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… The mechanism of electron
transfer in peptides is currently the
topic of an often heated debate
with proponents strongly support-
ing either electron-hopping or
bridge-assisted superexchange
mechanisms. Experimental and
theoretical results to date leave a
number of unanswered questions.
The Concept article by
H.-B. Kraatz et al. on page 5186 ff.
provides an introduction into this
debate with a focus on recent
results obtained from surface
measurements.


Chemistry—A European
Journal is jointly owned by
the 14 Chemical Societies
shown above and
published by Wiley-VCH.
This group of Societies has
banded together as the
Editorial Union of
Chemical Societies (EU
ChemSoc) for its combined
publishing activities.


Aldol–Tishchenko Reaction
In their Full Paper on page 5195 ff., T. Ohshima, M. Shiba-
saki et al. describe the development of a direct catalytic
asymmetric aldol–Tishchenko reaction and the nature of
the catalyst itself. They show that a self-assembled lantha-
num complex dynamically changed its structure to give an
active species in the asymmetric catalysis.


Deformed Phthalocyanines
N. Kobayashi and co-workers describe on p. 5205 ff. how
the molecular characteristics, such as Q-band energies and
oxidation and reduction potentials, of a series of a-phenyl-
substituted zinc phthalocyanines are affected by skeletal
deviations and/or phenyl groups.


Magnetism
Single-molecule magnets (SMMs) behave as molecular-
sized permanent magnets at low temperature, and magnetic
relaxation occurs by quantum tunneling processes. Such
molecules are promising candidates for use in quantum
devices. In the Concept article by H. Oshio and M. Nakano
on page 5178 ff., they determine the magnetic anisotropy
for single metal ions with dn configurations and discuss how
molecular anisotropy arises from single-ion anisotropy of
the assembled component metal ions.
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High-Spin Molecules with Magnetic Anisotropy toward Single-Molecule
Magnets


Hiroki Oshio*[a] and Motohiro Nakano[b]


Introduction


Paramagnetic metal complexes have been thoroughly inves-
tigated with respect to their catalytic, biochemical, and phys-
ical properties, and a number of recent studies involve high-
spin molecules with easy-axis-type magnetic anisotropy.
These high-spin molecules have an energy barrier prevent-
ing easy reversal of the magnetic moment. They show slow
magnetic relaxation with respect to spin flipping along the
magnetic anisotropy axis, and at very low temperatures the


spin cannot thermally flip, but flips by means of quantum
processes. Thus, the high-spin molecules behave as if they
are molecular-size permanent magnets. Molecules that have
this superparamagnetic behavior are called single-molecule
magnets (SMMs).[1] Since the discovery of the first SMM, a
manganese–oxo cluster [Mn12],


[2] several types of SMMs
have been reported,[3] and recently larger size SMMs have
been prepared with hope that novel physical properties
might appear on the border between mesoscopic and bulk
systems.[4] Studies involving quantum tunneling of the mag-
netization[5] and quantum phase interference[6] have been
conducted with the hope of using SMMs in quantum devices
in the future.[7] SMMs are required to possess a high-spin
ground state and magnetic anisotropy to trap molecular
magnetization. First, we discuss strategies for preparing
high-spin molecules with intramolecular ferromagnetic inter-
actions. Second, we will review magnetic anisotropy of
single metal ions with dn configurations and discuss how mo-
lecular magnetic anisotropy arises due to the arrangements
of the constituent anisotropic metal ions. Molecular magnet-
ic anisotropy, which mainly comes from single-ion anisotro-
py, should be easy-axis rather than easy-plane type in
SMMs. A simple ligand field approach gives some insights
into single-ion magnetic anisotropy.[8]


Discussion


High-spin molecule with ferromagnetic interactions : For
cluster molecules to be classified as SMMs, they must have
a large uniaxial easy-axis type of magnetic anisotropy and a
large ground-state spin multiplicity. Different strategies
need to be used in order to prepare high-spin molecules
composed of hetero- and homometal complexes. In hetero-
metal systems, antiferromagnetic interactions lead to a ferri-
magnetic high-spin ground state, and this strategy has been
used often to prepare SMMs. In homometal systems ferro-
magnetic interactions tend to have a higher spin ground
state, although spin-frustrated, spin-canted, and mixed-
valent homometal systems have lower spins. Ferromagnetic


Abstract: High-spin molecules with easy-axis magnetic
anisotropy show slow magnetic relaxation of spin-flip-
ping along the axis of magnetic anisotropy and are
called single-molecule magnets (SMMs). SMMs behave
as molecular-size permanent magnets at low tempera-
ture and magnetic relaxation occurs by quantum tunnel-
ing processes; such molecules are promising candidates
for use in quantum devices. We first discuss intramolec-
ular ferromagnetic interactions for preparing high-spin
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py for single metal ions with dn configurations and dis-
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spin systems must be designed with special care, or the mol-
ecules have low-spin ground states.
Paramagnetic metal ions in a molecule are subject to mag-


netic interactions through superexchange and/or spin polari-
zation mechanisms, among which the superexchange mecha-
nism is predominant in metal complexes bridged by single
anions. Superexchange interactions are mediated by charge-
transfer (CT) interactions between metal ions and bridging
ligands. Isotropic superexchange interaction is expressed by
the spin Hamiltonian, H=�2�JijSi·Sj, in which J is the ex-
change coupling constant and a positive J value means the
occurrence of ferromagnetic interactions. The superex-
change mechanism, proposed by Anderson, Goodenough,
and Kanamori,[9] can be used to predict the sign of the J
values. When two homometal ions are bridged by an anion
with a bridging angle of 1808, for example, strong antiferro-
magnetic interactions (J<0) occur through ligand-to-metal
(LM) CT interactions and a low-spin ground state is stabi-
lized (Scheme 1). For example, if metal ion on the left in the


dinuclear system shown in Scheme 1 has an “up” spin, the
LMCT interaction transfers a “down”-spin electron from
the central anion to this metal ion, leaving an “up” spin on
the anion. The remaining “up” spin on the anion stabilizes
the “down” spin on the right-hand metal ion, and this situa-
tion leads to the occurrence of the antiferromagnetic inter-
action. There are a few exceptions of this rule for complexes
in which metal ions have spins on degenerate orbitals. For
linearly oxo-bridged VIII dimers ferromagnetic interactions
are observed, which have been explained by a kinetic ex-
change mechanism.[10]


Magnetic interactions between bridged metal ions are typ-
ically antiferromagnetic. There are, however, two ways that
ferromagnetic interactions for hetero- and homometal sys-
tems can occur (Scheme 2).


1) A combination of heterometal ions, each with orthogo-
nal magnetic orbitals, leads to the ferromagnetic interac-


tions. A strong ferromagnetic interaction was reported
for a [Cu�V=O] complex (Figure 1, top), in which strict
orthogonality of the metal ions (ds and dp spins for Cu
and V=O ions, respectively) is responsible for the occur-
rence of the ferromagnetic interaction.[11]


2) When homometal ions are linked without magnetic orbi-
tal overlaps, a high-spin ground state occurs. Metal ions
bridged with a bond angle of 908 have ferromagnetic in-
teractions, and a high-spin ground state is observed.


A relatively strong ferromagnetic interaction was ob-
served between two iminonitroxy radicals orthogonally
linked by a copper(i) ion (Figure 1, bottom), which favors a
tetrahedral coordination geometry and causes an orthogonal
arrangement (dihedral angle of 908) of magnetic orbitals on
the coordinated bidentate ligand.[12] Phenoxo and alkoxo
groups sometime bridge metal ions without magnetic orbital
overlaps (bridging bond angle close to 908), leading to ferro-
magnetic interactions.[13] It should be noted that CT interac-
tions play very important roles in the propagation of mag-
netic interactions, and weak magnetic interactions due to
magnetic dipolar interactions are operative without the CT
interaction.


