS
were recorded on a commercial apparatus (ESI or ES Source). Melting
points were measured on an electrothermal digital melting point appara-
tus. Unless otherwise indicated, all materials were obtained from com-
mercial sources, and used as purchased without dehydration, except for
aldehydes, which were distilled before use. Solvents for reactions were
dried and distilled prior to use according to the standard methods.


Typical procedure for the preparation of catalyst W8 : Palladium on
carbon (10% by wt, dry, 0.12 g) was suspended in methanol (10 mL) in a
dry 50 mL flask, which was flushed with N2. trans-4-Hydroxy-l-proline
(1.31 g, 10 mmol) and cyclohexanone (1.2 mL, 11 mmol) were added to
this suspension. The flask was charged with H2 and was kept under a bal-
loon of H2 for 12 h. At this time, the reaction was purged with N2 and fil-
tered through Celite. Removal of the methanol under reduced pressure
led to the unpurified acid (2.09 g, 98% unpurified yield).


Isobutyl chlorocarbonate (0.27 mL, 2.05 mmol) and Et3N (0.3 mL,
2.2 mmol) were added to a solution of the unpurified acid (437 mg,
2.05 mmol) in CH2Cl2 (30 mL) at 0 8C. After 20 min, (1S,2S)-diphenyl-
ethane-1,2-diamine (212 mg, 1 mmol) was added and the mixture was al-
lowed to stir at room temperature for 1 h. The solution was washed with
saturated aqueous NaHCO3 (20 mL) and brine (20 mL), dried over anhy-
drous MgSO4, and concentrated to give a crude product. The crude prod-
uct was purified by silica gel chromatography (CH3OH/ethyl acetate
1:20) to give the pure amide W9 (374 mg, 62% yield). M.p. 114–116 8C;
[a]10D =�55.9 (c=0.1 in CH2Cl2);


1H NMR (400 MHz, CDCl3): d=8.29 (d,
J=7.6 Hz, 2H), 7.28–7.19 (m, 6H), 7.08–7.06 (m, 4H), 5.33 (d, J=6.8 Hz,
2H), 4.11 (dd, J=9.6, 5.2 Hz, 2H), 3.54 (dd, J=9.2, 5.2 Hz, 2H), 3.17
(dd, J=9.6, 5.2 Hz, 2H), 2.62 (dd, J=9.6, 6.0 Hz, 2H), 2.32 (s, 2H), 2.12–
1.65 (m, 16H), 1.28–1.13 ppm (m, 10H); 13C NMR (100 MHz, CDCl3):
d=175.0, 138.9, 128.4, 127.6, 127.0, 70.2, 62.8, 60.8, 57.2, 55.6, 39.7, 32.6,
28.0, 26.0, 25.9, 25.4 ppm; HRMS (ESI): m/z calcd for C36H51N4O4:
603.3910 [M+H]+ ; found: 603.3910.


mCPBA (mCPBA=3-chloroperbenzoic acid) (278 mg, 1.36 mmol) was
added to a solution of the amide W9 (374 mg, 0.62 mmol) in CH2Cl2
(20 mL) at �20 8C. The mixture was allowed to stir at �20 8C for 40 min.
Then, the reaction was warmed to room temperature and purified by
silica-gel chromatography (ethyl acetate/CH3OH 3:1, 2:1, and 1:1) to give
pure W8 as a white solid (338 mg, 86%). M.p. 156–159 8C; [a]10D =�28.0
(c=0.1 in CH3OH); 1H NMR (400 MHz, CDCl3): d=11.47, 11.01, 9.44 (s,
d, d, J=6.6, 9.0 Hz, 2H), 7.41–7.27 (m, 10H), 5.64 (dd, J=8.0, 4.8 Hz,
1H), 5.53 (dd, J=7.2, 4.8 Hz, 1H), 4.80 (d, J=5.6 Hz, 1H), 4.56 (d, J=


8.0 Hz, 1H), 4.31–4.28 (m, 1H), 4.10–4.06 (m, 1H), 3.83 (dd, 10.8, 5.2 Hz,
1H), 3.74–3.68 (m, 2H), 3.55–3.35 (m, 5H), 3.24–3.20 (m, 3H), 2.82–2.74
(m, 3H), 2.40–2.05 (m, 6H), 1.92–0.91 ppm (m, 12H); 13C NMR
(100 MHz, [D6]DMSO): d=169.0, 168.9, 168.7, 141.1, 140.9, 140.0, 128.4,
128.35, 128.2, 127.6, 127.5, 127.2, 127.1, 79.0, 75.1, 74.5, 72.5, 70.8, 70.6,
70.0, 68.9, 66.6, 60.7, 57.5, 49.1, 31.8, 27.1, 26.6, 25.2, 19.3, 14.3 ppm;
HRMS (ESI): m/z calcd for C36H51N4O6: 635.3809 [M+H]+ ; found:
635.3809.


l-Proline-based N,N’-dioxides W2 :[9] White solid; [a]25D =�16.4 (c=0.39
in CH2Cl2);


1H NMR (600 MHz, CDCl3): d=11.42 (br s, 2H), 3.90 (m,
2H), 3.69 (m, 2H), 3.42–3.35 (m, 4H), 3.33–3.24 (m, 2H), 2.56–2.54 (m,
2H), 2.45–2.35 (m, 7H), 2.18 (m, 4H), 2.04–2.01 (m, 2H), 1.94–1.81 (m,
8H), 1.69–1.67 (m, 2H), 1.51–1.34 (m, 9H), 1.15–1.12 ppm (m, 2H);
13C NMR (100 MHz, CDCl3): d =167.6, 77.2, 74.8, 71.8, 64.5, 49.5, 30.9,
28.8, 28.4, 27.8 (27.82), 27.8 (27.75), 25.3, 25.2 (25.25), 25.2 (25.19), 22.4,
19.9 ppm.


l-Proline-based N,N’-dioxides W3 :[9] Hygrometric white foam; [a]25D =


�30.5 (c=0.44 in CH2Cl2);
1H NMR (400 MHz, CDCl3): d=10.91 (d, J=


7.2 Hz, 2H), 3.78 (m, 2H), 3.64–3.59 (m, 2H), 3.44–3.40 (m, 2H), 3.26–
3.21 (m, 2H), 3.10–3.04 (m, 2H), 2.40–2.35 (m, 9H), 2.17–2.08 (m, 2H),
1.99–1.96 (m, 2H), 1.90–1.87 (m, 8H), 1.71–1.62 (m, 6H), 1.59–1.52 (m,
3H), 1.36–1.31 (m, 4H), 1.15–1.11 ppm (m, 2H).


l-Proline-based N,N’-dioxides W4 :[9] White solid; m.p. 134–136 8C;
[a]25D =�48.7 (c=1.41 in CH2Cl2);


1H NMR (400 MHz, CDCl3): d = 11.81
(d, J=5.6 Hz, 2H) 7.46–7.44 (m, 4H), 7.38–7.34 (m, 5H), 7.33–7.22 (m,
2H), 5.44–5.42 (m, 2H), 3.60–3.55 (m, 2H), 3.47–3.42 (m, 2H), 3.22–3.11
(m, 3H), 2.73–2.66 (m, 4H), 2.50 (m, 2H), 2.40–2.38 (m, 3H), 2.17–2.14
(m, 2H), 1.92–1.90 (m, 2H), 1.82–1.79 (m, 3H), 1.73–1.71 (m, 2H), 1.67–
1.61 (m, 2H), 1.55–1.54 (m, 2H), 1.40–1.31 (m, 2H), 1.01–0.96 ppm (m,
4H); 13C NMR (100 MHz, CDCl3): d=168.8, 139.7, 128.5, 127.2, 126.5,
75.2, 72.3, 65.3, 58.0, 28.4, 27.4, 26.6, 25.1, 24.9, 24.7, 19.8 ppm; HRMS
(ESI) m/z : calcd for C36H51N4O4: 603.3910 [M+H]+ ; found: 603.3910.


l-Proline-based N,N’-dioxides W5 : White solid; m.p. 148–149 8C; [a]10D =


�63.0 (c=0.10 in CH2Cl2);
1H NMR (400 MHz, CDCl3): d=11.87 (d, J=


6.8 Hz, 2H), 7.48–7.44 (m, 4H), 7.36–7.28 (m, 4H), 7.24–7.20 (m, 2H),
5.67–5.65 (m, 2H), 3.62–3.57 (m, 2H), 3.29–3.25 (m, 2H), 3.25–3.14 (m,
2H), 2.78–2.64 (m, 4H), 2.46–2.36 (m, 4H), 1.92–1.88 (m, 2H), 1.23 (dd,
J=6.0, 3.6 Hz, 6H), 1.02 ppm (d, J=6.4 Hz, 6H); 13C NMR (100 MHz,
CDCl3): d=168.0, 139.5, 128.4, 127.0, 126.5, 72.1, 66.3, 62.1, 56.8, 28.1,
19.7, 17.7 ppm; HRMS (ESI): m/z : calcd for C30H43N4O4 523.3279
[M+H]+ ; found: 523.3268.


Figure 1. Proposed transition states TS1 and TS2.
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l-Proline-based N,N’-dioxides W6 : White solid; m.p. 132–134 8C; [a]10D =


�51.0 (c=0.10 in CH2Cl2);
1H NMR (400 MHz, CDCl3): 11.92 (d, J=


6.0 Hz, 2H), 7.43–7.41 (m, 4H), 7.35–7.31 (m, 4H), 7.24–7.20 (m, 2H),
5.61 (d, J=7.2 Hz, 2H), 3.66–3.62 (m, 2H), 3.40–3.35 (m, 2H), 3.22–3.19
(m, 2H), 2.65–2.61 (m, 4H), 2.60–2.10 (m, 4H), 2.09–1.87 (m, 4H), 1.52–
1.38 (m, 6H), 0.92 (t, J=7.2 Hz, 6H), 0.74 ppm (t, J=7.2 Hz, 6H);
13C NMR (100 MHz, CDCl3): 168.3, 139.6, 128.5, 127.1, 126.5, 78.1, 72.2,
64.2, 57.0, 28.1, 22.1, 21.9, 19.9, 11.9, 11.1 ppm; HRMS (ESI) m/z calcd
for C34H51N4O4: 579.3910 [M+H]+ ; found: 579.3910.


trans-4-Hydroxy-l-proline-based N,N’-dioxides W7: White solid; m.p.
126–128 8C; [a]10D =�18.9 (c=0.12 in CH3OH); 1H NMR (400 MHz,
CDCl3): 11.56, 10.78, 9.46 (s, s, d, J=9.6 Hz, 2H), 7.48–7.27 (m, 10H),
5.86 (dd, J=9.6 ,4.0 Hz, 1H), 5.70 (dd, J=10.0, 4.4 Hz, 1H), 4.80 (d, J=


6.0 Hz, 1H), 4.60 (d, J=7.2 Hz, 1H), 4.24 (t, J=6.0 Hz, 1H), 3.86 (dd,
J=10.8, 5.2 Hz, 1H), 3.80–3.60 (m, 2H), 3.42 (d, J=10.8 Hz, 2H), 3.18–
3.06 (m, 4H), 2.35–2.18 (m, 4H), 1.87–1.83 (m, 2H), 1.50–1.40 (m, 6H),
1.03–0.67 ppm (m, 12H); 13C NMR (100 MHz, [D6]DMSO): 168.8, 168.0,
167.8, 140.5, 140.2, 139.4, 128.0, 127.8, 127.2, 127.0, 126.7, 126.66, 79.0,
78.2, 77.4, 73.3, 72.2, 69.9, 69.3, 66.2, 56.2, 55.0, 48.6, 38.3, 22.1, 21.7, 21.6,
12.3, 11.1, 10.0 ppm; HRMS (ESI): m/z : calcd for C36H51N4O4: 611.3809
[M+H]+ ; found: 611.3808.


trans-4-Hydroxy-l-proline-based mono-N-oxide W10 : White solid;
m.p. 120–122 8C; [a]10D =�42.0 (c=0.11 in CH2Cl2);


1H NMR (400 MHz,
CDCl3): 11.29 (s, 1H), 8.03 (s, 1H), 7.22–7.14 (m, 10H), 5.32–5.23 (m,
2H), 4.63 (s, 1H), 4.25–4.24 (m, 1H), 3.67–3.64 (m, 2H), 3.52–3.45 (m,
4H), 3.30–3.20 (m, 1H), 3.11 (s, 1H), 2.25–1.32 (m, 10H), 1.30–0.84 ppm
(m, 16H); 13C NMR (100 MHz, CDCl3): 175.6, 168.3, 138.9, 138.5, 128.7,
128.5, 128.3, 127.7, 127.5, 126.5, 126.4, 75.4, 72.6, 71.7, 71.1, 69.5, 66.8,
63.0, 61.8, 61.2, 57.9, 57.3, 56.1, 39.2, 31.6, 29.7, 28.5, 27.5, 26.8, 25.6, 25.4,
25.0, 24.8, 19.3, 13.9 ppm; HRMS (ESI): m/z : calcd for C36H51N4O5:
619.3859 [M+H]+ ; found: 619.3858.


trans-4-Hydroxy-l-proline-based mono-N-oxide W11: White solid;
m.p. 62–64 8C; [a]10D =�83.7 (c=0.14 in CH2Cl2);


1H NMR (400 MHz,
CDCl3): d =11.17 (m, 1H), 7.29–7.23 (m, 4H), 7.20–7.15 (m, 1H), 5.03–
5.00 (m, 1H), 4.70–4.68 (m, 1H), 4.02 (dd, J=12.0, 6.4 Hz, 1H), 3.56 (dd,
J=11.6, 6.8 Hz, 1H), 3.41–3.39 (m, 1H), 3.19 (dd, J=11.6, 4.8 Hz, 1H),
2.93–2.90 (m, 1H), 2.78–2.76 (m, 1H), 2.26 (dd, J=13.2 ,6.4 Hz, 1H),
2.16–2.13 (m, 1H), 1.89–1.86 (m, 1H), 1.70–1.63 (m, 2H), 1.51–1.49 (m,
1H), 1.42 (d, J=6.8 Hz, 3H), 1.31–0.86 ppm (m, 5H); 13C NMR
(100 MHz, CDCl3): 167.4, 143.3, 128.5, 127.2, 126.3, 75.8, 73.8, 70.9, 67.0,
48.5, 39.2, 27.5, 27.4, 25.3, 25.1, 25.0, 22.0 ppm; HRMS (ESI): m/z : calcd
for C19H29N2O3: 333.2178 [M+H]+ ; found: 333.2179.