Magnetic anisotropy : Molecules with easy-axis-type zero-
field splitting (Dmol<0) have a double minimum potential


Scheme 1.


Scheme 2.


Figure 1. ORTEP drawings of dinuclear CuII–V=O (top)[10a] and bis-imi-
nonitroxyl CuI (bottom)[11] complexes showing ferromagnetic interac-
tions.
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with an energy barrier profile of DmolS
2
z at the inversion of


the magnetic moment from Sz=++S to �S. These high-spin
molecules show slow magnetic relaxation of the spin flipping
at very low temperature. The spin Hamiltonian is defined in
Equation (1) in which the first term represents the Zeeman
energy, and the second and third terms are contributions
from the magnetic anisotropies of uniaxial (Dmol) and rhom-
bic (Emol) zero-field splittings, respectively.


Ĥ ¼ �gmBHŜþDmol½Ŝ2
z�SðSþ 1Þ=3� þ EmolðŜ2


x�Ŝ2
yÞ ð1Þ


Magnetic anisotropy of paramagnetic molecules occurs
due to several factors including single-ion anisotropy of the
constituent metal ions, anisotropic exchange interactions be-
tween these ions, and magnetic dipolar interactions. Among
them, single-ion anisotropy often dominates molecular ani-
sotropy. Chemists are mostly interested in how molecular
anisotropy arises from single-ion anisotropy through molec-
ular architecture. Before proceeding to the construction of
molecular anisotropy, magnetic anisotropy for a single ion is
reviewed within conventional ligand-field theory.


Magnetic anisotropy for a single metal ion : The sign of
single-ion D values depends upon the electron configuration
and ligand-field environment of the metal ion. The electron-
ic ground state of a transition metal ion is usually represent-
ed with a term symbol, which transforms as an irreducible
representation of the point group reflecting the molecular
symmetry. Table 1 summarizes the ground states of high-


spin dn metal ions under Oh and D4h symmetry. The
2S+1T


and 2S+1E electronic ground terms under Oh symmetry are
often unstable towards distortion of the coordination sphere
which breaks the symmetry (Jahn–Teller effect).
When the orbital degeneracy is completely lifted in the


electronic ground state under a low-symmetry ligand field,
the Abragam–PryceNs derivation of the spin Hamiltonian
can be used to define the zero-field splittings as the quadrat-
ic forms of the spin operators including uniaxial D and
rhombic E terms [Eqs. (2) and (3)],[14] in which l and Lab


are the spin-orbit coupling constant and the mixing tensor
of the ground and excited states.


D ¼ l2ðLxx þLyy�2LzzÞ=2 ð2aÞ


E ¼ l2ðLxx�LyyÞ=2 ð2bÞ


Lab ¼
X


n6¼0


hf0jL̂ajfnihfnjL̂bjf0i
En�E0


ð3Þ


The sign of the D value depends upon the relative ampli-
tude of Lab. These anisotropy terms originate from spin-
orbit coupling lL·S, which mixes higher energy multiplets
into the ground state by means of second-order perturba-
tions, and they dominate low-temperature magnetism of
transition metal complexes that are either easy-axis type
with negative D or easy-plane type with positive D. On the
other hand, because the zero-field splittings in degenerate
ground states are more complicated and cannot be ex-
pressed in terms of simple D and E parameterization, the
magnetic anisotropies of those ions are not identified by the
sign of the D parameters. Instead, the easy-axis or easy-
plane anisotropies are found in the difference between lon-
gitudinal and transverse Zeeman effects if the lowest sub-
levels are not extremely diamagnetic. For example, the Eg


states under D4h symmetry in Table 1 (compressed d2, elon-
gated d6, and compressed d7) are all easy-axis type with a
large parallel component of the g tensor. Of course, most
doubly degenerate ground states in metal complex mole-
cules split to give a nondegenerate ground state with lower
symmetry perturbations, and, therefore, the anisotropies can
be described in terms of the parameters D and E.
The energy level diagrams for d1–d9 electron configura-


tions under low-symmetry ligand field were calculated by
using the angular overlap model (AOM).[15] The full Hamil-


tonian can be expressed as the
sum of ligand field (HLF), spin-
orbit coupling (HLS), electron
repulsion (Hee) and Zeeman
(HZ) terms as given in Equa-
tions (4)–(7),[16] in which NL,
es or p(i), Wi, Feg or t2g, k, ge, and z


represent the coordination
number, the AOM parameters
and Eulerian angle of i-th
ligand atom, the overlap factor


between metal d and ligand orbitals, the Stevens’ orbital re-
duction factor, the LandO g factor for a free electron, and
the spin-orbit coupling constant, respectively.


Ĥ ¼ ĤLF þ ĤLS þ Ĥee þ ĤZ ð4Þ


ĤLF ¼
XNL


i¼1


½esðiÞ
X


eg


X


e
0
g


jegiFegðWiÞFe
0
g
ðWiÞhe0gjþ


ekpðiÞ
X


t2g


X


t
0
2g


jt2giFk
t2g
ðWiÞFk


t2g 0
ðWiÞht02gjþ


e?pðiÞ
X


t2g


X


t
0
2g


jt2giF?
t2g
ðWiÞF?


t2g 0
ðWiÞht02gj�


ð5Þ


ĤLS ¼ k
X


i


z � l̂i � ŝi ð6Þ


Table 1. Electronic ground states of transition metal ions under Oh and D4h environments.
[a]


d1 d2 d3 d4 d5 d6 d7 d8 d9


elongated D4h
2Eg


3A2g (+)
4B1g (+)


5B1g (�) 6A1g (+)
5Eg


4A2g (+)
3B1g (+)


2B1g


octahedral Oh
2T2g


3T1g
4A2g


5Eg
6A1g


5T2g
4T1g


3A2g
2Eg


compressed D4h
2B2g


3Eg
4B1g (�) 5A1g (+)


6A1g (�) 5B2g (+)
4Eg


3B1g (�) 2A1g


[a] Metal ions with d4–d7 configurations are in the high-spin states. (+) and (�) signs denote ions possessing
positive and negative D values, respectively, if the ground state is not a Kramers doublet and the orbital de-
generacy is fully quenched.
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Ĥee ¼
1


4pe0


X


i>j


e2


jri�rjj


Ĥz ¼ �mBðkL̂þ geŜÞ �H


ð7Þ


The values of the ligand-field strengths and other model
parameters used in the AOM calculations, which were
chosen from physically reasonable range referring to the ref-
erences,[15] are summarized in the caption for Figure 2. The


s and p characters of the ligand atoms are measured by es
and ep parameters. The symmetry lowering of the Oh ligand
field is expressed by introduc-
ing a scaling factor p, which
modulates both es and ep of the
axial ligands, keeping the equa-
torial ligand field unchanged.
Deviation of p from unity cor-
responds to either compressed
(p>1) or elongated (p<1) oc-
tahedral coordination. The re-
sults for ground multiplet split-
tings for each state under D4h


symmetry (ML6) are shown in
Figures 2–4.
First, we discuss MnIII (3d4)


ions, which have been used
often to prepare SMMs. The
calculated energy splitting
scheme for the 3d4 system is


shown in Figure 2a. A MnIII ion with Oh symmetry has a
5Eg


ground state, which splits to provide 5B1g and
5A1g ground


states under tetragonal elongation (p<1) and compression
(p>1) of the coordination sphere, respectively (Jahn–Teller
effect). The 5A1g term has two quasi-twofold degenerate sub-
levels above the nondegenerate ground sublevel, which is
well-described by positive D. The 5B1g term has the inverted
sublevel structure corresponding to negative D (Figure 2).
This was proven by calculations with the magnetic field ap-
plied along the apical axis. The Zeeman effect for these
ground multiplets clearly confirms the sign of uniaxial zero-
field splitting parameter D. When the axial p and s dona-
tions is weaker than equatorial ones (elongated form with
p<1), the 5B1g term shows quasi-first-order Zeeman splitting
into Ms=�2, �1, and 0 in order from the lowest energy
(Figure 2b), suggesting negative D values (Figure 2b). When
axial donation is stronger (p>1), the 5A1g state splits into
five states, and the two sets of the higher energy states show
Zeeman splitting by the magnetic field along the apical axis
(Figure 2c). The lowest state was assigned to the Ms=0
state, which corresponds to a positive value of D for the ax-
ially compressed MnIII ion (Figure 2c).
Energy splitting diagrams of metal ions with high-spin dn


electron configurations are shown in Figures 3 and 4, and
Table 1 lists the sign of D values for orbitally nondegenerate
terms. Orbitally degenerate terms (Figure 3) have large
splittings due to the first order perturbation of the spin-orbit
coupling, while orbitally nondegenerate terms (Figure 4)
such as 2S+1A terms in the d3, d5, and d8 electron configura-
tions have a small amount of splitting because of mixing
with higher energy terms.
Degenerate orbital terms have more complicated zero-


field splitting, which is very sensitive to ligand-field distor-
tion. Energy splittings of a 5Eg term for a d6 electron config-
uration were calculated as a variable p’ representing rhom-
bic distortion from an axially elongated system, whereby the
parameter p was fixed to 0.9. The results were shown in
Figure 5, left. In this situation, the ligand-field strengths
along three coordination axes (x, y, and z) have the ratio of


Figure 2. a) Energy splitting diagram calculated for a six-coordinate 3d4


system with ML6 conformation. The scaling factor p changes the axial
ligand-field strengths of ep and es. Oh symmetry has a p parameter of 1.0,
while compressed and elongated forms have p>1 and p<1, respectively.
Ligand-field strengths: es=4000 cm�1 and ep=1200 cm�1; Racah parame-
ters: B/hc=600.0 cm�1 and C/B=4.3; Spin-orbit coupling constant: z/
hc=400.0 cm�1; Stevens’ orbital reduction factor: k=0.7.[15] (+) and (�)
signs represent positive and negative D values, respectively. Zeeman
splitting schemes by the applied magnetic field parallel to the apical axis
at b) p=0.99 (elongated form) and c) p=1.01 (compressed form).


Figure 3. Energy splitting diagrams calculated for 3d2, 3d4, 3d6, and 3d7 systems with ML6 coordination. The pa-
rameters used in the calculations are summarized in Figure 2.
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x :y :z=p’:1.0:p=p’:1.0:0.9. The z-elongated octahedral coor-
dination at p’=1.0 becomes rhombic by lowering p’, and re-
stores tetragonal symmetry of y-compressed octahedral co-
ordination at p’=0.9. Further reduction of p’ again distorts
the coordination to rhombic with x-axis elongation. Zeeman
splitting at p’=0.9 with an applied magnetic field along the
y axis gave the positive D pattern with Ms=0, �1, and �2
sublevels in order from the lowest energy (Figure 5, right).
Further deviation to an asymmetric ligand-field strength
from the equatorial ligands (p’<0.9) leads to a reversal of
the energy sublevels with the lowest becoming Ms=�2
state, which corresponds to a negative D value. Care should
be taken, therefore, when predicting the sign of the D value
for the states that originate from 2S+1E terms.


Molecules with a negative Dmol value : High-spin molecules
composed of magnetically anisotropic metal ions can have
either negative or positive Dmol values, and the sign of the
Dmol value depends upon how the anisotropic metal ions are
assembled in the molecule. The parameter Dmol is generally
provided by a tensorial sum over constituent ions for a
strong coupling limit,[17] and several non-collinear molecular
magnets were analyzed on this basis.[18] More intuitive ap-
proaches useful for molecular design will be discussed here.
Based on a classical vector picture, molecules with negative
values of Dmol have two possible origins: 1) a collinear easy-
axis alignment or 2) an orthogonal hard-axis alignment of a
single anisotropy.[19] We consider magnetic anisotropy of a
cubane complex (so-called “metal cube”), which is a typical
example of the latter case (Scheme 3). The metal cube has
S4 symmetry and four single-ion spins are ferromagnetically
coupled, such that their quantization axes are mutually or-
thogonal.


The spin Hamiltonian for this complex is given by Equa-
tion (8) in which J stands for exchange interaction between
nearest neighbour spins and D is uniaxial zero-field splitting
parameter for component ions. Introducing a resultant spin
operator, Ŝ=


P
i
Ŝi, leads to Equations (9)–(11).


Ĥ ¼ �2J
X


i 6¼j


Ŝi � Ŝj þDðŜ2
1x þ Ŝ2


2y þ Ŝ2
3x þ Ŝ2


4yÞ ð8Þ


Ĥ ¼ �JðŜ2�
X


i


Ŝ2
i Þ þ Ĥ1 þ Ĥ2 ð9Þ


Ĥ1 ¼
D
2
ð
X


i


Ŝ2
i�


X


i


Ŝ2
izÞ ð10Þ


Ĥ2 ¼
D
2
½ðŜ2


1x�Ŝ2
1yÞ�ðŜ2


2x�S2
2yÞ þ ðŜ2


3x�Ŝ2
3yÞ�ðŜ2


4x�Ŝ2
4yÞ� ð11Þ


If only the ground-spin manifold jS,Msi is considered, the
first term in Equation (9) is constant, and the term Ĥ2 con-
tributes only off-diagonal elements, but is not significant in
the strong exchange limit (J@D>0). Since Ŝi can be substi-
tuted with (1/4)Ŝ in the large-J limit, Ĥ2 vanishes. Addition-
ally, when Ŝiz is substituted by (1/4)Ŝz, Ĥ1 is then given by
Equation (12) and thus, Dmol=�(1/8)D.


Figure 4. Energy splitting diagrams calculated for 3d3, 3d5, and 3d8 sys-
tems with ML6 coordination. The parameters used in the calculations are
summarized in Figure 2.


Figure 5. Left: Energy splitting diagram calculated for a six-coordinate
3d6 system. The axial ligand-field parameter p was fixed to 0.9 (elongated
octahedron), and the variable p’ changes ligand-field strength from trans-
equatorial positions. Right: Energy splitting diagram by the applied mag-
netic field parallel to the equatorial axis at p’=0.9. The same parameters
were used as in the previous calculations, except for scaled ligand-field
strengths.


Scheme 3. Orthogonally aligned magnetic anisotropy in a cube. Arrows
represent quantization axes.
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Ĥ1 ¼ �ð1=8ÞDŜ2
z þ constant ð12Þ


It can be expected from Equation (12) that the metal-ion
assemblage with mutually orthogonal single-ion quantization
axes induces a sign inversion of uniaxial magnetic anisotro-
py in a molecule, that is, orthogonal hard- and easy-axis
alignments of the component metal ions give easy- and
hard-axis anisotropy for molecules, respectively. This strat-
egy can be extended to larger molecular systems to predict
the sign of the Dmol values. Collinear easy-axis and orthogo-
nal hard-axis alignments give negative Dmol values. Some
possible spin alignments for molecules with the negative
Dmol values are shown in Figure 6 for easy- and hard-axis
components.