General procedure for the catalytic asymmetric one-pot, three-compo-
nent Strecker reaction : Benzaldehyde (21 mL, 0.2 mmol) and (1,1-diphe-
nyl)methylamine (36 mL, 0.2 mmol) were combined in a dry test tube.
Then 0.2 mL CH2Cl2 was added to the mixture and the reaction solution
was stirred at 25 8C for 2 h. After that, catalyst W8 (10 mol%) and
CH2Cl2 (0.3 mL) were added. The test tube was cooled to �20 8C,
TMSCN (54 mL, 0.4 mmol) was added, and the mixture was stirred for
8 h at �20 8C. The crude material was purified by flash chromatography
on silica gel (Et2O/light petroleum ether 1:60) to afford the product 2a in
81% ee as determined by chiral HPLC analysis (Chiralpak AD-H).
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Introduction


A bolalipid is composed of two hydrophilic headgroups at-
tached to one or two hydrophobic spacers. The basic struc-
ture has its origin in the membrane lipids of certain species
of archaebacteria.[1] The membrane-spanning—and thus
membrane-stabilizing—properties of these bolalipids with
two alkyl chains make these molecules attractive candidates
for use in vesicular drug delivery systems or for the stabilisa-
tion of supported membrane biosensor devices.[2,3] Since
well defined, natural bolaphospholipids are difficult to iso-
late from natural membranes, considerable efforts have
been devoted to the synthesis of novel bipolar lipids.[4,5] Un-
expectedly, the simplification of these model compounds to
bipolar lipids with just one long alkyl chain gave rise to new
aggregate structures, such as nanofibres and nanoparticles of
self-assembled single-chain bolaphospholipids.[6,7]


Recently, we reported the synthesis and temperature-de-
pendent aggregation behaviour of symmetrical single-chain
polymethylene-1,w-bis(phosphocholines) with hydrocarbon
chain lengths of 22 to 32 carbon atoms and two phosphocho-
line headgroups attached at both ends (PC-Cn-PC).[8] These
bolalipids self-assemble at room temperature into long
nanofibres that form a dense network, which gels water very
efficiently. Within the fibres, the molecules are arranged
side by side, but the bulky headgroups induce a twisted ar-
rangement, causing a helical superstructure of the fibres.[9–11]


Above a certain temperature, which depends on the length
of the alkyl chain, the nanofibres reversibly transform into
smaller aggregates such as spherical micelles or discs, and
the gel character of the aqueous solution is lost.


The self-assembly process of polymethylene-1,w-bis(phos-
phocholines) is exclusively driven by hydrophobic interac-
tions of the long alkyl chains, because the phosphocholine
headgroups cannot form intermolecular hydrogen bonds.
The question arose of whether the substitution of methylene
groups by sulfur or oxygen atoms would perturb this aggre-
gation process as a result of increased polarity, together with
the different binding angles and bond lengths relative to a
methylene group in a hydrocarbon chain. We therefore in-
serted oxygen and sulfur at certain positions in the alkyl
chain and investigated the influence of both atoms on the
aggregation behaviour.


We have recently reported on bolaphospholipids with di-
methylammonio headgroups that self-assemble into nanofi-
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bres that display higher thermal stability due to the forma-
tion of intermolecular hydrogen bonds between the head-
groups.[12] In this study we synthesised several bolaphospho-
lipids with further variations in the polar headgroup struc-
tures. We modified the choline headgroups with several
functional groups in order to scrutinise the size effect of the
headgroup on the aggregation behaviour and also to find
out the synthetic limits for the quarternisation reaction. In
addition, the functionalised choline headgroups are suitable
for further chemical modifications such as binding of fluo-
rescence labels or low-molecular-weight proteins.


In this work we present a general synthetic approach to
chain- and headgroup-modified dotriacontane-1,32-bis(phos-
phocholines). The temperature-dependent aggregation prop-
erties of these novel single-chain bolaphospholipids were in-
vestigated by differential scanning calorimetry (DSC), Fou-
ACHTUNGTRENNUNGrier transform infrared spectroscopy (FTIR), transmission
electron microscopy (TEM) and dynamic light scattering
(DLS).


Results and Discussion


Synthetic methods : At first we prepared 1,w-bis(phospho-
cholines) with modified alkyl chains of a total chain length
of 32 atoms for direct comparison with the well investigated
dotriacontane-1,32-diyl-bis[2-(trimethylammonio)ethylphos-
phate] 6a (Scheme 2, below).[9,10] For the synthesis of the
sulfur-containing compound 4a (PC-C32SS-PC), commer-
cially available octane-1,8-dithiol (1a) was deprotonated
with potassium tert-butoxide in tetrahydrofuran (THF) at
room temperature (Scheme 1). Treatment with 2-(11-bro-
moundecyloxy)tetrahydro-2H-pyran and catalytic amounts
of tetrabutylammonium iodide in THF resulted in the for-
mation of compound 2a in high yield (up to 90%). After re-
moval of the THP blocking groups under mild conditions
the 12,21-dithiadotriacontane-1,32-diol (3a) was trans-
formed into the corresponding 12,21-dithiadotriacontane-
1,32-diyl-bis[2-(trimethylammonio)ethylphosphate] (4a) in a
two-step procedure. For the phosphorylation reaction we
used the common b-bromoethylphosphoric acid dichloride
in combination with triethylamine (TEA) as basic additive.
This reagent was more efficient than 2-chloro-1,3,2-dioxo-
phospholane or other phosphites also used by others[13,14] in
bolaphospholipid synthesis. Initial heating at the beginning
of the phosphorylation reaction[8] was not necessary, because
of the higher solubility of the thia-modified diol 3a in
chloroform in relation to the unmodified diol 5. The final re-
action step was quarternisation with a solution of trimethyl-
amine in chloroform/acetonitrile/ethanol (Scheme 1).


The high yield of this thia-modified 1,32-bis(phosphocho-
line) 4a (up to 70%) relative to that obtained with the un-
modified 1,32-bis(phosphocholine) 6a[8] might also be due to
the lack of any need for heating during the phosphorylation
reaction.


The synthesis of the oxygen-containing analogue 4b (PC-
C32OO-PC) started from octane-1,8-diol (1b). However,


the deprotonation of the two hydroxy groups required stron-
ger conditions, so treatment with sodium hydride in THF at
reflux and subsequent alkylation of 1b’ with 2-(11-bromoun-
decyloxy)tetrahydro-2H-pyran and catalytic amounts of tet-
rabutylammonium iodide gave compound 2b only, not unex-
pectedly, in moderate yields. The subsequent steps in reac-
tion were similar to the procedures described above
(Scheme 1), and the 12,21-dioxadotriacontane-1,32-diyl-
bis[2-(trimethylammonio)ethylphosphate] (4b) was obtained
in moderate yield (45%) based on the diol 3b.


Besides the chain modifications, our main attention was
focused on the variation of the headgroup structure. The
synthesis of dotriacontane-1,32-bis(phosphocholines) with
modified headgroups (6a–f) started from dotriacontane-
1,32-diol (5), which was esterified with the b-bromoethyl-
phosphoric acid dichloride used above in combination with
TEA to yield the corresponding bis(b-bromoethyl phospho-
ric acid ester) 5’. The introduction of the quarternary nitro-
gen atom was carried out, in contrast to the preparation of
compounds 4, with various tertiary amines including two
methyl groups and one larger residue (Scheme 2) in order to
find out the synthetic limits for the quarternisation reaction.
The reaction conditions and purification procedures were
similar to those described previously.[8]


For the first quarternisation reactions we used larger, tri-
alkylated amines such as N,N-dimethyl-N-ethylamine (6b),
N-allyl-N,N-dimethylamine (6c) and N,N-dimethyl-N-prop-
2-ynylamine (6d). Since these amines are commercially
available as pure liquids and not as solutions in ethanol, a
mixture of dry chloroform, acetonitrile and ethanol (3:3:1 v/


Scheme 1. Synthesis of 1,w-bis(phosphocholines) with modified alkyl
chains. a) THF, potassium tert-butoxide, room temperature; b) THF,
NaH, reflux, 3 h; c) THF, 2-(11-bromoundecyloxy)tetrahydro-2H-pyran,
tetrabutylammonium iodide, reflux, 10–24 h; d) MeOH, pyridinium p-tol-
uenesulfonate, reflux, 3 h; e) CHCl3, bromoethylphosphoric acid dichlor-
ide, triethylamine, 24 h, room temperature; then THF, H2O, 2 h;
f) CHCl3, CH3CN, EtOH, N ACHTUNGTRENNUNG(CH3)3, 50 8C, 48 h.
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v) was used instead of dry chloroform/acetonitrile[8] as sol-
vent for this reaction. We also worked strictly under argon
because of the sensitivity of the amines. The yields of the
obtained 1,32-bis(phosphocholines) 6b–d (45 to 55%) were
smaller than that of compound 6a.


Furthermore, we also used different heteroatom-substitut-
ed, trialkylated amines such as N,N-dimethylethanolamine,
N,N,N’,N’-tetramethylethylenediamine, N,N,N’,N’-tetra-
ACHTUNGTRENNUNGmethylpropylenediamine and N,N-dimethylethylenediamine.
However, with increasing size of the amine the yields during
the quarternisation reaction became rather low (see
Table 1). Thus, for the quarter-
nisation reaction with
N,N,N’,N’-tetramethylethylene-
diamine we obtained a marginal
yield of 25%, but for the reac-
tion with N,N,N’,N’-tetra-
ACHTUNGTRENNUNGmethyl ACHTUNGTRENNUNGpropylenediamine we
could detect the desired
ACHTUNGTRENNUNGbis(phosphocholine) only by
mass spectrometry, purification
by MPLC not being worthwhile
because of the very marginal
yields.


In addition, quarternisation
reactions with alkyl amines pos-
sessing two different reaction
centres (N,N-dimethylethanol-
ACHTUNGTRENNUNGamine and N,N-dimethylethyl-
ACHTUNGTRENNUNGenediamine) gave varying re-
sults. In the case of N,N-
dimethyl ACHTUNGTRENNUNGethanolamine no O-al-
kylation was observed during
the quarternisation reaction.
However, the use of N,N-
dimethylethylACHTUNGTRENNUNGenediamine led to
a mixture of secondary and
quarternary amines. The separa-
tion and purification of these
single compounds by MPLC
and a gradient technique was


not possible due to the very similar chromatographic proper-
ties of the obtained products.


The functionalised choline headgroups of compounds 6c,
d and e were tested for coupling with different sulfur-con-
taining residues suitable for complexation of gold nanoparti-
cles. Such complexes are of great interest for electronic de-
vices. Depending on the structures of 6c–e, three methods—
photoaddition, click reactions and esterification with appro-
priate sulfur-containing reagents—were tested for an effec-
tive binding reaction.


We first attempted to use the allyl groups in compound
6c for UV-induced addition to diverse alkyl thiols as de-
scribed in the literature[15,16] (Scheme 3, top). In our hands,
however, the reaction failed to produce the corresponding
thioethers 7.


In another attempt the propynyl group in compound 6d
was used in a copper(I)-catalysed click reaction[17–19] with
azidomethyl phenyl sulfide as one example. For this, 6d was
dissolved in a small amount of water/ethanol (2:1 v/v), and
was then treated with the azide and catalytic amounts of a
copper(I) salt to provide compound 8 (PTTPC-C32-PTTPC)
in high yields (up to 75%). The catalyst was prepared in situ
by reduction of copper(II) salts with sodium ascorbate
(Scheme 3, middle). In addition, we found that the use of
20 mol% of copper(II) acetate[19] led to the best yields
during this reaction, relative those obtained with other cop-
per(II) salts such as copper sulfate.


Scheme 2. Synthesis of dotriacontane-1,32-bis(phosphocholines) with
modified headgroups. a) CHCl3, bromoethylphosphoric acid dichloride,
triethylamine, 60 8C; then 24 h at room temperature; then THF, H2O, 2 h;
b) CHCl3, CH3CN, EtOH, (CH3)2NR, 50 8C, 48 h.


Table 1. Yields (based on the diol 5) of dotriacontane-1,32-bis(phosphocholines) 6 with modified headgroups.


Compound Amine compound N ACHTUNGTRENNUNG(CH3)2R with R= Yield [%] [a]


6a (PC-C32-PC) CH3 60[8]


6b (EPC-C32-EPC) CH2CH3 55
6c (APC-C32-APC) CH2CH=CH2 52
6d (PPC-C32-PPC) CH2C�CH 45
6e (HEPC-C32-HEPC) CH2CH2OH 50
6 f (DMAEPC-C32-DMAEPC) CH2CH2N ACHTUNGTRENNUNG(CH3)2 25
6g (DMAPPC-C32-DMAPPC) CH2CH2CH2N ACHTUNGTRENNUNG(CH3)2 not determined[b]


6h (AEPC-C32-AEPC) CH2CH2NH2 not determined[c]


[a] Yield of isolated product. [b] Product was detectable by mass spectrometry but purification failed. [c] Re-
action resulted in mixtures—purification was not possible.


Scheme 3. a) H2O, EtOH, 6d, azidomethyl phenyl sulfide, sodium ascorbate, copper(II) acetate, room temper-
ature, 8–24 h; b) CCl4, (� )-a-lipoic acid, DCC, 30 min, room temperature; then CHCl3, DMSO, 6e, DMAP,
50 8C, 48 h.
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Furthermore, the additional hydroxy group in the choline
region of compound 6e was also suitable for reactions with
a broad spectrum of activated acids, such as lipoic acid.
Compound 6e was therefore converted into the lipid 9
(LAPC-C32-LAPC) by treatment with racemic lipoic acid,
N,N’-dicyclohexylcarbodiimide (DCC) and 4-(dimethylami-
no)pyridine (DMAP) as catalyst (Scheme 3, bottom). This
reaction led to bolaphospholipids with ester-modified head-
groups. The yield in that case was rather moderate, however,
but compound 9 was successfully tested for the fixation of
gold nanoparticles.[11]


By comparison of the yields and reaction procedures of
the functionalisation reactions discussed above we can con-
clude that the click chemistry entry is the method of choice
for coupling of various residues at the headgroup structure
of the bolaphosphocholines.


Temperature-dependent aggregation : The conformational
consequences of substitution of two methylene groups with
oxygen or sulfur at positions C12 and C21 in the PC-C32-PC
chain are presented in the inset of Figure 1. These energy-
optimised structures were calculated with the aid of the


COMPASS force field in the Discover module from Materi-
als Studio (Accelrys, Inc.).


Whereas the oxygen atoms induce only a minor perturba-
tion in the all-trans conformation (C�O 0.142 nm and COC
113.58, relative to C�C 0.153 nm and CCC 113.38), the sub-
stitution with sulfur atoms leads to two pronounced kinks
(C�S 0.181 nm and CSC 96.18) in the chain. In addition, the
introduction of oxygen atoms increases the polarity in the
chain region to a greater extent than the introduction of
sulfur atoms.


The temperature-dependent aggregation behaviour of the
novel bolaphospholipids was investigated by differential
scanning calorimetry (DSC), transmission electron microsco-
py (TEM) and dynamic light scattering (DLS). Figure 1A
shows the DSC curve of PC-C32-PC, with two endothermic
transitions, one at 48 8C, associated with the breakdown of
the nanofibres, and a high-temperature transition at about
73 8C, which occurs inside the stability range of nanoparti-
cles.[8] Figure 1A also shows the DSC curves of the corre-
sponding bolaphospholipids with oxygen- and sulfur-contain-
ing chains (4a, 4b) for comparison. These two components
each exhibit only one endothermic peak at much lower tem-
perature: namely at 10 8C (4b) and 14 8C (4a). We presumed
that this transition was also due to a breakdown of nanofi-
bres and the formation of micelle-like aggregates, and show
later by TEM and DLS that this is indeed the case. We ob-
served a pronounced exothermic peak in the cooling curve
of 4a (data not shown), which indicates a reformation of the
fibres with almost no hysteresis.