Conclusion


In the SMM [Mn12],
[2] each Jahn–Teller axis of the eight


MnIII ions is collinearly aligned in the molecule; this leads to
easy-axis magnetic anisotropy for the whole molecule. In
alkoxo-bridged ferrous cubes,[3p] on the other hand, hard
axis type FeII ions are assembled in the orthogonal way, and
the ferrous cubes are SMMs. Although many SMMs have
been prepared, they were SMMs by accident and rational
synthetic strategies to control magnetic anisotropy have not
yet been established. In this paper, we show how molecular
anisotropy occurs when single-ion anisotropies are assem-
bled. This work may extend choices of component metal
ions beyond limited easy-axis ions and should help to design
bridging ligands for assembling metal ions to be SMMs.
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Peptide Electron Transfer: More Questions than Answers


Yi-Tao Long, Erfan Abu-Irhayem, and Heinz-Bernhard Kraatz*[a]


Electron Transfer Studies of Peptides in Solution


In Nature, 20 common amino acids serve as the fundamental
building blocks of functional peptides and eventually pro-
teins. Understanding charge transfer, both electron transfer
(ET) and hole transfer, processes in proteins is of funda-
mental importance to the unraveling of key biological pro-
cesses. Experimentalists have two approaches to this prob-


lem: One group works on the protein itself and study its ET
characteristics, while the other group works on readily con-
structed peptide model systems in order to gain insight into
the “real thing”.


Theoretical considerations by Schlag and co-workers sug-
gest that peptides possess “near ideal conduction in the iso-
lated state”.[1a] Amongst the various mechanisms of ET, he
suggested that charge transport in peptides is highly efficient
and that it proceeds in a stepwise fashion.[1] Charge transfer
is found to be a through-bond mechanism involving energet-
ically accessible electronic states along the path of charge
flow. Because of the complexity of peptides, the importance
of individual amino acids in controlling ET is not yet under-
stood in detail. More recently, the dynamic properties of
protein folding have begun to attract attention. A quantum
mechanical generalized master equation was used to treat
protein folding processes ranging from picoseconds to a
second or longer.[1b–d] Together with Petrov and May,[1f, g] a
solid theoretical foundation was laid for a hopping model of
ET in peptides, a mechanism, which is now recognized for
charge transport in DNA,[2] but which is still controversial
for peptides.


Several groups have been investigating the factors that
control the rate of these processes using photophysical tech-
niques and have analyzed their results using various meth-
ods, including Marcus–Hush theory of electron tunneling.[3]


In a series of photophysical studies of well-behaved peptide
model systems, it has become evident that the ET through
the peptide spacer is greatly influenced by the separation
between acceptor (A) and the donor (D), the nature of the
peptide backbone, the amino acids sequence and the result-
ing flexibility.[4] However, the mechanistic interpretations
for these observations are still highly controversial. Two
major mechanisms are currently debated to rationalize the
distance dependence of ET in peptide models: a bridge-as-
sisted superexchange and an electron-hopping mechanisms.
In the hoping mechanism, the electron temporarily resides
on the bridge for a short time during its passing from one
redox centre to the other, but in the superexchange, the con-
jugated bridge only serves as a medium to pass the electron
between the donor and acceptor. In a superexchange mecha-


Abstract: Nature has specifically designed proteins, as
opposed to DNA, for electron transfer. There is no
doubt about the electron transfer within proteins com-
pared with the uncertain and continuing debate about
charge transfer through DNA. However, the exact
mechanism of electron transfer within peptide systems
has been a source of controversy. Two different mecha-
nisms for electron transfer between a donor and an ac-
ceptor, electron hopping and bridge-assisted superex-
change, have been proposed, and are supported by ex-
perimental evidence and theoretical calculations. Sever-
al factors were found to affect the kinetics of this pro-
cess, including peptide chain length, secondary structure
and hydrogen bonding. Electrochemical measurements
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nism, the ET rate exhibits an
exponentially distance depend-
ence, whereas a linear distance
relationship is expected for a
hopping mechanism. Figure 1
shows the differences between
the two mechanisms using a
surface-supported peptide pos-
sessing an electron donating
ferrocene group attached to
the distal terminus of the pep-
tide.


Hopping and superexchange
mechanisms can both contrib-
ute in an electron-transfer
system. For DNA, the current-
ly accepted mechanism for the
charge-transfer process is hole
hopping in which the charge
propagates down the double
stranded DNA with the assis-
tance of the p-stacked
system.[5] While in DNA, spe-
cific sites (G) were identified
as “hopping sites”, the ques-
tion arises as to which are
these specific sites that may
provide a finite residence time
for the charge? It may be pos-
sible that charge may be able
to reside in the amide group
and “hop” from amide to
amide, or that hops occur be-
tween specific amino acid
groups that can accommodate
charges, such as tyrosine or
tryptophan. In fact, it should
be asked: Is charge transfer in
peptides independent of se-
quence and secondary struc-
ture? There are a number of
studies making use of peptides
with varying secondary struc-
ture and amino acid sequence.
Peptides range from homoo-
ligomers, such as oligoprolines,
oligoglycines, both of which
have specific secondary struc-
tures, and peptides having a-
helical or 310-helical structures
(Figure 2). This has significant
structural consequences, as this
will change the separation be-
tween the donor and acceptor.
The translational distance per residue changes from 1.50 I
for an a helix to 2.00 I for a 310 helix, to 3.12 I for polypro-
line-II, to 3.1 I for polyglycine-II.


Isied, one of the pioneers of peptide ET, and his co-work-
ers recently reported a series of peptide-bridged dirutheni-
um systems in which the length of the oligoproline spacer


Figure 1. Comparison of the electron-transfer mechanism by hopping (above) and by superexchange (below).
Please note the linear distance relationship of the electron transfer rate constant in case of the hopping mecha-
nism and the exponential dependence for the superexchange mechanism.


Figure 2. Schematic view of ferrocene modified single-stranded (ss)- and double-stranded (ds)-DNA, and a
helical, 310-helical and a collagen-like peptide on gold surfaces.
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was varied (Figure 3).[6] Using radiolysis for longer oligopro-
lines (n = 3–9), he was able generate [(bpy)2RuII(LC)-Pron-
apyRuIII(NH3)5]


4+ from the oligoproline precursor and
avoid major contributions from solvent reorganization,
working in an activationless regime. For the shorter oligo-
proline spacers, the ET rate constants were determined by
comparing the decay of the excited state emission from
[(bpy)2RuII(L*)-Pron-apyRuIII(NH3)5]


5+ and from the mono-
nuclear Ru complex [(bpy)2RuII(LC)-Pron-OH]2+ . His results
indicate a transition in mechanism of the ET from “predom-
inantly electron exchange to predominantly electron hop-
ping”.[6] These experimental results agree with theoretical
considerations by Petrov and May.[1f,g]