Figure 1B presents the CH2-stretching vibrational bands
of 4a below (5 8C) and above (20 8C) the transition tempera-
ture. The wavenumbers of the symmetric and antisymmetric
CH2-stretching vibrations provide a sensitive measure for
the conformational order of the chain. As a result of the in-
terruption of the long chain by S atoms, the continuous CH2


segments are much shorter than in the case of PC-C32-PC.
At 5 8C the symmetric stretching vibrational band shows a
wavenumber of 2850 cm�1, which is characteristic for an
almost all-trans conformation of the alkyl chain. Obviously,
the sulfur-containing chains can achieve a relatively dense
packing arrangement, despite the two pronounced kinks in
the chain separating the all-trans CH2-segments.


At 20 8C the symmetric stretching vibrational band has
shifted to 2853 cm�1, indicating that above the transition
temperature a significant proportion of gauche conformers
is present.


The DSC curve of the oxygen-containing bolaphospholi-
pid 4b shows one small, broad endothermic peak in the
heating curve. Since the disturbance of the all-trans confor-
mation of the chain by the oxygen atoms is smaller than in
the case of the sulfur atoms, their hydrophilic character ob-
viously has a stronger influence on the aggregation behav-
iour. One could assume that water penetrates into the chain
region, disturbing the self-assembly of 4b into nanofibres
and limiting their low-temperature stability.


Chemical modification of the phosphocholine headgroup
with ethyl, allyl, propynyl and 2-(dimethylamino)ethyl moi-


Figure 1. A) DSC curves of aqueous suspensions of polymethylene-1,w-
bis(phosphocholines) with modified alkyl chains. The inset shows the hy-
drophobic chains (without headgroups) of the bolaphospholipids PC-
C32-PC (top), 4b with oxygen atoms in dark grey (middle), and 4a with
sulfur atoms in light grey (bottom). B) FTIR curves of an aqueous sus-
pension of 4a at 5 and 20 8C in the CH2-stretching vibrational region.
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eties caused significantly lower transition temperatures than
in the case of PC-C32-PC (48 8C), which shows the strong in-
fluence of the headgroup size on the aggregation behaviour
(see Figure 2A). These bolaphospholipids are exclusively
stabilised by hydrophobic interactions of the alkyl chains,
and with increasing headgroup diameter from ethyl to 2-(di-
methylamino)ethyl moieties the transition temperatures are
shifted down to 47 and 42.5 8C, respectively. In contrast, the
transition temperature is shifted upwards (51.5 8C) for com-
pound 6e with 2-hydroxyethyl-modified headgroups. The
stabilizing effect of these headgroups on the fibres could be
due to the possibility of forming intermolecular hydrogen
bonds between the headgroups.


Figure 2B shows the DSC curves of pure PTTPC-C32-
PTTPC (8) and of a mixture with PC-C32-PC (6a). The
strong shift in the transition temperature to lower values for
the pure compound is due to the increased size of the head-
group. In contrast, the 8/6a mixture with a low amount of 8
exhibits a higher transition temperature than pure 6a, indi-
cating a stabilizing effect of 8 on the nanofibres of 6a.


The lipoic acid-modified bolalipid 9 could only be investi-
gated in a mixture with PC-C32-PC in a 1:10 ratio because


of the insolubility of this compound in water. For this mix-
ture the breakdown of the nanofibres occurred at a higher
temperature than with 6a, indicating a stabilizing effect of 9.


In the next step, TEM and DLS were used to characterise
the shapes of the formed aggregates. The TEM image of
stained (uranyl acetate) suspensions of the sulfur-modified
bolaphospholipid 4a shows nanofibres with non-uniform di-
ameters from 4 up to 10 nm when the sample was prepared
below the transition temperature of 14 8C (see Figure 3A).
The TEM image reflects the problems encountered by this
compound in achieving dense packing of the sulfur-contain-


Figure 2. DSC curves of aqueous suspensions of: A) dotriacontane-1,32-
bis(phosphocholines) with modified headgroups (6a–f) and B) bis(phos-
phocholines) 8, 9 and mixtures of both lipids with PC-C32-PC (6a).


Figure 3. TEM images of aqueous stained (uranyl acetate) suspensions
(1 mgmL�1) of: A) PC-C32SS-PC (4a); B) PC-C32OO-PC (4b);
C) EPC-C32-EPC (6b); D) APC-C32-APC (6c); E) PPC-C32-PPC (6d);
F) HEPC-C32-HEPC (6e); G) DMAEPC-C32-DMAEPC (6 f);
H) PTTPC-C32-PTTPC (8); I) PTTPC-C32-PTTPC/PC-C32-PC (8/6a)
(1:10); K LAPC-C32-LAPC/PC-C32-PC (9/6a) (1:10). Samples were pre-
pared at 20 8C, except for A) at 5 8C, and B), H) and I) at 2 8C. The bar
corresponds to 50 nm.
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ing chains. As a consequence, the diameter of the nanofibres
can exceed the molecular length of about 5 nm. This would
mean that the headgroups are not in register any more.


The oxygen-modified bolaphospholipid 4b shows the for-
mation of short nanofibres of uniform diameter, indicating a
uniform packing of the chains at 2 8C (see Figure 3B).


For the bolaphospholipids 6b–f and 8, the formation of
long and flexible nanofibres was observed (see Figure 3C–
H). The bolaphospholipid mixtures 8/6a and 9/6a also show
long and flexible nanofibres, indicating that PC-C32-PC is
able to accommodate the larger headgroups of 8 and 9 (see
Figure 3I and K).


Above its first (or only) transition temperature, each in-
vestigated bolaphospholipid shows a nanofibre to micelle
transformation. The diameters of the formed spherical mi-
celles were determined by DLS. An example of an intensity
correlation function and the number-weighted size distribu-
tion of the formed aggregates is given in Figure 4 for com-
pound 6d.


The radii of the micellar-like aggregates of the bolaphos-
pholipids are summarised in Table 2.


Conclusion


In this work we have presented a general synthetic approach
to novel single-chain dotriacontane-1,32-bis(phosphocho-
lines) with modified chain and headgroup structures.
Oxygen and sulfur atoms were inserted at certain positions
in the alkyl chain with the aid of bis-alkylation reactions of
octane-1,8-diol or octane-1,8-dithiol with THP-protected 11-
bromoundecanol. The oxygen- and sulfur-containing bolali-
pids self-assembled into nanofibres that are less stable than
the unmodified bolalipid as a result of changes in the chain
conformation and the decreased hydrophobic character of
the chain.


The enlargement of the headgroup structures through the
use of various tertiary amines for the quarternisation reac-
tion was accompanied by some problems relating to the
chemical yields. In two cases the corresponding product was
not obtained in substantial amounts, due to the size or varia-
bility in the reaction centres of the amines used in the quar-
ternisation reaction. In all other cases we were able to iso-
late the corresponding bolalipids in good yields. The
physico ACHTUNGTRENNUNGchemical characterisation of these compounds
showed either stabilizing or destabilizing effects of the
modified headgroups on the nanofibre structure, depending
on the size and the chemical composition of the attached
moieties. In all cases micellar-like aggregates were observed
at temperatures above the first endothermic transition.


The functionalised headgroup structures were successfully
used for further chemical modifications. In particular, the
functionalisation of the headgroup by click chemistry tech-
niques offers new possibilities for the use of nanofibres as
templates for the fixation of biological macromolecules or
metal or semiconductor nanoparticles.


Experimental Section


General : The purities of all compounds were checked by thin layer chro-
matography (TLC, Merck) with common eluents. The purification of the
final bolaamphiphiles was carried out by middle pressure liquid chroma-
tography (MPLC, BBchi) on silica gel (Merck, 0.032–0.060 mm). Melting
points were determined with a Boetius apparatus and are uncorrected.
Nuclear magnetic resonance (NMR) spectra were performed on a Varian
Inova 500 or a Varian Gemini 2000 NMR spectrometer with use of
CDCl3 or CD3OD as internal standard. Mass spectrometric data were ob-
tained with a Finnigan model MAT SSQ 710 C mass spectrometer (ESI-
MS) or were recorded on an AMD 402 (70 eV) spectrometer. Elemental
analyses were recorded on a Leco CHNS-932 instrument. All solvents
were used purified and dried. Commercially available reagents were sup-
plied by Aldrich, Co. and were used without further purification. b-Bro-
moethylphosphoric acid dichloride, 2-(11-bromoundecyloxy)tetrahydro-
2H-pyran and dotriacontane-1,32-diol were prepared according to the
ACHTUNGTRENNUNGliterature.[8]


Synthesis of THP-blocked 1,32-diols with modified alkyl chains


2,2’-[(12,21-Dithiadotriacontane-1,32-diyl)oxy]bis(tetrahydro-2H-pyran)
(2a): Octane-1,8-dithiol (1a, 0.5 g, 2.8 mmol) diluted with dry THF
(25 mL) was placed in a round-bottomed flask under argon. Potassium
tert-butoxide (0.63 g, 5.6 mmol) was added, and the mixture was stirred
for 30 min at room temperature. A solution of 2-(11-bromoundecyl-
ACHTUNGTRENNUNGoxy)tetrahydro-2H-pyran (1.88 g, 5.6 mmol) in dry THF (25 mL) was


Figure 4. Intensity correlation function of an aqueous suspension
(1 mgmL�1) of PPC-C32-PPC (6d) at 25 8C. The inset shows the number-
weighted size distribution.


Table 2. Radii of micelles, determined by DLS, of aqueous suspensions
(1 mgmL�1) of bolaphospholipids above the transition temperature.


Compound T [8C] r [nm]


4a (PC-C32SS-PC) 25 3.3�0.2
4b (PC-C32OO-PC) 25 3.3�0.9
6b (EPC-C32-EPC) 55 1.7�0.7
6c (APC-C32-APC) 45 2.2�0.3
6d (PPC-C32-PPC) 45 2.5�0.2
6d (PPC-C32-PPC) 55 2.1�0.3
6e (HEPC-C32-HEPC) 55 2.5�0.1
6 f (DMAEPC-C32-DMAEPC) 55 2.2�0.5
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added dropwise, and the mixture was heated under reflux for 10 h. For
the workup, diethyl ether (100 mL) was added, and the resulting mixture
was poured into a cold, saturated solution of sodium chloride (100 mL).
The organic layer was separated, and the aqueous phase was extracted
with diethyl ether (2M50 mL). The combined extracts were dried over
sodium sulfate and concentrated to dryness under reduced pressure. The
crude product was purified by MPLC by the gradient technique and with
heptane/diethyl ether to give the title compound as a white solid (1.73 g,
90%). 1H NMR (500 MHz, CDCl3, 27 8C): d=1.25–1.35 (m, 36H; 2M-
(CH2)7 ACHTUNGTRENNUNG(CH2)2S ACHTUNGTRENNUNG(CH2)2 ACHTUNGTRENNUNG(CH2)2-), 1.48–1.59, 1.66–1.73, 1.77–1.85 (3Mm,
24H; 2M-CH ACHTUNGTRENNUNG(CH2)3CH2- and 2M-OCH2CH2 ACHTUNGTRENNUNG(CH2)7CH2CH2SCH2CH2-
ACHTUNGTRENNUNG(CH2)2-), 2.46–2.50 (t, 8H; 2M-CH2SCH2-), 3.33–3.39, 3.68–3.74 (2Mdt,
4H; 2M-OCH2 ACHTUNGTRENNUNG(CH2)10S-), 3.45–3.51, 3.83–3.88 (2Mm, 4H; 2M-
CH2OCHO ACHTUNGTRENNUNG(CH2)11S-), 4.55–4.56 ppm (m, 2H; -CH-); ESI-MS: m/z :
709.8 [M+Na]+ ; elemental analysis calcd (%) for C40H78O4S2 (687.14): C
69.91, H 11.44, S 9.33; found: C 69.90, H 11.20, S 9.58.


2,2’-[(12,21-Dioxadotriacontane-1,32-diyl)oxy]bis(tetrahydro-2H-pyran)
(2b): Sodium hydride (0.84 g, 21 mmol) suspended in dry THF (15 mL)
was placed in a round-bottomed flask under argon. A solution of octane-
1,8-diol (1b, 1.5 g, 10.3 mmol) in dry THF (25 mL) was added slowly, and
the mixture was stirred for 3 h under reflux. After the mixture had
cooled down to room temperature, a solution of 2-(11-bromoundecyl-
ACHTUNGTRENNUNGoxy)tetrahydro-2H-pyran (6.7 g, 20 mmol) in dry THF (10 mL), together
with catalytic amounts of tetrabutylammonium iodide, were added, and
the mixture was headed under reflux for at least 24 h. For the workup, di-
ethyl ether (100 mL) was added, and the resulting mixture was poured
into a cold, saturated solution of sodium chloride (50 mL). The organic
layer was separated, and the aqueous phase was extracted with diethyl
ether (2M50 mL). The combined extracts were dried over sodium sulfate
and concentrated to dryness under reduced pressure. The crude product
was purified by MPLC by the gradient technique and with heptane/ether
as eluent to give 2b as a white solid (0.67 g, 10%). ESI-MS: m/z : 672.4
[M+NH3]


+ ; elemental analysis calcd (%) for C40H78O6 (655.04): C 73.35,
H 12.00; found: C 73.31, H 11.84.


Unmasking of hydroxy groups : A solution of a bis(tetrahydropyranyl)
ether 2 (2 mmol) in dry methanol (100 mL) was heated under reflux for
3 h in the presence of catalytic amounts of pyridinium toluene-p-sulfo-
nate. The hot suspension was filtered off, and the white residue was re-
crystallised from heptane to provide a pure diol 3 as white crystals.


12,21-Dithiadotriacontane-1,32-diol (3a): Yield: 0.93 g (90%); m.p. 94–
95 8C; 1H NMR (400 MHz, CDCl3, 27 8C): d=1.26–1.37 (m, 36H; 2MHO-
ACHTUNGTRENNUNG(CH2)2 ACHTUNGTRENNUNG(CH2)7 ACHTUNGTRENNUNG(CH2)2S ACHTUNGTRENNUNG(CH2)2 ACHTUNGTRENNUNG(CH2)2-), 1.52–1.59 (m, 12H; 2MHOCH2CH2-
ACHTUNGTRENNUNG(CH2)7CH2CH2SCH2CH2 ACHTUNGTRENNUNG(CH2)2-), 2.46–2.50 (t, 8H; 2M-CH2SCH2-),
3.60–3.64 ppm (t, 4H; 2MHOCH2-);


13C NMR (100 MHz, CDCl3, 27 8C):
d=25.85 (2MHOACHTUNGTRENNUNG(CH2)2CH2 ACHTUNGTRENNUNG(CH2)8S-), 28.97, 29.04, 29.23, 29.34, 29.50,
29.60, 29.82, 29.86 (2MHO ACHTUNGTRENNUNG(CH2)3 ACHTUNGTRENNUNG(CH2)7CH2SCH2 ACHTUNGTRENNUNG(CH2)3-), 32.33, 32.35
(2M-CH2SCH2-), 32.93 (2MHOCH2CH2 ACHTUNGTRENNUNG(CH2)9S-), 63.12 ppm (2M
HOCH2-); MS (70 eV): m/z (%): 518 (10) [M]+ , 347 (16) [M�C11H23O]+ ,
315 (100) [M�C11H23OS]+ , 144 (80) [M�C22H46O2S]


+ ; elemental analysis
calcd (%) for C30H62O2S2 (518.91): C 69.43, H 12.04, S 12.36; found: C
69.29, H 11.91, S 12.42.


12,21-Dioxadotriacontane-1,32-diol (3b): Yield: 0.29 g (60%); 1H NMR
(400 MHz, CDCl3, 27 8C): d=1.26–1.35 (m, 36H; 2MHO ACHTUNGTRENNUNG(CH2)2 ACHTUNGTRENNUNG(CH2)7-
ACHTUNGTRENNUNG(CH2)2O ACHTUNGTRENNUNG(CH2)2 ACHTUNGTRENNUNG(CH2)2-), 1.51–1.58 (m, 12H; 2MHOCH2CH2-
ACHTUNGTRENNUNG(CH2)7CH2CH2OCH2CH2 ACHTUNGTRENNUNG(CH2)2-), 3.35–3.38 (t, 8H; 2M-CH2OCH2-),
3.60–3.63 ppm (t, 4H; 2MHOCH2-); MS (70 eV): m/z (%): 487 (3) [M]+ ,
315 (40) [M�C11H23O]+ , 297 (76) [M�C11H25O2]


+ , 187 (42)
[M�C19H39O2]


+ ; ESI-MS: m/z : 488.2 [M+H]+ , 509.6 [M+Na]+ ; elemen-
tal analysis calcd (%) for C30H62O4 (486.81): C 74.02, H 12.84; found: C
73.91, H 12.69.


Phosphorylation and quarternisation : b-Bromoethylphosphoric acid di-
chloride (1.93 g, 8 mmol) was poured into dry chloroform (20 mL) with
cooling (ice/water). A mixture of dry triethylamine (1.42 g, 14 mmol) and
dry chloroform (20 mL) was added slowly with stirring, which was contin-
ued for 30 min at 0 8C. A diol 3 (1 mmol) was added as a solid in one por-
tion. The suspension was allowed to come to room temperature, and stir-
ring was continued at this temperature for a further 24–48 h. After TLC
(chloroform/ether 8:2) showed complete conversion of diol 3, crushed ice


(40 mL) was added to the solution, and the mixture was stirred for a fur-
ther 2 h. The organic layer was separated, and the aqueous phase was di-
luted with cold saturated sodium chloride (50 mL) and then extracted
twice with chloroform (50 mL). The combined organic phases were con-
centrated under reduced pressure, and the oily residue was dissolved in
THF/water (9:1, 30 mL). After 1 h the solvent was evaporated, and the
oily residue was transferred into a mixture of dry chloroform (25 mL),
dry acetonitrile (25 mL) and an ethanolic solution of trimethylamine
(10 mL, 4.2m). The mixture was kept in a closed tube at 50 8C for 48 h.
Afterwards the mixture was concentrated by evaporation of the solvent,
and the residue was purified by MPLC by the gradient technique and
with chloroform/methanol/water as eluent to give a bis(phosphocholine)
4, which was dried in vacuo over phosphorus pentoxide at room tempera-
ture for two days.


12,21-Dithiadotriacontane-1,32-diyl-bis[2-(trimethylammonio)ethylphos-
phate] (4a): Yield: 0.59 g (70%); 1H NMR (400 MHz, CDCl3/CD3OD,
27 8C): d=1.20–1.32 (m, 36H; 2M -(CH2)7 ACHTUNGTRENNUNG(CH2)2S ACHTUNGTRENNUNG(CH2)2ACHTUNGTRENNUNG(CH2)2-), 1.48–
1.57 (m, 12H; 2M-OCH2CH2 ACHTUNGTRENNUNG(CH2)7CH2CH2SCH2CH2 ACHTUNGTRENNUNG(CH2)2-), 2.42–2.46
(t, 8H; 2M-CH2SCH2-), 3.19 (s, 18H; 6M-CH3), 3.59–3.60 (m, 4H; 2M
NCH2CH2O-), 3.77–3.82 (q, 4H; 2M-OCH2ACHTUNGTRENNUNG(CH2)10S-), 4.16–4.22 ppm (m,
4H; 2MNCH2CH2O-); 13C NMR (100 MHz, CDCl3/CD3OD, 27 8C): d=


25.84 (2M-O ACHTUNGTRENNUNG(CH2)2CH2ACHTUNGTRENNUNG(CH2)8S-), 28.74, 28.93, 29.00, 29.24, 29.40, 29.51,
29.54, 29.60, 29.66, 29.76 (2M-O ACHTUNGTRENNUNG(CH2)3 ACHTUNGTRENNUNG(CH2)7CH2SCH2 ACHTUNGTRENNUNG(CH2)3-), 30.86,
30.93 (2M-OCH2CH2 ACHTUNGTRENNUNG(CH2)9S-), 32.16, 32.20 (2M-CH2SCH2-), 54.36–54.42
(6M-CH3), 58.90, 58.95 (2MNCH2CH2O-), 65.72, 65.78 (2M-OCH2-
ACHTUNGTRENNUNG(CH2)10S-), 66.49 ppm (2MNCH2CH2O-); ESI-MS: m/z : 849.4 [M+H]+ ,
871.4 [M+Na]+ ; elemental analysis calcd (%) for C40H86N2O8P2S2·2H2O:
C 54.27, H 10.25, N 3.16, S 7.24; found: C 54.22, H 10.41, N 3.13, S 7.17.


12,21-Dioxadotriacontane-1,32-diyl-bis[2-(trimethylammonio)ethylphos-
phate] (4b): Yield: 0.37 g (45%); 1H NMR (400 MHz, CDCl3/CD3OD,
27 8C): d=1.09–1.14 (m, 36H; 2M-(CH2)7 ACHTUNGTRENNUNG(CH2)2O ACHTUNGTRENNUNG(CH2)2 ACHTUNGTRENNUNG(CH2)2-), 1.35–
1.47 (m, 12H; 2M -OCH2CH2 ACHTUNGTRENNUNG(CH2)7CH2CH2OCH2CH2ACHTUNGTRENNUNG(CH2)2-), 3.08 (s,
18H; 6M-CH3), 3.21–3.24 (t, 8H; 2M-CH2OCH2-), 3.42–3.44 (m, 4H; 2M
NCH2CH2O-), 3.64–3.69 (q, 4H; 2M-OCH2ACHTUNGTRENNUNG(CH2)10O-) 3.99–4.09 ppm (m,
4H; 2MNCH2CH2O-); 13C NMR (100 MHz, CDCl3/CD3OD, 27 8C): d=


25.65, 25.88, 26.01 (6M-O ACHTUNGTRENNUNG(CH2)2CH2-), 29.18, 29.29, 29.35, 29.45, 29.48,
29.53 (2M -OACHTUNGTRENNUNG(CH2)3ACHTUNGTRENNUNG(CH2)5CH2CH2CH2OCH2CH2CH2CH2-), 30.64, 30.70
(2M-OCH2CH2ACHTUNGTRENNUNG(CH2)9O-), 54.10–54.16 (6M-CH3), 58.86, 58.89 (2M
NCH2CH2O-), 65.81, 65.86 (2M-OCH2ACHTUNGTRENNUNG(CH2)10O-), 66.33 (2MNCH2CH2O-
), 70.75, 70.79 ppm (2M-CH2OCH2-); ESI-MS: m/z : 817.7 [M+H]+ , 839.6
[M+Na]+ ; elemental analysis calcd (%) for C40H86N2O10P2·2H2O: C
56.31, H 10.64, N 3.28; found: C 56.12, H 10.86, N 3.21.


General synthesis of headgroup-modified dotriacontane-1,32-bis(phos-
phocholines): b-Bromoethylphosphoric acid dichloride (1.93 g, 8 mmol)
was poured into dry chloroform (20 mL) with cooling (ice/water). A mix-
ture of dry triethylamine (1.42 g, 14 mmol) and dry chloroform (20 mL)
was added slowly with stirring, which was continued at 0 8C for 30 min. A
diol 5 (0.48 g, 1 mmol) was added as a solid in one portion. The suspen-
sion was heated to 60 8C until the diol was dissolved, then rapidly cooled
to room temperature. Stirring at this temperature was continued for a
further 24–48 h. After TLC (chloroform/ether 8:2) showed complete con-
version of diol 6, crushed ice (40 mL) was added, and the mixture was
stirred for a further 2 h. The organic layer was separated, and the aque-
ous phase was diluted with cold saturated sodium chloride solution
(50 mL) and then extracted twice with chloroform (50 mL). The com-
bined organic phases were concentrated under reduced pressure, and the
oily residue was dissolved in THF/water (9:1, 30 mL). After 1 h the sol-
vent was evaporated, and the oily residue was transferred under argon
into a mixture of dry chloroform (30 mL), dry acetonitrile (30 mL) and
dry ethanol (10 mL). The pure amine (20 mmol) was added slowly, and
the mixture was kept in a closed tube at 50 8C for 48 h. Afterwards the
mixture was concentrated by evaporation of the solvent, and the residue
was purified by MPLC by the gradient technique and with chloroform/
methanol/water as eluent to give the bis(phosphocholine) 6, which was
dried in vacuo over phosphorus pentoxide at room temperature for two
days.


Dotriacontane-1,32-diyl-bis[2-(N,N-dimethyl-N-ethylammonio]ethylphos-
phate] (6b): Yield: 0.46 g (55%); 1H NMR (400 MHz, CDCl3/CD3OD,


www.chemeurj.org C 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 6796 – 68046802


B. Dobner et al.



www.chemeurj.org





27 8C): d =1.24–1.38 (m, 62H; 2M-CH2CH3, -(CH2)2ACHTUNGTRENNUNG(CH2)28ACHTUNGTRENNUNG(CH2)2-),
1.57–1.63 (m, 4H; -CH2CH2 ACHTUNGTRENNUNG(CH2)28CH2CH2-), 3.19 (s, 12H; 4M-CH3),
3.45–3.49 (q, 4H; 2M-CH2CH3), 3.52–3.54 (m, 4H; 2MNCH2CH2O-),
3.82–3.86 (q, 4H; -OCH2 ACHTUNGTRENNUNG(CH2)30CH2O-), 4.17–4.21 ppm (m, 4H; 2M
NCH2CH2O-); ESI-MS: m/z : 841.8 [M+H]+ , 863.6 [M+Na]+ ; elemental
analysis calcd (%) for C44H94N2O8P2·4H2O: C 57.79, H 11.26, N 3.07;
found: C 57.87, H 11.13, N 2.87.


Dotriacontane-1,32-diyl-bis[2-(N-allyl-N,N-dimethylammonio)ethylphos-
phate] (6c): Yield: 0.45 g (52%); 1H NMR (400 MHz, CDCl3/CD3OD,
27 8C): d=1.17–1.31 (m, 56H; -(CH2)2 ACHTUNGTRENNUNG(CH2)28 ACHTUNGTRENNUNG(CH2)2-), 1.53–1.60 (m, 4H;
-CH2CH2 ACHTUNGTRENNUNG(CH2)28CH2CH2-), 3.14 (s, 12H; 4M-CH3), 3.61–3.63 (m, 4H; 2M
NCH2CH2O-), 3.79–3.84 (q, 4H; -OCH2ACHTUNGTRENNUNG(CH2)30CH2O-), 4.03–4.05 (d,
4H; 2MH2C=CHCH2N), 4.21–4.27 (m, 4H; 2MNCH2CH2O-), 5.69–5.73
(dd, 4H; 2MH2C=CHCH2N), 5.89–6.00 ppm (m, 2H; 2MH2C=CHCH2N);
13C NMR (100 MHz, CDCl3/CD3OD, 27 8C): d=25.59 (2M-O ACHTUNGTRENNUNG(CH2)2CH2-
ACHTUNGTRENNUNG(CH2)13-), 29.19 (2M-O ACHTUNGTRENNUNG(CH2)15CH2-), 29.47 (2M-O ACHTUNGTRENNUNG(CH2)3 ACHTUNGTRENNUNG(CH2)12CH2-),
30.55, 30.62 (2M-OCH2CH2 ACHTUNGTRENNUNG(CH2)14-), 50.67–50.75 (4M-CH3), 58.26, 58.31
(2MNCH2CH2O-), 64.03 (2MH2C=CHCH2N), 65.64, 65.69 (2M -OCH2-
ACHTUNGTRENNUNG(CH2)15-), 67.75–67.79 (2MNCH2CH2O-), 123.82 (H2C=CH-),
129.46 ppm (H2C=CH-); ESI-MS: m/z : 866.6 [M+H]+ , 887.8 [M+Na]+ ;
elemental analysis calcd (%) for C46H94N2O8P2·4H2O: C 58.95, H 10.97,
N 2.99; found: C 59.39, H 10.97, N 2.66.


Dotriacontane-1,32-diyl-bis[2-(N,N-dimethyl-N-propynylammonio)ethyl-
phosphate] (6d): Yield: 0.39 g (45%); 1H NMR (400 MHz, CDCl3/
CD3OD, 27 8C): d=1.11–1.21 (m, 56H; -(CH2)2 ACHTUNGTRENNUNG(CH2)28 ACHTUNGTRENNUNG(CH2)2-), 1.43–1.50
(m, 4H; -CH2CH2ACHTUNGTRENNUNG(CH2)28CH2CH2-), 2.91–2.92 (t, 2H; 2MHC=CCH2N),
3.11 (s, 12H; 4M -CH3), 3.51–3.53 (m, 4H; 2MNCH2CH2O-), 3.68–3.73 (q,
4H; -OCH2 ACHTUNGTRENNUNG(CH2)30CH2O-), 4.06–4.10 (m, 4H; 2MNCH2CH2O-), 4.22–
4.23 ppm (d, 2H; 2MHC=CCH2N); 13C NMR (100 MHz, CDCl3/CD3OD,
27 8C): d=25.80 (2M -OACHTUNGTRENNUNG(CH2)2CH2 ACHTUNGTRENNUNG(CH2)13-), 29.01 (2M -O ACHTUNGTRENNUNG(CH2)15CH2-),
29.45–29.63 (2M-O ACHTUNGTRENNUNG(CH2)3 ACHTUNGTRENNUNG(CH2)12CH2-), 30.77, 30.84 (2M-OCH2CH2-
ACHTUNGTRENNUNG(CH2)14-), 51.49 (4M-CH3), 55.36 (2MHC=CCH2N), 58.72, 58.76 (2M
NCH2CH2O-), 64.35, 64.42 (2M -OCH2 ACHTUNGTRENNUNG(CH2)15-), 65.93 (2MNCH2CH2O-),
71.33 (HC=C-), 81.20 ppm (HC=C-); ESI-MS: m/z : 861.5 [M+H]+ , 883.5
[M+Na]+ ; elemental analysis calcd (%) for C46H90N2O8P2·4H2O: C
59.20, H 10.59, N 3.00; found: C 59.43, H 10.44, N 2.97.