Newton, Isied and co-workers also reported a theoretical
study providing a rationale for differences in electron-trans-
fer kinetics between peptides of various secondary structural
motifs.[7] Using idealized structural elements, Isied presents
a model that rationalizes the differences in electron-transfer
kinetics for various secondary peptide structures which they
conclude are due to the differences in the direction and
magnitude of the peptide dipolement and changes in the
electronic coupling between the donor and acceptor group
jHAD j . IsiedLs results show that there are significant differ-
ences between a- and polyproline-II helices and extended b-
strand-like structures. Electronic coupling will be higher for
the helical structures compared with the strand-like struc-
ture, resulting in faster electron transfer in helices. Al-
though, the partial double bonding character of the peptide
bond is important in this context, peptides do not provide a
completely conjugated pathway, as for example polyolefins.
This difference manifests itself also in a lower electron
transfer ability of peptides, compared with p-conjugated
chains. In the grand scheme of things, the electron transfer
ability in peptides, as measured by b, is comparable to alkyl
chains and is about 1 I�1. Other molecules, such as DNA
(b=0.2–0.9 I�1), polyolefins (b = 0.2–0.6 I�1), and oligo(p-
phenylene vinylene) (b = �0.01 I�1), exhibit a significantly
higher electron transfer ability.[8]


However, recent results on the solution electrochemistry
of aminoisobutyric (Aib)-homooligomers linked to a p-cya-
nobenzamide or a phthalimide donor clearly provide a dif-
ferent picture of the mechanism of the ET process. In these
systems, Maran was able to probe the ET from the donor to
the C-terminal peroxide, which is reductively cleaved into
an alcoholate and a tert-butoxide radical.[9] Aib-rich peptides
are known to form a stable 310 helix (helix of three amino
acids per turn with a translational distance of 2.00 I per res-
idue and 10-membered hydrogen-bonding rings) in solution
which possesses intramolecular C=O···H-N hydrogen bond-
ing. The number of hydrogen bonds increases with the
length of the peptide. Also, earlier work showed that the
redox potential shows a dependence on the number of intra-
molecular hydrogen bonds in these peptide conjugates.[10]


Maran found that the ET rate exhibits only a weak distance
dependence. In some cases, in which phthalimide was used
as the donor, the rate even appeared to increase with dis-
tance! In order to increase the driving force and to favor a
hopping mechanism, the energy gap was increased by at-
taching a p-cyanobenzamide donor to the N-terminal side of
the peptide. Importantly the ET rates in both systems exhib-
it only a smaller than expected distance dependence
(Figure 4). Maran rationalized his results invoking a super-
exchange mechanism in which the bridge is intimately in-
volved and presents evidence from variable temperature
electrochemical experiments which suggest that a hopping
mechanism is not operational in these systems. It has to be
pointed out that although both groups studied helical pep-
tides, IsiedLs systems cannot engage in inter- or intramolecu-
lar hydrogen bonding whereas MaranLs Aib systems engage
in strong intramolecular hydrogen bonding. This raises the


Figure 3. Plot of logkmax (radiolysis : *, k1,max ; and photolysis : &, k2,max),
versus the distance from the edge of IsiedLs oligoproline conjugates (re-
drawn from ref. [6])


Figure 4. Dependence of the intramolecular ET rate constants for com-
pounds p-cyanobenzamide substituted oligopeptides (blue, left scale) and
phthalimide substituted oligopeptides (black, right scale) on the number
of intramolecular hydrogen bonds. Redrawn from ref. [9].
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question as to whether hydrogen bonding does indeed affect
the ET mechanism in peptides.


The charge and the dipole of the peptide also play an im-
portant role in the electron transfer. The dipole of an a


helix (about 3.5 D per amino acid residue) generates an
electrostatic filed along the helix axis of 109 Vm�2, produc-
ing an effective positive charge at the amino end and an ef-
fective negative charge at the carboxyl terminus, each
having a magnitude of 0.8O10�19 C. Fox and Galoppini dem-
onstrated the effect of the electric field generated by the
helix dipole on ET in Aib-rich a-helical peptides.[11] Other
than the effects from secondary structure (e.g. a helix and b


sheet), dipole and hydrogen bonding, the solvent has also a
marked influence on the study of the electron transfer.
Meyer and co-workers[12] showed that the redox-separated
state formed with 33–96% efficiency depending on the sol-
vent in the helical oligoproline system. The rate constant for
back-ET is also solvent dependent.


Electron Transfer Studies of Peptides on Surfaces


Over the past few years, electrochemical studies of peptides
immobilized on surfaces have become a viable alternative
for the study of ET processes. This approach is particularly
interesting in that it may minimize the conformational free-
dom the peptide has in a two dimensional quasicrystalline
arrangement. Our work began by constructing redox active
peptides that can be attached to a gold surface making use
of ferrocene (Fc) labeled constructs.[13] With the help of Fc-
COOBt,[14] a stoichiometric ferrocenoylation agent prepared
from ferrocene carboxylic acid and 1-hydroxy-1,2,3-benzo-
triazole, it is possible to prepare a series of Fc-peptide con-
jugates by solid- and solution-phase peptide coupling. These
Fc-labeled peptides are readily immobilized onto a gold sur-
face by using the cystamine (CSA) disulfides. Other sulfur
containing groups, such as lipoic acid and thiols can also be
used to heterogenize the peptides on gold. The resulting
films are in many cases well-ordered and their structure can
be probed with reflectance-absorbance infrared spectrosco-
py, making it possible to experimentally determine the tilt
angle of the peptide axis with respect to the surface. Tilt
angles for most of the helical peptides are in the range of
30–55 8 with respect to the surface normal. The ability to
form tightly packed surfaces depends on the length of the
peptides and presumably their structure. Short peptides
form loosely packed films that show a large degree of inho-
mogeneity within the film and that have up to 15% vacant
gold sites. By contrast, longer peptides form well-ordered
films.[15] Electrochemical techniques, such as cyclic voltam-
metry (CV), chronoamperometry (CA) and electrochemical
impedance spectroscopy (EIS) are used to study the ET ki-
netics in these films and to obtain parameters, ranging from
the molecular footprint of the ferrocene–peptide conjugates
on the surface to the interfacial resistance exerted by the
film on the ET process.


Bilewicz and co-workers[16a] studied the effect of increas-
ing the glycine spacer from two to six in Fc–oligoglycine
cystamine films anchored to a gold electrode. The oligogly-
cines from Gly2 up to Gly5 adopt a b-sheet-like polyglycine-
I structure, while the Gly6 chain forms the polyglycine-II
helix (translational distance per residue 3.1 I). The peptides
were separated from each other by alkylthiols which pre-
vented intermolecular hydrogen-bonding interactions. As
expected, these peptides display a one-electron redox
chemistry due to the Fc group. In addition, a decrease in kET


was observed upon increasing the number of Gly residues in
the peptide (Figure 5). These changes were attributed to po-
tential changes in the secondary structure of oligoglycine
chain, from b sheet to a helical polyglycine-II structure. But
importantly, a change in mechanism from a bridge-assisted
superexchange to electron hopping could not be ruled out.
In this context, KimuraLs work is critical. He found a weak
linear distance dependence for ET and postulated that a
hopping mechanism is present in helical Fc-labeled pep-
tides.[17] The question arises as to the exact nature of the
hopping mechanism. Does the electron have a finite resi-
dence time? If so, can experiments be devised that allow the
hopping mechanism to be establish unequivocally. There-
fore, it is important to point out that in the case, where a
hopping pathway is provided, as is in the case of helical pep-
tides incorporating non-natural amino acids containing a
naphthyl residue in the side chain, the ET appears to occur
via electron hopping.[18]


Earlier work on helical Fc–oligoprolines carried in di-
chloromethane,[4c] where the oligoprolines are unable to
form intra- or interstand hydrogen-bonding patterns, show
significant “through-bond” contributions to the ET. Colla-
gen-like peptides can engage in interstrand hydrogen bond-
ing and are structurally related to the oligoprolines. The
simple (Pro-Pro-Gly) repeat unit was chosen as a starting
point. Each single peptide strand adopts a left-handed poly-
proline-II structure. Three peptide strands assemble into a