Dotriacontane-1,32-diyl-bis{2-[N,N-dimethyl-N-(2-hydroxyethyl)ammo-
nio]ethylphosphate} (6e): Yield: 0.44 g (50%); 1H NMR (400 MHz,
CDCl3/CD3OD, 27 8C): d=0.93–1.05 (m, 56H; -(CH2)2ACHTUNGTRENNUNG(CH2)28ACHTUNGTRENNUNG(CH2)2-),
1.26–1.33 (m, 4H; -CH2CH2 ACHTUNGTRENNUNG(CH2)28CH2CH2-), 2.91 (s, 12H; 4M-CH3),
3.21–3.24 (m, 4H; 2MNCH2CH2OP-), 3.34–3.36 (m, 4H; 2M
HOCH2CH2N), 3.50–3.55 (q, 4H; -OCH2ACHTUNGTRENNUNG(CH2)30CH2O-), 3.64–3.67 (m,
4H; 2MNCH2CH2OP-), 3.86–3.93 (m, 4H; 2MHOCH2CH2N); ESI-MS:
m/z : 873.8 [M+H]+ , 896.0 [M+Na]+; elemental analysis calcd (%) for
C44H94N2O10P2·2H2O: C 58.12, H 10.87, N 3.08; found: C 58.03, H 10.95,
N 3.01.


Dotriacontane-1,32-diyl-bis{2-[N,N-dimethyl-N-(2-dimethylaminoethy-
l)ammonio]ethylphosphate} (6 f): Yield: 0.23 g (25%); 1H NMR
(400 MHz, CDCl3/CD3OD, 27 8C): d =1.06–1.17 (m, 56H; -(CH2)2-
ACHTUNGTRENNUNG(CH2)28 ACHTUNGTRENNUNG(CH2)2-), 1.38–1.46 (m, 4H; -CH2CH2 ACHTUNGTRENNUNG(CH2)28CH2CH2-), 2.10 (s,
12H; 2MN ACHTUNGTRENNUNG(CH2)2N ACHTUNGTRENNUNG(CH3)2), 2.54–2.57 (m, 4H; 2MNCH2CH2N ACHTUNGTRENNUNG(CH3)2),
3.03 (s, 12H; 2M-(CH2)2N ACHTUNGTRENNUNG(CH3)2 ACHTUNGTRENNUNG(CH2)2-), 3.29–3.32 (t, 4H; 2M
NCH2CH2N ACHTUNGTRENNUNG(CH3)2), 3.42–3.45 (m, 4H; 2MNCH2CH2O-), 3.63–3.68 (q,
4H; -OCH2 ACHTUNGTRENNUNG(CH2)30CH2O-), 4.00–4.04 (m, 4H; 2MNCH2CH2O-); ESI-
MS: m/z : 927.9 [M+H]+ , 949.9 [M+Na]+; elemental analysis calcd (%)
for C48H104N4O8P2·4H2O: C 57.69, H 11.30, N 5.61; found: C, 57.95; H,
11.35; N, 5.42.


Further modifications of bis(phosphocholines)


Dotriacontane-1,32-diyl-bis[2-(N,N-dimethyl-N-{[1-(phenylthiomethyl)-
1,2,3-triazol-4-yl]methyl}ammonio)ethylphosphate] (8): Propynylcholine
(6d, 17.2 mg, 20 mmol) and azidomethyl phenyl sulfide (6.6 mg, 40 mmol)
were suspended in a mixture of water and ethanol (2:1, 7.5 mL). Sodium
ascorbate (8 mmol, 0.4 mL of freshly prepared 20 mm solution in water)
was added, followed by copper(II) acetate monohydrate (4 mmol, 0.4 mL
of 10 mm solution in water). The heterogeneous mixture was stirred vigo-
rously for 8–24 h at room temperature. After TLC (chloroform/metha-
nol/ammonia 5:5:1) showed complete conversion of 6d, the mixture was
concentrated by evaporation of the solvent, and the residue was purified


by MPLC by the gradient technique and with chloroform/methanol/water
as eluent to give 8 as a white powder (17.9 mg, 75%). 1H NMR
(400 MHz, CDCl3, 27 8C): d=1.21–1.31 (m, 56H; -(CH2)2ACHTUNGTRENNUNG(CH2)28ACHTUNGTRENNUNG(CH2)2-),
1.51–1.59 (m, 4H; -CH2CH2 ACHTUNGTRENNUNG(CH2)28CH2CH2-), 3.16 (s, 12H; 4M-CH3),
3.54–3.56 (m, 4H; 2MNCH2CH2O-), 3.81–3.86 (q, 4H; -OCH2-
ACHTUNGTRENNUNG(CH2)30CH2O-), 4.25–4.29 (m, 4H; 2MNCH2CH2O-), 4.76 (s, 4H; 2M
CCH2N), 5.70 (s, 4H; 2MSCH2N), 7.26–7.35 (m, 10H; 2MC6H5),
8.51 ppm (s, 2H; 2MCH); ESI-MS: m/z : 1192.2 [M+H]+ , 1214.8
[M+Na]+ ; elemental analysis calcd (%) for C60H104N8O8P2S2·4H2O: C
57.03, H 8.93, N 8.87, S 5.07; found: C 57.33, H 9.05, N 8.62, S 4.81.


Dotriacontane-1,32-diyl-bis{2-[N,N-dimethyl-N-(2-{[5-(1,2-dithiolan-3-yl)-
1-oxopentyl]oxy}ethyl)ammonio]ethylphosphate} (9): (� )-a-Lipoic acid
(0.24 g, 1.2 mmol) and DCC (0.12 g, 0.6 mmol), dissolved in dry tetra-
chloromethane (10 mL), were placed in a round-bottomed flask. The
mixture was stirred for 30 minutes at room temperature. The precipita-
tion was filtered off, and the solution was concentrated under reduced
pressure. DMAP (0.12 g, 0.6 mmol), dissolved in dry chloroform (10 mL),
DMSO (5 mL) and compound 6e (50 mg, 57 mmol) were then added, and
the mixture was kept in a closed tube at 50 8C for 48 h. The crude prod-
uct was purified by MPLC by the gradient technique and with chloro-
form/methanol/water as eluent to give 9 as a white solid. Yield: 10.7 mg
(15%); ESI-MS: m/z : 1249.5 [M+H]+ , 1271.5 [M+Na]+.


Sample preparation : Homogenous dispersions of the bolalipids in water
were achieved by heating the aqueous mixture to 80 8C and vortexing.


DSC : DSC measurements were performed with a MicroCal VP-DSC dif-
ferential scanning calorimeter (MicroCal, Inc., Northampton, MA,
USA). Before the measurements, the sample solution (1 mgmL�1) and
the water reference were degassed under vacuum while stirring. A heat-
ing rate of 20 Kh�1 was used, and the measurements were performed in
the temperature interval from 2 to 95 8C. To check the reproducibility,
three consecutive scans of each sample were recorded. The reference
thermogram (water/water baseline) was subtracted from the thermo-
grams of the samples, and the DSC scans were evaluated with the Micro-
Cal ORIGIN 7.0 program.


FTIR spectroscopy : Infrared spectra were measured on a Bruker
Vector 22 Fourier transform spectrometer with a DTGS detector operat-
ing at 2 cm�1 resolution. The sample, with a concentration of 50 mgmL�1,
was placed between two BaF2 windows, separated by a 56 mm spacer, for
measurements in D2O. IR spectra were measured at 5 and 20 8C. After
an equilibration time of 8 min, 32 scans were recorded and accumulated.
The corresponding spectra of the solvent were subtracted from the ob-
tained sample spectra with the aid of the OPUS software supplied by
Bruker.


TEM : The negatively stained samples were prepared by spreading the
bolalipid dispersion (5 mL) onto a Cu grid coated with a formvar film.
After 1 min of adsorption time, excess liquid was blotted off with filter
paper, and aqueous uranyl acetate (1%, 5 mL) was placed on the grid
and drained off after 1 min. The dried specimens were examined with a
Zeiss EM 900 transmission electron microscope.


DLS : The DLS experiments were performed with an ALV-NIBS-HPPS
particle sizer (ALV-Laser Vertriebsgesellschaft, mbH, Langen, Germa-
ny). The device was equipped with a 3 mW HeNe laser with a wave-
length of 632.8 nm. Because of the principle of noninvasive back scatter-
ing the scattering angle was 1738. All samples (1 mgmL�1) were freshly
prepared and then filtered through a membrane filter of 0.2 mm pore size
(at 80 8C) into quartz cuvettes (HELLMAGmbH & Co. KG, Muellheim,
Germany). Three individual measurements were performed for each
system to test the reproducibility. The experimental data were analysed
with the aid of the ALV-5000/E software based on the modified
CONTIN method,[20] with the temperature correction of the viscosity
being taken into account.


Calculation of hydrophobic chain structures : The energy-optimised struc-
tures of hydrophobic chains with substituted oxygen and sulfur atoms
were calculated with the aid of the COMPASS force field in the Materi-
als Studio (Accelrys, Inc.) Discover module.
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Thermal Isomerization of (+)-cis- and (�)-trans-Pinane Leading to
(�)-b-Citronellene and (+)-Isocitronellene**


Achim Stolle,[a] Bernd Ondruschka,*[a] Werner Bonrath,[a, b] Thomas Netscher,[b]


Matthias Findeisen,[c] and Markus M. Hoffmann[d]


Introduction


Monoterpenes from renewables (e.g. limonene, b-citronel-
lene (2), a-pinene, b-pinene) and terpenoids, such as 2-pina-
nol or citral, play an important role in the industrial synthe-
sis of flavors and fragrances.[1–3] They are valuable chiral
building blocks for the synthesis of ligands and natural prod-
ucts, and they are important chiral auxiliaries. The thermal
isomerization of bicyclic terpenes with the pinane skeleton


(1; Scheme 1) yields acyclic isomers and p-menthane-type
monocyclic terpenes.[4–7] The rearrangement of a-pinene
leads to the formation of limonene and alloocimene.[4,8] Li-
nalool, an important building block in the synthesis of vita-
min E and flavor compounds, is formed by thermal isomeri-
zation of 2-pinanol.[9] All of these isomerization reactions of
bicyclic pinane-type compounds yield at least one acyclic


Abstract: Catalyzed and uncatalyzed
rearrangement reactions of terpenoids
play a major role in laboratory and in-
dustrial-scale synthesis of fine chemi-
cals. Herein, we present our results on
the thermally induced isomerization of
pinane (1). Investigation of the thermal
behavior of (+)-cis- (1a) and (�)-
trans-pinane (1b) in a flow-type reactor
reveals significant differences in both


reactivity and selectivity concerning
the formation of (�)-b-citronellene (2)
and (+)-isocitronellene (3) as main
products. Possible explanations for
these results are discussed on the basis


of reaction mechanism and ground-
state geometries for 1a and 1b. To
identify side reactions caused from ene
cyclizations of 2 and 3, additional py-
rolysis experiments were conducted
that enabled the identification of
almost all compounds in the network
of C10H18-hydrocarbon products
formed from 1.


Keywords: ene reaction · NMR
spectroscopy · pericyclic reaction ·
rearrangement · terpenoids
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isomer. If the rearrangement includes biradical intermedi-
ates wherein at least one radical is resonance stabilized (e.g.
a-pinene), the formation of p-menthane-type compounds is
observed (e.g. limonene from a- or b-pinene).[4,5,8–11] The use
of compounds without p-bonds in the reactive part of the bi-
cyclic molecule (carbon atoms C1, C2 of 1; Scheme 1)[12]


leads to the formation of acyclic products only (e.g. 2 from
1 or linalool from 2-pinanol) by opening of the cyclobutane
ring.[5,9] In most cases, the acyclic products undergo consecu-
tive reactions leading to substituted cyclopentanes if 1,6-
dienes are initially formed (e.g. 4, 5 in Scheme 1).[4,5,9, 13–15]


The products from the reaction network for the thermal
rearrangement based on 1 are shown in Scheme 1. Accord-
ing to their general structure, they can be classified into
three groups assigned by three reaction pathways. Two
major reaction pathways (I and II) lead to the formation of
b-citronellene (2)[4,5,13,16–20] and isocitronellene (3)[5,20] as the
main products. Whereas the formation of 2 from 1 (path I)
is thoroughly investigated, the formation of 3 (path III) is
mentioned in only two references.[5,9] Evidently, most studies
covering the pyrolysis of 1 were conducted by using the cis-
isomer 1a only as the starting material. The pyrolysis of 1a
leads to the formation of 2 and 3 with selectivities of 90 and
10%, respectively. trans-Pinane (1b) yields 2 and 3 also, but
with a lower selectivity for 2 (60%) relative to 1a.[5] Based
on this knowledge, there seems to be an apparent oversight
in not finding 3 in the product mixtures of most undertaken
studies, despite its low but significant concentration. Addi-
tionally, as shown in Scheme 1, there is also a minor reaction
pathway (path III) that yields monocyclic terpenes of the p-
menthane-type (6–8).[4,19] Furthermore, consecutive reac-
tions of 2 and 3 lead to the formation of substituted cyclo-
pentanes 4 and 5, respectively. To the best of our knowledge,
the consecutive reaction after formation of 3 leading to 5
has not been investigated yet. Finally, a holistic approach of
studying the reaction sketched in Scheme 1 in its entirety is
much needed in light of the
fact that differences in experi-
mental setups, residence times,
and analytical methods are
most likely responsible for the
oftentimes, contradicting
yields, and compositions of the
products reported in the litera-
ture.[4,5, 13,19–21]


Herein, results concerning
the thermal behavior of (+)-1a
and (�)-1b and of their acyclic
main products (�)-2 and (+)-3
in the gas-phase within a tem-
perature range of 400–600 8C
are presented. By using a com-
bination of GC and NMR
spectroscopic analytical tech-
niques, the formation of side
products and their structural
elucidation is reported. The


study of the thermal behavior of the title compounds (1–3)
allows for the detailed description of their reaction behav-
ior. Specifically, the stereochemical influence of the relative
configuration of the methyl-group at C2 on the reaction be-
havior of 1a and 1b in Scheme 1 is thoroughly investigated.
Based on the composition of the liquid mixture of products
from pyrolyses, conclusions on a number of details concern-
ing the reaction mechanism are drawn.


Results and Discussion


Identification of the thermal isomerization products : To
identify the products of pinane pyrolysis, comparative pyrol-
ysis experiments of (+)-cis- (1a), (�)-trans-pinane (1b),
(�)-b-citronellene (2), and (+)-isocitronellene (3) were con-
ducted and the chromatograms are shown in Figure 1. Ex-
periments were carried out in an electrically heated quartz
reactor described previously by using oxygen-free nitrogen
as the carrier gas.[10] Chromatograms depicted in Figure 1 re-
sulted from experiments with the pure compounds listed on
the right-hand side. Figure 1 reveals that 1a and 1b differ
from each other with respect to the selectivity of the prod-
ucts formed. As described later, almost all compounds (4–8)
were identified. Multiple assignments in the case of 4 and 5
refer to different diastereomers formed during the reaction
and will be discussed later in this section. In each chromato-
gram of 1a and 1b there is one peak (marked as X) that has
not been identified. These unidentified products occurred at
temperatures (T) above 570 8C in amounts smaller than 3%
and are, therefore, not relevant for the description of the
thermal behavior of the investigated compounds that react
at temperatures starting at 425 8C.