Figure 5. Plot of lnk0 vs the length of the spacer separating the ferrocene
from the electrode surface. The data obtained by Chidsey and co-work-
ers[16b,c] (!, FcCOO(CH2)nSH; n = 5–15, 18) and Creager et al.[16d] (&,
FcCONH(CH2)nSH, n = 7–10, 15) for alkanethiolate monolayers with
tethered ferrocene redox centers are shown for comparison (*, FcCO-
(NHCH2CO)nNH(CH2)2SH, n = 2–6). Solid lines represents linear fits to
distance dependences for n-alkanethiolate monolayers. The decay con-
stant for the alkyl chains is about 1.2 per atom. Redrawn from ref. [16a].
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supramolecular right-handed triple helical structure by
forming inter-peptide hydrogen bonds between the amide
NH of each glycine residue with the carbonyl groups of the
proline residues on adjacent peptide strands, as illustrated in
Figure 6. The net result is that hydrogen bonding occurs on
the interior of the triple helix providing, for longer peptides,
a hydrogen-bonded corridor on the interior with all aliphatic
residues pointing towards the exterior of the triple helix.[19]


Using these Fc–collagen model conjugates, we hoped to un-
derstand the role of interstrand hydrogen bonding in the ET
mechanism. It was expected that if a hopping mechanism in-
volves hopping from amide to amide, as suggested by
Kimura for a-helical systems,[17] a change of the conditions
such as deuteration and temperature in a hydrogen-bonded
system such as collagen models, should be measurable by
electrochemical techniques. A collagen-like structure pro-
vides a well-defined framework to probe the role of H-
bonded peptide assemblies in ET reactions.


The solution structures of the Fc–collagen models were
evaluated by using circular dichroism spectroscopy (CD)
and nanopore measurements. The CD measurements show


that the longer collagen models with three repeats are
strongly hydrogen bonded and exist in the collagen confor-
mation. These results were confirmed by measurements of
the ion flow through an a-hemolysine nanopore with a pore
dimension of 1.5 nm (see Figure 7). Molecular transits cause
blockage of the ion current, which is related to the size of
the peptide passing through the pore.[20]


Films of the Fc–collagen model peptides were formed on
Au microelectrodes. The peptides displayed a strong hydro-
gen bonding in the film. Furthermore, with increasing length
of the peptide spacer, the film thickness increases. Our elec-
trochemical measurements by CV and CA in H2O and D2O,
allowed us to evaluate the ET kinetics (see Figure 8).[21] A
linear and shallow distance dependence of kET on film thick-
ness was found. Furthermore, our ET studies in D2O show
that the ET rates are slower and a kinetic isotope effect
(KIE) of 1.2 to 1.6 was observed. This is an important find-
ing since KIE were not observed for ET in peptide models
before. In terms of mechanistic insight, we suggested that
ET via the peptide spacer proceeds according to JortnerLs
thermally induced hopping (TIH) mechanism. This is also in


line with KimuraLs proposal of
electron hopping from amide
to amide.[17] However, our re-
sults also suggest electron en-
trainment in the hydrogen
bonded Fc–peptide conjugate
that is to say that ET must
proceed along the hydrogen-
bonded interface. Additional
studies are currently underway
to evaluate the effect of se-
quence in peptide assemblies
that are significantly longer. In
work presented by Kimura, Bi-
lewicz and from our own work,
a significant issue arises that is


Figure 6. Chemical structure of Fc-collagen models having a Pro-Pro-Gly repeat and a schematic view of the
supramolecular coiled-coil structure adopted by a Pro-Pro-Gly repeat unit taken from the solid-state structure.
The helix pitch is 10 I; on the right is given a view down the helical core showing the hydrogen-bonded corri-
dor and the arrangement of the hydrophobic residue towards the exterior of the helical structure. Redrawn
from ref. [21].


Figure 7. Left: Representation of the a-hemolysin pore inserted into a planar lipid bilayer with a linear collagen-like peptide passing through the 1.5 nm
diameter pore. Right: Contour plots of current transients of [Fc-(Pro-Pro-Gly)3-CSA]2. The horizontal and vertical red lines represent cross-sections of
the contour plots. Each horizontal cross-section was fit to a Gaussian distribution, and each vertical cross-section was fit to a double exponential func-
tion. [Fc-(Pro-Pro-Gly)3-CSA]2 has a iblock distribution positioned at �75.4(0.2) pA with a w1=2


of 6.2 pA, and the t block distribution is described by lifetimes
of 33(5) ms and 591(17) ms. Bin widths used: Current blockage 0.5 pA and blockage duration 0.025 ms. (right): Values in parentheses are the standard de-
viations. Reproduced from ref. [20] with permission of the American Chemical Society, 2004.
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linked to the coupling of elec-
tron transfer to molecular
motion. The time scale of the
electron movement from the
Fc to the gold surface through
the peptide spacer in all cur-
rent electrochemical experi-
ments is in the millisecond
time scale, which is slower
than the movement of small
functional groups.[22] Thus, it
can be speculated that at least
in the case of the hydrogen-
bonded Fc–collagen models,
movements of the entire mole-
cule, such as breathing motions
of the hydrogen-bonding net-
work or rocking motions of
the individual Fc–peptide
strands, could be responsible
for the observed isotope effect.
Thus the role of molecular dy-
namics needs to be evaluated thoroughly. It was shown for
example by Kawatsu and Yamato that the nuclear dynamics
contributes to the ET rate significantly.[23] Similarly, Onuchic
and co-workers[24] have demonstrated the influence of hy-
drogen bonds in azurin using molecular dynamics calcula-
tions (MD). In the Fc–peptide conjugates described here,
we can assume that MD is playing an important role in de-
termining the exact mechanistic pathway. However, in the
absence of detailed molecular dynamics calculations, this re-
mains an open and unanswered question.


In recent single molecule studies, Tao and co-workers[25]


were able to measure the current–potential characteristics
of individual peptide molecules. Using Gly-containing pep-
tides with an increasing
number of Gly residues with
cysteamine linkages at the C-
and N-terminus of the peptide,
Tao was able to create individ-
ual molecular junctions be-
tween a gold electrode and a
second gold electrode that was
moved in an out of the peptide
solution (CSA-Cys, CSA-Gly-
Cys, Cys-Gly-Cys, and CSA-
Gly-Gly-Cys). The process was
controlled by a feed-back loop
that drove the electrode into
contact with the gold surface.
Once the contact was estab-
lished, a feedback loop activat-
ed a piezoelectric transducer to
pull the electrode out of con-
tact (Figure 9, left). Basically,
the number of the molecular
junctions could be counted by


the number of steps in the conductance between the two
electrodes. Significant pH dependence is observed for only
the peptide having a free COOH group.


Using this method, the current–potential (i–V) character-
istics of each of the Gly-containing peptides, as a function of
pH, were measured and a significant pH dependence on the
conductance (G) was observed. Importantly, the conduc-
tance (G) of the peptides versus length (L) can be described
by G = Aexp(�bL) (with A=0.15G0 and b=1.1 � 0.1 per
carbon or nitrogen atom) (see Figure 9, right). This Figure
also contains data for alkanethiols of comparable lengths
(A=0.65G0 and b=1.0 � 0.1 per carbon). TaoLs findings
are perfectly consistent with a coherent tunneling process.