As can be seen from the chromatograms in Figure 1, the
comparative pyrolysis experiments of 1a and 1b indicate
that both pinane isomers yield 2 and 3 as the main products,


Figure 1. Chromatograms of the mixtures of pyrolysis products of the thermal isomerization of (+)-cis-pinane
(1a), (�)-trans-pinane (1b), (�)-b-citronellene (2), and (+)-isocitronellene (3 ; T: 600 8C, 15 mL starting materi-
al, carrier gas: N2, flow rate: 1.0 Lmin�1, t : 0.49 s; GC-FID; assigned compounds 4–8 are described in the text;
X: unidentified compounds).
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and the thermal treatment of these leads to the formation of
further consecutive products (4, 5 ; Scheme 1), arising from
rearrangement reactions of the acyclic main products by
ene-type cyclizations.[5,13, 14,18, 22] The chromatogram of the
mixture of pyrolysis products obtained from 2 in Figure 1
shows that product 4 was formed exclusively from 2, where-
as 5 resulted from the thermal rearrangement of 3. In addi-
tion, monocyclic products (trans-D8-p-menthene, 6 ; cis-D8-
p-menthene, 7, and carvomenthene, 8 ; Scheme 1) were
found in the mixture of pyrolysis products of both pinane
isomers. Structures were confirmed by using GCMS analysis
upon comparison of their residence time and mass spectra
with those from reference compounds. Compounds 6–8 were
not present in either of the experiments carried out with 2
or 3 as the substrate, which indicated that they were pro-
duced directly from the rearrangement of 1a and 1b.


As shown in Figure 1, the thermal isomerization of 2
yields four different products of 4 which turned out to be
diastereomers. According to their retention time (t) listed in
Table 1 the diastereomers are named 4a–d, starting with 4a
eluting at 6.9 min. Besides 4c, all products were isolated by
preparative GC. The determination of their structures and
relative configurations was performed by a combination of
different NMR spectroscopic techniques (1H and 13C NMR,
HMBC, HSQC). Table 1 lists the most important data ena-
bling structural elucidation of the four isomers (Scheme 2).
Due to their nature as unsaturated cyclic hydrocarbons, de-
termination of their structure is difficult because of overlap-
ping chemical shifts (d) in their proton NMR spectra. The


signal sets for the substituents of the cyclopentane skeleton
are suitable for structural interpretations, whereas the sig-
nals corresponding to the protons of cyclic CH or CH2 ma-
jorities are not. The most conspicuous differences are found
for the signal sets representing the =C7H2 protons, listed in
Table 1. Depending on the relative orientation of the sub-
stituents at C1 and C2 (Scheme 2) either one or two signals
occur. As found for 4b and 4d and indicated in Table 1,
when both groups are placed on the same side of the ring
(cis configuration) the proton spectrum shows two singlets,
each singlet representing one proton.[22–26] Otherwise (trans
configuration) the 1H NMR spectrum shows only one signal
representing both =C7H2 protons (4a, 4c). Determination of
the complete configuration by comparing d and the coupling
constants (J) for the CH protons of the cyclopentane skele-
ton was not possible due to severe signal overlapping. Nev-
ertheless, considerations of the signal sets for the protons of
the methyl substituents enable for complete elucidation.
Data compiled in Table 1 (column 4) offers no significant
change in d and 3J for the protons at C9, but the differences
in the chemical shifts of the protons at C10 are significant
(column 5). The differences in d for 4a and 4b
(d=0.16 ppm) is lower than for the differences towards 4d
(d=0.38 and 0.22 ppm compared to 4a and 4b, respectively).
Obviously, 4a and 4d differ extremely with regard to their
stereochemistry, leading to the conclusion that 4a has to
have a trans,trans-configuration, whereas 4d has to be
cis,cis-configured (Table 1).[13,22] Determination in the case
of 4b an 4c was possible upon consideration that only a
total of four combinations of cis or trans are possible. Thus
with 4b containing a cis,trans-configuration, this leaves 4c
with the exact opposite configuration. Absolute configura-
tions were assigned by comparing the enantiomeric excess
(ee) of the products of 4 with the ee of 2 used herein, assum-
ing that their formations are enantiospecific.[13,22, 26]


Isomerization of 3 leads to the formation of three differ-
ent products: 5a, 5b, and 5c with residence times of 6.4, 7.4,
and 8.0 min, respectively (Figure 1), which were separated
by using preparative GC. Because of their low concentra-
tions it was not possible to identify the structures for 5a and
5c, whereas the configuration of 5b was elucidated based on
13C and 1H NMR spectroscopic data. The 13C NMR spec-
trum reveals seven resonances, allowing for the conclusion
that the molecule has a highly symmetrical structure (all-cis-
or all-trans-5 ; Scheme 2). The carbon atoms C1/C3, C4/C5,
and C6/C10 showed identical d values, which was proven by


Table 1. NMR spectroscopic data for structural elucidation of the rearrangement products 4a–d (Scheme 2).
1H NMR spectroscopic signal for protons at CiHx [ppm][b]


Product t [min][a] =C7H2 C9H3 C10H3 Relative orientations[c] Absolute configuration[d]


4a 6.9 4.62 (s, 2H) 0.90 (d, 3J=5.0 Hz) 0.81 (d, 3J=4.8 Hz) trans,trans 1R,2R,3S
4b 7.8 4.70 (s, 1H), 4.57 (s, 1H) 0.92 (d, 3J=5.0 Hz) 0.65 (d, 3J=5.2 Hz) cis,trans 1S,2R,3S
4c 8.0 –[e] –[e] –[e] trans,cis 1S,2S,3S
4d 9.1 4.74 (s, 1H), 4.58 (s, 1H) 0.87 (d, 3J=5.1 Hz) 0.43 (d, 3J=5.3 Hz) cis,cis 1R,2S,3S


[a] Retention time from Figure 1. [b] c.f. Scheme 2. [c] Relative orientations of the isopropenyl group at C1 (1st designation) and the methyl-group at C3


(2nd designation) towards the methyl group at C2 (Scheme 2). [d] Based on the assumption that the formation occurs enantiospecifically from (�)-(3S)-
b-citronellene (2 ; cf. following section). [e] Not enough material for NMR spectroscopic measurement.


Scheme 2. Configuration of the rearrangement products (4a–d, 5a–c) ob-
tained from the thermal isomerization of (�)-b-citronellene (2 ; Table 1)
and (+)-isocitronellene (3), respectively.
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the 1H NMR spectroscopic data, which showed identical d


and 3J for the protons at C6 and C10. In analogy to 4b and
4d (Table 1) the proton NMR spectrum showed two singlets
for the =CH2 group in 5, which enabled the conclusion that
the isopropenyl group is located cis to either the methyl
group at C1 or C2. Combination of these results leads to the
conclusion that the all-cis configuration is the correct one
for 5b. The 13C NMR spectra of 5a and 5c showed ten sig-
nals and both compounds have a similar fragmentation pat-
tern (EIMS). Therefore, their configuration had to be either
cis,trans or trans,cis, whereby an assignment was not possi-
ble.


Thermal behavior of cis- and trans-pinane : Studies of the
thermal behavior of 1a and 1b in pyrolysis experiments
were carried out within a temperature range of 400–600 8C
for the pure compounds and for an equal mixture of 1a and
1b. In Figure 2, the dependency of pinane conversion (X)


versus the reaction temperature (T) is depicted, revealing
that 1a is more reactive than 1b. The T for equal conver-
sions of 1a and 1b is shifted about 408 to higher values in
the case of 1b relative to the cis isomer.[5] The thermal treat-
ment of the equal mixture of 1a and 1b also shown in
Figure 2 confirms this trend because the curve of conversion
corresponds with the behavior of the pure compounds. The
conversion of the mixture is mainly affected by 1a at lower
temperature, whereas in experiments above 525 8C, the in-
fluence of 1b on the curve is significantly higher. At reac-
tion temperatures lower than 400 8C, neither for 1a nor 1b
are detectable conversions observed, whereas at tempera-
tures higher than 600 8C, the conversions for both are com-
plete, and besides isomerization further decomposition of
the C10H18 hydrocarbons to lower weight compounds takes
place.


Besides their behavior concerning the overall conversion,
1a and 1b differ in selectivity (S). Figure 3a and b illustrate
the dependence of overall yielded products on pyrolysis


temperature T, classified according to the reaction pathways
depicted in Scheme 1. Three different classes of major prod-
ucts are formed from 1a and 1b : (�)-b-citronellene (2 ; path
I), (+)-isocitronellene (3 ; path II), and monocyclic products
(6–8 ; path III). The ratio, o, of paths I plus II (acyclic prod-
ucts) and path III (6–8) is expressed by Equation (1), where-
by o considers only the initial reactions from 1. Due to this
fact, side products (4, 5) have to be considered also. Despite
the fact that 6–8 are formed in low amounts only (overall
<6%), o is higher than 1.0 for both 1a and 1b increasing
with rising temperatures from 5.2 up to 14.1 (425–600 8C)
and from 11 to 17.7 (475–600 8C), respectively (Figure 3a).
After reaching a maximum at 512 8C (15.9) and at 550 8C
(20.5), o drops slightly in favor of the formation of 6–8. The
maxima correspond to the maximal overall yields of the acy-
clic isomers (Figure 3b). Exemplary for 2, Figure 3b express-
es that the yields of 2 pass through maxima at 512 and
550 8C for isomerization of 1a and 1b, respectively. With in-


Figure 2. Conversion (X) of (+)-cis-pinane (1a ; ^), (�)-trans-pinane (1b ;
&), and a mixture of 1a and 1b (1a/1b=0.94; ~) depending on the reac-
tion temperature (15 mL starting material, carrier gas: N2, flow rate:
1.0 Lmin�1, t : 0.47–0.61 s).


Figure 3. a) Ratio of the formation of acyclic to monocyclic products (o ;
[Eq. (1)]) and ratio of (�)-b-citronellene (2) to (+)-isocitronellene (3 ; g ;
[Eq. (2)]) depending on reaction temperature (T) for the pyrolysis of
(+)-cis- (1a, &) and (�)-trans-pinane (1b, ^; 15 mL starting material, car-
rier gas: N2, flow rate: 1.0 Lmin�1, t : 0.47–0.61 s). b) Yield of (�)-b-citro-
nellene (2 ; Y2) depending on reaction temperature (T) for the pyrolysis
of (+)-cis- (1a, &) and (�)-trans-pinane (1b, &; 15 mL starting material,
carrier gas: N2, flow rate: 1.0 Lmin�1, t : 0.47–0.61 s).
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creasing temperature, the amount of rearranged products
formed from the acyclic primary products increases.


s ¼ path Iþ path II
path III


¼ ½2� þ ½3� þ ½4� þ ½5�½6� þ ½7� þ ½8� ð1Þ


g ¼ path I
path II


¼ ½2� þ ½4�½3� þ ½5� ð2Þ


Additionally, data recorded in Figure 3a illustrate the ratio
of reaction pathways I and II (g) expressed by Equation (2),
again including side reactions leading to 4 and 5. The differ-
ences in g between 1a and 1b are significant. It is evident
from Figure 3a that g1a decreases linearly from 18.2 at 425 to
5.5 at 600 8C, whereas g1b remains flat between 1.0–1.2 over
the investigated temperature range, which is a clear indica-
tor for the similarities of the transition states leading to 2 or
3 (c.f. following section). Pyrolyses of the trans-isomer 1b
leads to lower selectivities of 2 in favor of 3.


The formation of 2 and 3 from 1 proceeds as a highly
enantioselective reaction. Table 2 lists the enantiomeric


excess (ee) expressed by Equation (3) for the product mix-
tures from pyrolysis of both 1a and 1b at different tempera-
tures. The ee remains constant for both starting materials
within the temperature range investigated (conversion
range, respectively). In contrast to a-pinene, no racemiza-
tion occurred.[5,8] The configuration of the optically active
acyclic reaction products (�)-2 and (+)-3 is determined by
the absolute configuration of the starting material
(Table 2).[5] Both almost optically pure diastereomers (+)-1a
and (�)-1b used herein were S-configured at C2 and the
same configurations are found for the chiral centers of the
formed products ((�)-2, (+)-3) with nearly identical ee
(Table 2, Scheme 2).[5,17]


eeð�Þ ¼
ð�Þ�ðþÞ
ð�Þ þ ðþÞ ð3Þ


Reaction mechanisms for the primary pyrolysis reactions :
Due to their different structures, the acyclic (2, 3) and mon-


ocyclic products (6–8) formed from 1 seem to arise from dif-
ferent reaction pathways. Whereas 2 and 3 seem to arise
from a fragmentation of the cyclobutane ring in 1 (path I
and II; Scheme 3), the formation of p-menthenes 6–8 can be
explained by using a biradical pathway combined with H-
shift reactions[1,5] according to the formation of limonene
from a- or b-pinene (path III; Scheme 5).[4,5,8–11]


Two possible mechanisms for the fragmentations of four-
membered rings (cyclobutane, oxetane) are discussed in the
literature.[27,28] A concerted mechanism of cyclobutane frag-
mentation has to proceed by a 4-p-electron-containing anti-
aromatic transition state. According to the Woodward–Hoff-
mann rules, those (retro)-[2+2]-cycloadditions are thermally
forbidden reactions.[29] Nevertheless, some reports in the lit-
erature show some examples of rigid cyclobutanes, the ther-
mal induced fragmentations of which seem to proceed as a
thermally forbidden retro-[2+2]-cycloaddition.[28] The
second and more plausible explanation for the formation of
2 and 3 from 1 involves a stepwise mechanism via biradical
intermediates. Scission of C1�C6 or C5�C6 carbon–carbon
bonds in either 1a or 1b yielded biradicals BR1 and BR2,
respectively (Scheme 3). Consecutive ring opening in these
reaction intermediates leads to the formation of 2 and 3.
Nevertheless, there is one argument counting against a bir-
adical route: the absence of a double bond at C2 in 1 does
not allow for stabilization of a formed 1,4-biradical. Without
the presence of functional groups that can stabilize a free
radical by conjugation (e.g. C=C in a- or b-pinene[4,8,10] or
C=O in nopinone,[4,30]) the lifetime of the formed biradical
is very short and the barrier of activation is high. Therefore,
a decision as to which of the two routes (concerted or step-
wise) leads to the detected acyclic main products requires
further investigations focused on both kinetic experiments[31]


and ab initio calculations[32] of the presumptive transition
states.