Figure 8. Left: CVs of a film of [Fc-(Pro-Pro-Gly)3-CSA]2 on gold in H2O (c) and D2O (a) at a scan rate
of 500 Vs�1 in 2m NaClO4, Pt counter electrode vs Ag/AgCl reference; right: Impedance data shown in the
complex capacitance plane for [Fc-(Pro-Pro-Gly)-CSA]2 *, [Fc-(Pro-Pro-Gly)2-CSA]2 ~, and [Fc-(Pro-Pro-
Gly)3-CSA]2 &. Equivalent Circuit for fitting hexanethiol-diluted Fc-peptide cystamine films. RS= solution re-
sistance; Qdl=CPE of double layer capacitance, RCT=charge transfer resistance; W=Warburg diffusion ele-
ment (at an applied bias voltage of E0’ vs Ag/AgCl for the Fc group and ac amplitude of 5 mV rms in 2m
NaClO4 at room temperature, from 100 kHz to 1 Hz). Reproduced from ref. [21] with permission of the Amer-
ican Chemical Society, 2004.


Figure 9. Illustration of a molecular peptide junction formed by separating two electrodes controlled by piezo-
electric transducer. Plot of the lnG vs peptide length (number of carbon or nitrogen atoms in the peptides). bN


is obtained from the linear fit. For comparison, the data for alkanedithiols are also plotted; (top right) Con-
ductance vs pH for Cys-Gly-Cys (bottom right). Redrawn from ref. [25].


� 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 5186 – 51945192


H.-B. Kraatz et al.



www.chemeurj.org





The pH influence was rationalized by the charge on the pep-
tide spacers changing the tunneling barrier and thus the con-
ductance of the spacer material. Why are TaoLs results dif-
ferent from BilewiczL results on oligoglycines, who suggested
that ET proceeds by electron hopping. Clearly TaoLs results
on short Gly spacers indicate tunneling and not hopping?
The solution to this problem is length.


Epilogue


Although several groups have made seminal contributions
to our understanding of the ET properties in peptides, they
are far from being understood. Theory has provided some
important insights into this fundamental process.[1] The state
of the art investigation for ET of surface-bound molecules
was recently reviewed.[3] Some experimental results on ET
in peptides appear to suggest that a hopping mechanism
dominates over a superexchange, while others suggest that
the mechanism is strongly dependent on the length of the
peptide, its structure or even may depend on the presence
of specific side chains.


One important question has to be asked: Why do electro-
chemical measurements of peptides assembled into films
and monolayers give results that are so different from the
observations made by single molecule measurements or in
solution? There are two possible answers: a) TaoLs peptides
are short peptides and he may be in the tunneling region
rather than IsiedLs hopping regime which would be opera-
tional only for longer peptides; b) a more intriguing and po-
tentially controversial answer lies in the presence of possible
intermolecular interaction that peptides may undergo on
surfaces. These interactions can be proximity effects, hydro-
phobic interactions or maybe even intermolecular hydrogen
bonding. In work on Fc–glycines and Fc–collagen models,
the peptides were separated by alkylthiols. Although this
should prevent lateral electronic communication between
the redox centers, it is clear that surface electrochemical
measurements probe the colligative properties of the pep-
tide film rather than the electron-transfer characteristics of
individual molecules. At the present time the jury is still out
on what effects are responsible for these different results.
Even more tantalizing is the variety of secondary structures
for peptides, each of which offers a different hydrogen-
bonding pattern and different translational distances. Can it
be expected that ET processes follow the same mechanism
in peptides of different amino acid sequences and different
secondary structures?


However, measurements in the solid state, on surfaces
and in molecular junctions, are critical. Detailed structural
knowledge is crucial for the interpretation of the kinetic
data. To some degree, the detailed knowledge of charge
transfer in double-stranded DNA is due to the well defined
and well behaved structure it adopts in solution and on the
surface. For peptides, the situation is significantly more com-
plex. The flexibility of peptides, their ability to adopt vari-
ous stable secondary structures and to interact with each


other on the surface complicates the issue. Although, experi-
mentally the tilt angles of the peptides and the film thick-
nesses are readily accessible structural quantities, a more de-
tailed structural analysis is important, since differences in
the secondary structure of the peptide may profoundly influ-
ence its electronic properties, as was demonstrated for the
series of oligoglycines, which appear to undergo a length de-
pendent transformation from a b sheet to a helical oligogly-
cine-II structure.


The exploration and application of peptide conjugates in
molecular electronics has only begun, aided largely by the
ease of preparation of peptide conjugates by solid- or solu-
tion-phase synthesis. The inherent ability of peptides to
engage in specific interactions with each other, with other
biomolecules, such as proteins and DNA, and with metal
ions is a key feature that we are only now beginning to ex-
plore. The molecular recognition processes potentially may
allow gating of signal transduction through the interaction
of the peptide with other biomolecules. Furthermore, pep-
tide–metal ion interactions can be tailored and made specif-
ic for sensing applications. In addition, the interaction with
metals may allow to fine tune the electronic properties of
the peptide surfaces for a particular application.
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Dynamic Structural Change of the Self-Assembled Lanthanum Complex
Induced by Lithium Triflate for Direct Catalytic Asymmetric Aldol–
Tishchenko Reaction


Yoshihiro Horiuchi,[a] Vijay Gnanadesikan,[a] Takashi Ohshima,*[a] Hyuma Masu,[b]


Kosuke Katagiri,[b] Yoshihisa Sei,[b] Kentaro Yamaguchi,[b] and Masakatsu Shibasaki*[a]


Introduction


Some enzymes, such as tyrosinase monooxygenases, contain
bimetallic centers, and cooperative effects between the two
metal atoms are thought to be involved in enzyme activity.[1]


Chemical transformations induced by bimetallic (or multi-
metallic) catalyst systems often have higher reaction rates
and selectivities than those induced by monometallic and
mononuclear complex catalysts.[2] The synergistic functions
of the active metal sites make substrates more reactive and
control their position in the transition state, so that the func-
tional groups are proximal to each other. In contrast to bio-


inorganic catalytic chemistry, the synthesis and utilization of
artificial chiral multimetallic catalysts in asymmetric reac-
tions have not been well studied. As a result, the develop-
ment of a chiral multimetallic catalyst is one of the most im-
portant topics in chemical science. The majority of the re-
ported asymmetric catalyses, however, have used monome-
tallic complexes, due to difficulties assembling the requisite
metals and ligands in a well-organized manner.
Since the early 1990s, we have reported a series of rare-


earth/alkali-metal heterobimetallic complexes that catalyze
various asymmetric reactions, such as the nitro–aldol and
direct aldol reactions.[3] These heterobimetallic complexes
were determined to consist of one rare-earth metal (RE),
three 1,1’-bi-2-naphtholates (binol), and three alkali metals
(M) (abbreviated REMB) by X-ray crystallography, elemen-
tal analysis, mass spectrometry, and NMR spectroscopy
(Figure 1).[4] Recently, several other groups also reported
various excellent asymmetric catalyses promoted by chiral
bi- or multimetallic complexes.[5] The self-assemblies of
those systems are thermodynamically controlled to form one
predominant assembled structure. On the other hand, dy-
namic assembly, which interconvert two or more self-assem-
bled units by re-sorting or reorganizing the component spe-
cies, is often observed in biologic systems. In chemical sys-