Results reveal that 1a and 1b differ in both reactivity
(Figure 2) and selectivity concerning the formation of 2 and
3 (Figure 3). A previous study suggests that the interaction
of the C2 methyl group with one of the two methyl groups
at C6 results in a weakening of the C1�C6 bond for the cis-
isomer (1a), which leads to a higher reactivity in the active
part of the molecule.[5] This behavior would allow for the ex-


Table 2. Enantiomeric excess (ee ; [Eq. (3)]) for (+)-cis- (1a) and (�)-
trans-pinane (1b) and of the acyclic products ((�)-2, (+)-3) formed by
thermal rearrangement of 1.[a]


Entry Substrate[b] T
[8C]


X
[%][c]


eesubstrate
[%]


ee(�)-2
[%]


ee(+)-3


[%]


1 (+)-1a 475 31 94 93 98
2 (+)-1a 500 68 92 93 95
3 (+)-1a 525 95 100[d] 94 95
4 (�)-1b 475 5 93 96 97
5 (�)-1b 500 15 94 94 93
6 (�)-1b 525 41 92 94 94


[a] ee values were determined by enantioselective GC analysis by using a
Supelco Beta-DEXTM 120 column from pyrolysis experiments with the
substrates listed. [b] Initial ee values of (+)-1a and (�)-1b are 94 and
93%, respectively. [c] Conversion of substrate. [d] Due to high conver-
sion, the signal for (�)-1a was below the detection limit.


Scheme 3. Formation of (�)-b-citronellene (2 ; path I) and of (+)-isocitro-
nellene (3 ; path II) from (+)-cis- (1a) and (�)-trans-pinane (1b).
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planation of the higher reactivity of 1a and the higher selec-
tivity for the formation of 2 relative to g1b (Figure 3a). Ap-
parently, the activation energies for the two possible transi-
tion states (Scheme 3) are influenced by the relative config-
uration of the C2 methyl group. NMR NOE spectroscopic
experiments were conducted to answer this question by de-
tecting magnetic dipole interactions between protons
through space if the distance between the protons is lower
than approximately 5 P. Scheme 4 illustrates the ground-


state conformation of both pinane isomers. If the conjec-
tures would be correct, a NOE effect is to be expected be-
tween H�C10 and H�C9 or H�C2 and H�C9 for 1a and 1b,
respectively.


1D NOE experiments with pure 1a showed no interaction
between the protons at C10 and C9 (Scheme 4), but a NOE
contact between the proton H�C7 and H�C2 was observed.
This contact was not detected in the case of 1b, whereby an
interaction of H�C7 and H�C7’ with H�C10 was observed.
Therefore, the conjectures concerning an interaction be-
tween H10 and H9 in case of 1a could not be confirmed.
Nevertheless, the results allow for the conclusion that the
trans geometry is advantageous for stabilization of the mole-
cule due to attractive interactions with other protons (H�C7,
H�C7’, H�C10), similar to the diaxial attraction in cis-1,3-dis-
ubstituted cyclohexanes. Therefore, 1b is thermally the
more stable molecule.


As shown in Figures 1 and 3b, monocyclic products 6–8
were found in the reaction mixtures of both pinanes in low
amounts besides the acyclic main products (2, 3). There are
reports in the literature on the formation of similar p-men-
thane-type products in which a- or b-pinene is pyrolyzed.
Both yield limonene and y-limonene, the latter as an addi-
tional monocyclic reaction product from the thermal isomer-
ization of b-pinene.[4,8, 10,33] According to the formation of 2
from 1a and 1b, the initial formation of a 1,4-carbon-cen-
tered biradical (BR1; cf. Scheme 3) by bond breakage be-
tween C1 and C6 is necessary for the side-reaction pathway
leading to 6–8. p-Menthenes 6–8 are formed by [1,5]H-
shifts, in which the hydrogen migration from C9 to C2 yields
those isomers with the exocyclic double bond. The reaction
route by a hydrogen shift from C1 to C8 leading to 8 is sup-
pressed in favor of the formation of 6 and 7 due to the
higher selectivity (cf. Figure 1). Compound 1a yields pref-
erably the cis-isomer (7), whereas 1b leads to the formation


of 6 (Scheme 5, Figure 1). Because of the fact that the birad-
ical formed from 1 did not have any influence on the config-
uration at C4, the stereochemistry of the products is con-
trolled by the configuration of the starting material, which
was almost enantiomerically pure (+)-1a (ee : 94%) and
(�)-1b (ee : 93%).


It has to be pointed out that 6–8 are formed with an accu-
mulated overall selectivity of 6% only. Therefore, the addi-
tional reaction channel leading to 6–8 from BR1 is a minor
reaction pathway. Similar products from the o-menthene
type (e.g. 9) that might yield from a respective reaction
channel of BR2 (Scheme 5) have not been identified. With
respect to these findings, pyrolysis of 1a and 1b initially
passes through two different biradicals, in which subsequent
fragmentation leads to 2 and 3. The formation of monocyclic
primarily formed products 6–8 is due to a minor reaction
channel based on one of the two biradicals.


Thermal behavior of b-citronellene and isocitronellene :
After passing through a maximum, the overall yields of the
acyclic products drop with increasing temperature and the
formation of consecutive products is observed (4, 5 ; Fig-
ures 1, 3a, and 3b). To study the formation of these products,
pyrolysis experiments with 2 and 3 were carried out in a
temperature range from 400–600 8C. The comparison of the
conversions of 2 (X2 ; pointed line and empty symbols) is
shown in Figure 4, that is, resulting from pyrolysis of the
pure compound with those resulting from the thermal iso-
merization of 1a and 1b, while changing the reaction tem-
perature T. The high accordance for X2 of pure 2 and those
from the reaction mixtures reveals the similarities between
the three independent pyrolysis experiments of 1 (Figure 4).
Additionally, Figure 4 illustrates the dependency of selectivi-
ty for the rearranged products (S4) and T, revealing 4b (cis,
trans-4, Table 1, Scheme 2) as the main product from rear-
rangement of 2. It is shown that the selectivities for the for-
mation of 4b and for 4d drop in favor of the formation of
the two other minor isomers (4a, 4c). Whereas the decrease
in the case of 4b is linear, the selectivity profile for the
cis,cis-isomer (4d) passes through a maximum.


Scheme 4. (+)-cis- (1a) and (�)-trans-pinane (1b ; superscript numbers
refer to the numbering of nH1–10 listed in the 1H NMR spectroscopic data
(see the Experimental Section).


Scheme 5. Formation of cis-/trans-D8-p-menthene (7/6) and D1(2)-p-men-
thene (8) from pinane (1; path III).
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Many examples of 1,6-dienes forming cyclization products
as observed for 2 and 3 are reported in the litera-
ture.[5,13–16,34,35] For instance, the thermal treatment of lina-
lool yields 1,2-dimethyl-3-isopropenylcyclopentanol,[9,14,24]


and consecutive reactions of the acyclic main product from
the pyrolysis of nopinone lead to the formation of 2-methyl-
3-isopropenylcyclopentanone.[4,30] Generally, 1,6-dienes with
hydrogen in the a position of any of the two double bonds
are able to form substituted cyclopentanes. The cyclization
of 1,7-dienes with a hydrogen lead to the formation of sub-
stituted cyclohexenes, whereas the ring formation of systems
with fused rings failed.[34,35] The cyclization proceeds by a
concerted ene-type reaction (Scheme 6).[36] It is obvious, that
the configuration of the chiral center in 2 remains un-
changed during the reaction. Therefore, the ee of the desired
products is the same as for the initial 2. Almost enantiomer-
ically pure (�)-2 used herein yielded cyclization products
4a–d with a 3S configuration (Table 1, Scheme 2). The con-
figurations of C1 and C2 in 4 (and, therefore, also their rela-


tive configurations) are attributed to the different presump-
tive transition states (Scheme 6). Due to the absence of re-
pulsive 1,3-diaxial interactions of methyl substituents, inter-
mediates leading to 4b and 4d are the most stable ones and
4b and 4d are, therefore, the major products obtained from
the isomerization of 2 (Figure 4).[13, 37]


In Figure 5, the dependency of the conversion of 3 (X3)
with the pyrolysis temperature, T, for the pure compound
and for 3 from pyrolysis of 1a and 1b is illustrated. With in-


creased temperatures, the increased X3 raises the yields of
the rearranged products (5a–c). The accordance between
pyrolysis of pure 3 and 3 obtained after pyrolysis of the two
pinane isomers (1a, 1b) is not as high as for 2 shown in
Figure 4. In contrast to the formation of rearrangement
products yielded from 2, data shown in Figure 5 suggest that
one major rearrangement product (5b) is formed from 3 the
selectivity of which remains constant when increasing the
temperature. At reaction temperatures above 550 8C, the se-
lectivity drops slightly in favor of the other rearrangement
products. The rate of 5a/5b and of 5c/5b is about 0.08 and
0.085, respectively. According to other 1,6-dienes (2, myr-
cene, linalool) the formation of 5 also proceeds by ene-type
cyclization (Scheme 7).[4,5,9,13,15, 34,35] The presumptive transi-
tion state leading to the formation of 5b reveals no repul-
sive diaxial interactions of methyl groups, explaining the
high selectivity.


Figure 4. Conversion of (�)-b-citronellene (2 ; X2) after pyrolysis of 1a,
1b, and direct conversion of 2 as a function of temperature. Selectivities
(S4) of rearranged products (4a–c) are shown on the right y axis. (15 mL
starting material, carrier gas: N2, flow rate: 1.0 Lmin�1, t : 0.47–0.66 s).
a : X ; ^: X from 1a ; &: X from 1b ; ~: S4a ; &: S4b ; ^: S4c ; ? : S4d.


Scheme 6. Formation of rearrangement products (4) obtained from the
thermal isomerization of (�)-b-citronellene (2) and presumptive inter-
mediates for the formation of 4b and 4d.


Figure 5. Conversion of (+)-isocitronellene (3, X3) after pyrolysis of 1a,
1b, and direct conversion of 3 as a function of temperature. Selectivities
(S5) of rearranged products (5a–c) are shown on the right y axis (15 mL
starting material, carrier gas: N2, flow rate: 1.0 Lmin�1, t : 0.47–0.61 s).
a : X ; ^: X from 1a ; &: X from 1b ; ~: S5a ; &: S5b ; ? : S5c.


Scheme 7. Formation of the main rearrangement product 5b obtained
from the thermal isomerization of (+)-isocitronellene (3) by ene cycliza-
tion.
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Conclusion


Gas-phase pyrolysis experiments of (+)-cis- (1a), (�)-trans-
pinane (1b), (�)-b-citronellene (2), and (+)-isocitronellene
(3) in an electrically heated flow-type reactor were carried
out to study the thermal rearrangement of the title com-
pounds (Scheme 1). It was shown that 1a and 1b differ tre-
mendously in both reactivity and product selectivity, reveal-
ing 1a as the more reactive compound. Whereas the cis-
isomer of 1 yields 2 as the main component (selectivity:
90%), thermal isomerization of 1b leads to the formation of
2 and 3 with a ratio of 55:45. It was shown that the acyclic
main products are presumably formed by a highly enantiose-
lective fragmentation of the cyclobutane ring in 1. The abso-
lute configuration of the products is determined by the con-
figuration on C2 of the starting material. In addition to 2
and 3, monocyclic p-menthene-type products (6–8) are
formed from both 1a and 1b with an overall selectivity of
6%. Apparently, the reactions responsible for the formation
of products 6–8 pass through the same biradical transition
states that are also responsible for the formation of 2.


Stand-alone pyrolysis experiments of 2 led to the identifi-
cation of consecutive reaction products (4a–d, Schemes 1
and 2), the relative configurations of which were determined
by using NMR spectroscopic and GCMS techniques. Ene
cyclization leads to the formation of 4, whereas the desired
transition states control the isomer distribution, yielding 4b
(cis,trans-isomer) as the main product. For the first time, the
thermal isomerization of 3 was investigated, revealing that
according to the formation of 4 from 2 products 5a–c are
formed by ene cyclization.


Experimental Section


General remarks : (1R,2S,5R)-cis-pinane ((+)-1a ; purity: 99%, ee : 94%),
(1S,2S,5S)-trans-pinane ((�)-1b ; purity: 99%, ee : 93%), (3S)-b-citronel-
lene ((�)-2 ; purity 95%, ee : 95%), and (5S)-isocitronellene ((+)-3 ;
purity: 99%, ee : 98%) were purchased from Fluka and were used with-
out further purification. Purity was determined by capillary gas chroma-
tography. Ethyl acetate was used for the dilution of liquid pyrolysis prod-
ucts. All reported yields, selectivities, conversions, or any other parameter
(ee, o, g) and point data in the figures are based on mean values of at
least two independent experiments.


Analyses were carried out in a 6890 Series GC and 5890 Series II/5972
Series MSD GC from Agilent Technologies. Products were identified by
comparing either retention time and/or mass spectra of pure reference
compounds. GC-FID: (HP 5, 30 mQ0.32 mmQ0.25 mm, H2–5 psi, pro-
gram): 35 8C (hold: 1 min), 4 Kmin�1 up to 80 8C, 4.5 Kmin�1 up to 90 8C,
35 Kmin�1 up to 280 8C (hold: 3 min), injector temperature: 250 8C, de-
tector temperature: 280 8C. GC-MSD: (HP 5, 30 mQ0.32 mmQ0.25 mm,
He �7 psi, program): 55 8C (hold 1 min), 5 Kmin�1 up to 150 8C,
20 Kmin�1 up to 280 8C (hold: 5 min), injector temperature: 280 8C, EI.
NMR spectra were recorded by using a Bruker AV-400 spectrometer.


Enantiomeric excess values were determined with a permethylated b-cy-
clodextrine column (Supelco Beta-Dex 120, 30 mQ0.25 mmQ0.25 mm).
Analyses were carried out with a HP 6890: H2–12 psi, program: 68 8C
(hold: 13.12 min), 25 Kmin�1 up to 240 8C (hold: 10 min), split ratio: 3.4,
injector temperature: 240 8C, detector temperature: 280 8C.


Structural elucidation of cis- (1a) and trans-pinane (1b): NMR spectra of
1a and 1b in CDCl3 were recorded on a Bruker DRX-600 system (13C:


150.9, 1H: 600.1 MHz) equipped with a 5 mm TBI probe head in 5 mm
tubes at 27 8C. The referring numbering of the protons in both 1a and 1b
is described in Scheme 8, wherein the superscript numbers refer to the
superscript numbers of nH1–10 listed below. The assignments of the chemi-
cal shifts to the desired protons were accomplished by using HSQC and


HMBC techniques (reference 13C: [D]CHCl3=77.0 ppm; 1H: TMS
intern=d=0 ppm). 1D NOESY experiments (double gradient spin echo
with selective pulse) were carried out by using the following parameters:
mixing time: 800 ms, repetition time: 3.7 s, selective 1808 pulse (“sinc”-
profile), duration: 180 ms, excitation band width: ca. 20 Hz.


ACHTUNGTRENNUNG(1R,2S,5R)-2,6,6-Trimethylbicyclo ACHTUNGTRENNUNG[3.1.1]heptane ((+)-cis-pinane;
(+)-1a): ee=94%; 1H NMR (600.1 MHz, [D]CHCl3, 27 8C, TMS): d=


2.31 (m, 1H7), 2.13 (m, 1H2), 1.95 (m, 1H3), 1.93 (m, 1H4), 1.87 (m,
1H5), 1.82 (m, 1H4’), 1.76 (td, 1H1, 3J1!7=6.8, 3J=2.2 Hz), 1.42 (m, 1H3’),
1.18 (s, 3H8), 1.02 (s, 3H9), 1.00 (d, 3H10, 3J10!2=7.3 Hz), 0.86 ppm (d,
1H7’, 2J7’!7=9.4 Hz); NOE-contacts: H�C7!H�C2, H�C2!H�C1, no
contact H�C7!H�C10 and H�C7!H�C9; 13C NMR (150.9 MHz,
[D]CHCl3, 27 8C, TMS): d=48.1 (CH), 41.4 (CH), 38.8 (C), 35.9 (CH),
33.9 (CH2), 28.3 (CH3), 26.5 (CH2), 23.8 (CH2), 23.3 (CH3), 22.8 ppm
(CH3); MS (70 eV): m/z (%): 138 (2) [M]+ , 123 (32) [C9H15]


+ , 96 (33)
[C7H12]


+ , 95 (100) [C7H11]
+ , 83 (46 [C6H11]


+ , 82 (61) [C6H10]
+ , 81 (57)


[C6H9]
+ , 67 (59) [C5H7]


+ , 55 (58) [C4H7]
+ .


ACHTUNGTRENNUNG(1S,2S,5S)-2,6,6-Trimethylbicyclo ACHTUNGTRENNUNG[3.1.1]heptane ((�)-trans-pinane;
(�)-1b): ee=93%; 1H NMR (600.1 MHz, [D]CHCl3, 27 8C, TMS): d=


2.06 (m, 1H2, 3J=7.4 Hz), 2.00 (dt, 1H7, 2J7!7’=9.9, 3J7!1=5.9 Hz), 1.84
(m, 1H5), 1.75 (m, 1H4’), 1.72 (m, 1H4), 1.65 (m, 1H3), 1.61 (t, 1H1, 3J=


6.0 Hz), 1.33 (d, 3H7’, 2J7’!7=10.0 Hz), 1.21 (m, 1H3’), 1.19 (s, 3H8), 0.85
(d, 1H10, 3J10!2=6.7 Hz), 0.82 ppm (s, 3H9); NOE contacts: H�C7’!H�
C10, H�C7!H�C10, no contact H�C7!H�C2; 13C NMR (150.9 MHz,
[D]CHCl3, 27 8C, TMS): d=47.6 (CH), 40.9 (CH), 39.5 (C), 29.3 (CH),
26.8 (CH3), 24.6 (CH2), 23.9 (CH2), 23.0 (CH2), 21.6 (CH3), 20.9 ppm
(CH3); MS (70 eV): m/z (%): 138 (2) [M]+ , 123 (35) [C9H15]


+ , 96 (50)
[C7H12]


+ , 95 (100) [C7H11]
+ , 83 (73) [C6H11]


+ , 82 (62) [C6H10]
+ , 81 (67)


[C6H9]
+ , 67 (62) [C5H7]


+ , 55 (67) [C4H7]
+ .


Pyrolysis experiments : The investigated terpenes were pyrolyzed at a
temperature range of 400 to 600 8C. Dilution gas pyrolysis experiments
were carried out in an electrically heated quartz tube of 50 cm length and
with a pyrolysis zone of approximately 20 cm, by using apparatus report-
ed previously.[10] In all experiments, oxygen-free nitrogen with a purity of
99.999% was used as the carrier gas. The starting material (15 mL) was
introduced into a quartz ladle at the top part of the pyrolysis apparatus
by using a glass syringe (50 mL). The starting material was carried along
with the nitrogen stream into the reactor. Vaporization of the starting
material was supported by heating the ladle to 250 8C with a hot blast.
Pyrolysis products were collected in a cold trap (liquid nitrogen) and
were dissolved in 1.5 mL of ethyl acetate. The liquid products obtained
were analyzed by GC-FID and GCMS.


Structural elucidation of pyrolysis products : For structural elucidation of
the reaction products from pyrolysis of b-citronellene (2) and isocitronel-
lene (3), 1.5 mL of the desired substrates (30Q50 mL) were pyrolyzed at a
temperature of 550 8C with a flow rate of 0.8 Lmin�1 (t=0.62 s). The col-
lected products were dissolved in 3 mL of ethyl acetate. These product
mixtures were separated by using preparative GC (packed column,


Scheme 8. (+)-cis- (1a) and (�)-trans-pinane (1b ; superscript numbers
refer to the numbering of nH1–10 listed in the 1H NMR spectroscopic data
(see the Experimental Section).
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10 mQ14 mm, coverage: 20% SE-54, support: Vol. A4 60–80 mesh, inlet
temperature: 280 8C, detector temperature: 280 8C, carrier gas: N2, flow
rate: 618 mLmin�1, injection volume: 50–57 mL, number of cycles: 20)
and the isolated fractions were analyzed and identified by using 1H and
13C NMR spectroscopy.


(S)-3,7-Dimethyl-1,6-octadiene ((�)-b-citronellene; (�)-2): ee=94%;
1H NMR (400 MHz, [D]CHCl3, 25 8C, TMS): d =5.61 (m, 1H), 5.03 (t,
1H, 3J=1.4 Hz), 4.86 (m, 2H), 2.06 (m, 1H), 1,89 (m, 2H), 1.61 (s, 3H),
1,52 (s, 3H), 1.23 (m, 2H), 0.92 ppm (d, 3H, 3J=6.7 Hz); 13C NMR
(100 MHz, [D]CHCl3, 25 8C, TMS): d=143.8 (=CH), 130.3 (=C), 123.6 (=
CH), 111.4 (=CH2), 36.3 (CH), 35.7 (CH2), 24.7 (=C�E-CH3, =C�CH2);
19.1 (CH3), 16.7 (=C�Z-CH3); MS (70 eV): m/z (%): 138 (20) [M]+ , 123
(24) [C9H15]


+ , 95 (83) [C7H11]
+ , 82 (91) [C6H10]


+ , 81 (52) [C6H9]
+ , 69


(84) [C5H9]
+ , 67 (100) [C5H7]


+ .


(S)-5,7-Dimethyl-1,6-octadiene ((+)-isocitronellene; (+)-3): ee=95%;
1H NMR (400 MHz, [D]CHCl3, 25 8C, TMS): d =5.79 (m, 1H, 3J=10.0,
3J=16.8, 3J=6.8 Hz), 4.97 (dd, 1H, 3J=17.2, 2J=1.6 Hz), 4.91 (d, 1H,
3J=10.0 Hz), 4.86 (d, 1H, 3J=9.6 Hz), 2.33 (m, 1H), 2.00 (m, 2H), 1.67
(s, 3H), 1.59 (s, 3H), 1.28 (m, 2H), 0.90 ppm (d, 3H, 3J=6.6 Hz);
13C NMR (100 MHz, [D]CHCl3, 25 8C, TMS): d =139.0 (=CH), 131.2
(=C), 130.0 (=CH), 114.7 (=CH2), 37.0 (CH2), 32.0 (CH), 31.8 (CH2), 25.8
(=C�E-CH3), 21.2 (CH3), 18.0 ppm (=C�Z-CH3); MS (70 eV): m/z (%):
139 (1) [M+H]+ , 138 (6) [M]+ , 123 (13) [C9H15]


+ , 96 (25) [C7H12]
+ , 95


(19) [C7H11]
+ , 83 (44) [C6H11]


+ , 82 (31) [C6H10]
+ , 81 (100) [C6H9]


+ , 67
(39) [C5H7]


+ , 55 (16) [C4H7]
+ .


ACHTUNGTRENNUNG(1R,2R,3S)-1-Isopropenyl-2,3-dimethylcyclopentane (2,3-trans,trans-4;
4a): 1H NMR (400 MHz, [D]CHCl3, 25 8C, TMS): d=4.62 (s, 2H), 1.98
(q, 1H, 3J=10.2 Hz), 1.70 (m, 2H), 1.52 (s, 3H), 1.46 (s, 1H), 1.12 (m,
3H), 0.90 (d, 3H, 3J=4.9 Hz), 0.81 ppm (d, 3H, 3J=4.8 Hz); 13C NMR
(100 MHz, [D]CHCl3, 25 8C, TMS): d=146.1 (=C), 108.7 (=CH2), 55.0
(cycl. CH), 44.6 (cycl. CH), 41.1 (cycl. CH), 31.9 (cycl. CH2), 28.2 (cycl.
CH2), 18.1 (=C�CH3), 17.9 (CH3), 15.5 ppm (CH3); MS (70 eV): m/z
(%): 138 (10) [M]+ , 123 (15) [C9H15]


+ , 96 (87) [C7H12]
+ , 95 (60) [C7H11]


+


, 81 (100) [C6H9]
+ , 69 (53) [C5H9]


+ , 67 (58) [C5H7]
+ .


ACHTUNGTRENNUNG(1S,2R,3S)-1-Isopropenyl-2,3-dimethylcyclopentane (2,3-cis,trans-4 ; 4b):
1H NMR (400 MHz, [D]CHCl3, 25 8C, TMS): d=4.70 (s, 1H), 4.57 (s,
1H), 2.46 (q, 1H, 3J=8.5, 3J=7.8 Hz), 1.85 (m, 2H), 1.64 (s, 3H), 1.57
(m, 4H), 0.92 (d, 3H, 3J=5.0 Hz), 0.65 ppm (d, 3H, 3J=5.2 Hz);
13C NMR (100 MHz, [D]CHCl3, 25 8C, TMS): d=146.2 (=C), 108.6
(=CH2), 52.2 (cycl. CH), 48.3 (cycl. CH), 42.0 (cycl. CH), 32.1 (cycl.
CH2), 27.0 (cycl. CH2), 22.3 (=C-CH3), 20.4 (CH3), 14.6 ppm (CH3); MS
(70 eV): m/z (%): 138 (5) [M]+ , 123 (45) [C9H15]


+ , 96 (43) [C7H12]
+ , 95


(100) [C7H11]
+ , 81 (90) [C6H9]


+, 69 (39) [C5H9]
+ , 68 (56) [C5H8]


+ , 67 (69)
[C5H7]


+ .


ACHTUNGTRENNUNG(1S,2S,3S)-1-Isopropenyl-2,3-dimethylcyclopentane (2,3-trans,cis-4 ; 4c):
Apparently, the concentration of the isolated product was too low to per-
form NMR spectroscopic studies. It was still possible to determine the
correct structure by comparing the data of the other isomers (cf. text).
MS (70 eV): m/z (%): 138 (6) [M]+ , 123 (49) [C9H15]


+ , 96 (37) [C7H12]
+ ,


95 (100) [C7H11]
+ , 81 (79) [C6H9]


+ , 69 (57) [C5H9]
+ , 68 (82) [C5H8]


+ , 67
(73) [C5H7]


+ .


ACHTUNGTRENNUNG(1R,2S,3S)-1-Isopropenyl-2,3-dimethylcyclopentane (2,3-cis,cis-4 ; 4d):
1H NMR (400 MHz, [D]CHCl3, 25 8C, TMS): d=4.74 (s, 1H), 4.58 (s,
1H), 2.37 (m, 1H), 1.90 (m, 2H), 1.67 (s, 3H), 1.57 (m, 4H), 0.87 (d, 3H,
3J=5.1 Hz), 0.43 ppm (d, 3H, 3J=5.3 Hz); 13C NMR (100 MHz,
[D]CHCl3, 25 8C, TMS): d=145.6 (=C), 108.3 (=CH2), 50.5 (cycl. CH),
38.4 (cycl. CH), 37.1 (cycl. CH), 28.7 (cycl. CH2), 23.7 (cycl. CH2), 22.5
(=C�CH3), 15.4 (CH3), 6.7 ppm (CH3); MS (70 eV): m/z (%): 138 (9)
[M]+ , 123 (20) [C9H15]


+ , 96 (92) [C7H12]
+ , 95 (47) [C7H11]


+ , 81 (88)
[C6H9]


+ , 69 (27) [C5H9]
+ , 68 (100) [C5H8]


+ , 67 (78) [C5H7]
+ .


2,3-cis,trans- or 2,3-trans,cis-2-Isopropenyl-1,3-dimethylcyclopentane
(5a): The concentration of the isolated product was too low to calculate
coupling constants and to assign the relative configuration. 1H NMR
(400 MHz, [D]CHCl3, 25 8C, TMS): d=4.83 (m, 2H), 2.27 (m, 4H), 1,75
(s, 1H), 1.33 (s, 3H), 1.30 (s, 3H), 1.22 (m, 2H), 0.83 ppm (m, 6H);
13C NMR (100 MHz, [D]CHCl3, 25 8C, TMS): d=138.3 (C), 110.8
(=CH2), 36.0 (cycl. CH), 31.0 (cycl. CH2), 30.8 (cycl. CH2), 24.8 (cycl.
CH), 18.1 (CH3), 17.0 ppm (=C�CH3); MS (70 eV): m/z (%): 138 (9)


[M]+ , 123 (24) [C9H15]
+ , 96 (34) [C7H12]


+ , 95 (21) [C7H11]
+ , 83 (21)


[C6H11]
+ , 82 (39) [C6H10]


+ , 81 (100) [C6H9]
+ , 67 (46) [C5H7]


+ , 55 (18)
[C4H7]


+ .


ACHTUNGTRENNUNG(1S,2S,3R)-2-Isopropenyl-1,3-dimethylcyclopentane (2,3-cis,cis-5 ; 5b):
1H NMR (400 MHz, [D]CHCl3, 25 8C, TMS): d=4.81 (s, 1H), 4.73 (s,
1H), 1.87 (m, 4H), 1.66 (s, 3H), 1.49 (t, 1H, 3J=9.9 Hz), 1.28 (m, 2H),
0.94 ppm (d, 6H, 3J=6.3 Hz); 13C NMR (100 MHz, [D]CHCl3, 25 8C,
TMS, underlined values represent two C atoms with identical d): d=


145.5 (C), 111.5 (=CH2), 64.4 (cycl. CH), 37.9 (cycl. CH), 32.2 (cycl.
CH2), 18.7 (CH3), 17.6 (=C�CH3); MS (70 eV): m/z (%): 138 (2) [M]+ ,
123 (12) [C9H15]


+ , 96 (29) [C7H12]
+ , 95 (29) [C7H11]


+ , 83 (100) [C6H11]
+ ,


82 (17) [C6H10]
+ , 81 (33) [C6H9]


+ , 69 (26) [C5H9]
+ , 67 (27) [C5H7]


+, 55
(75) [C4H7]


+ .


2,3-cis,trans- or 2,3-trans,cis-2-Isopropenyl-1,3-dimethylcyclopentane
(5c): The concentration of the isolated product was too low to perform
NMR spectroscopic studies. As a result of this fact, it was not possible to
determine the relative structure (cf. text). MS (70 eV): m/z (%): 138 (5)
[M]+ , 123 (21) [C9H15]


+ , 96 (22) [C7H12]
+ , 95 (21) [C7H11]


+ , 83 (62)
[C6H11


+], 82 (25) [C6H10]
+ , 81 (100) [C6H9]


+ , 67 (40) [C5H7]
+ , 55 (21)


[C4H7]
+ .
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