Abstract: The development of a direct
catalytic asymmetric aldol–Tishchenko
reaction and the nature of its catalyst
are described. An aldol–Tishchenko re-
action of various propiophenone deriv-
atives with aromatic aldehydes was
promoted by [LaLi3(binol)3] (LLB),
and reactivity and enantioselectivity
were dramatically enhanced by the ad-
dition of lithium trifluoromethanesulfo-
nate (LiOTf). First, we observed a dy-
namic structural change of LLB by the


addition of LiOTf using 13C NMR spec-
troscopy, electronspray ionization mass
spectrometry (ESI-MS), and cold-spray
ionization mass spectrometry (CSI-
MS). X-ray crystallography revealed
that the structure of the newly generat-
ed self-assembled complex was a binu-


clear [La2Li4(binaphthoxide)5] complex
6. A reverse structural change of com-
plex 6 to LLB by the addition of one
equivalent of Li2(binol) was also con-
firmed by ESI-MS and experimental
results. The drastic concentration ef-
fects on the direct catalytic asymmetric
aldol–Tishchenko reaction suggested
that the addition of LiOTf to LLB gen-
erated an active oligomeric catalyst
species.
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tems, although there are several reports on the dynamic as-
sembly of supramolecules,[6] dynamic assembly of asymmet-
ric catalysts is rarely discussed, despite the usefulness of this
concept for the development of new artificial chiral multi-
metallic catalysts.[7] In this manuscript, we report a dynamic
structural change between the self-assembled [LaLi3(binol)3]
(LLB) complex and another unique self-assembled [La2Li4-
(binol)5] complex by the addi-
tion of lithium triflate (LiOTf).
The structure of the [La2Li4-
(binol)5] complex was elucidat-
ed by X-ray crystallography.
The catalyst development for
the direct catalytic asymmetric
aldol–Tishchenko reaction[8,9]


and active species of the reac-
tion are also discussed.


Results and Discussion


Catalyst development for the
direct asymmetric aldol–Tish-
chenko reaction : The aldol re-
action is one of the most power-
ful and efficient carbon–carbon
bond-forming reactions.[10]


From the viewpoint of atom
economy, the development of a
direct catalytic asymmetric
aldol reaction is highly desira-
ble.[11] Since our first successful
intermolecular, direct catalytic,
asymmetric aldol reaction of al-
dehydes with unmodified ke-
tones using heterobimetallic
asymmetric catalyst, we[3h–j] and other groups[12] have at-
tempted this type of direct reaction with great success. In
almost all of these direct asymmetric catalyses, however,
only limited donors, such as methyl ketones, a-hydroxy ke-
tones, and easily enolizable aliphatic aldehydes, are utilized.
Thus, despite the high demand for the development of a
direct aldol reaction of ethyl ketones, it remains uninvesti-
gated. Considering the usefulness of the corresponding aldol


product of ethyl ketones for the synthesis of 2-methyl-1,3-
polyol arrays, we examined various reaction conditions
using heterobimetallic asymmetric catalysts; however, all at-
tempts were unsatisfactory. One major reason for this diffi-
culty is a strong tendency toward retro-aldol reactions of the
resulting product. Inspired by the earliest report of an SmI2-
catalyzed Tishchenko reaction of b-hydroxy ketone by
Evans et al. ,[9a] and cross-aldol–Tishchenko reaction cata-
lyzed by an yttrium–salen complex by Morken et al.,[9j] we
hypothesized that the metalated aldolates derived from our
lanthanoid-based hetrobimetallic catalyst might be activated
for the addition of another aldehyde molecule to provide
Tishchenko adduct through [3,3]-bond reorganization. Thus,
by coupling an irreversible Tishchenko reaction to a reversi-
ble aldol reaction of ethyl ketones, we recently overcame
this issue and achieved a direct catalytic asymmetric aldol–
Tishchenko reaction that provided high product yields and
high enantioselectivities. To obtain satisfactory results,
tuning of the LLB complex by the addition of LiOTf was es-
sential (Table 1). Although 10 mol% of LLB, which was


prepared from [La(O-iPr)3],
[13] 1,1’-bi-2-naphthol (BINOL=


binol-H2), and BuLi in a ratio of 1:3:3, promoted the reac-
tion with excellent diastereoselectivity (>98:2) and moder-
ate enantioselectivity (64% ee), only 20% of the ketone 1a
was converted to a mixture of 3a[14] and 4a (~1:1) even
after 48 h (Table 1, entry 1). To improve the reactivity, we
examined the addition of metal salts. As shown in entries 2–
6, all lithium salts greatly accelerated the reaction, but only


Figure 1. Structure of [REM3{(S)-binol}3] ((S)-REMB).


Table 1. Effects of lithium salt on direct catalytic asymmetric aldol–Tishchenko reaction.


Entry[a] Ketone Catalyst Total
yield [%][b]


3:4[c] ee [%][d]


1 1a (R)-LLB 20 ~1:1 64
2 1a (R)-LLB+LiI (1:3) 75 ~1:1 60
3 1a (R)-LLB+LiBF4 (1:3) 50 ~1:1 44
4 1a (R)-LLB+LiClO4 (1:3) 78 ~1:1 64
5 1a (R)-LLB+LiOTf (1:3) 60 ~1:1 78
6 1a (R)-LLB+LiPF6 (1:3) 73 ~1:1 64
7 1a (R)-LLB+NaOTf (1:3) 70 ~1:1 62
8 1a (R)-LLB+KOTf (1:3) 65 ~1:1 73
9 1a (R)-LLB+CuOTf (1:3) 40 1:>10 9
10 1a (R)-LLB+AgOTf (1:3) 42 1:9 28
11 1a La(OTf)3+(R)-BINOL+BuLi (1:3:6) 60 ~1:1 86
12 1b (R)-LLB+LiOTf (1:3) 89 2:>98 93
13 1b La(OTf)3+(R)-BINOL+BuLi (1:3:6) 75 2:>98 88
14 1b La(OTf)3+(R)-BINOL+BuLi (1:3:5.6) 80 2:>98 93


[a] All reactions were performed in THF (1.0m) at room temperature (48 h for 1a, 24 h for 1b). [b] Total yield
of 3 and 4 was determined by 1H NMR analysis of the crude sample. [c] The ratio was determined by 1H NMR
analysis of the crude sample. [d] Enantiomeric excess of 4 was determined by HPLC analysis after hydrolysis
using NaOMe/MeOH to produce the corresponding diol. Diastereoselectivity of 4 was generally below the de-
tection limit of 500 MHz 1H NMR (>98/2).
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in the case of lithium triflate was the enantioselectivity im-
proved (entry 5, 78% ee). Based on the results obtained
using other metal triflates (entries 7–10), both lithium cati-
ons and triflates were indispensable for obtaining optimal
reaction efficiency. The addition of at least three equivalents
of LiOTf to one equivalent of LLB was necessary, because
decreasing the amount of LiOTf decreased enantioselectivi-
ty. Alternatively, the same catalyst system as LLB·3LiOTf
can be prepared by the addition of six equivalents of BuLi
to a 1:3 ratio mixture of [La(OTf)3] and BINOL. This new
catalyst preparation method improved enantioselectivity
(entry 11) and by changing the ketone to 1b superior levels
of substrate conversion, Tishchenko selectivity, and asym-
metric induction were realized (entry 13). Because even a
slight excess of BuLi resulted in decreased enantioselectivi-
ty, the 1:3:5.6 [La(OTf)3]/BINOL/BuLi catalyst system was
set as the standard condition (entry 14).
Under the optimized conditions, the direct catalytic asym-


metric aldol–Tishchenko reaction of a variety of both alde-
hydes 2 and ketones 1 smoothly proceeded to give 4 and,
after hydrolysis using NaOMe in MeOH, the corresponding
diols 5 were obtained in up to 96% isolated yield and up to
95% ee (Table 2). It is worth noting that the reaction pro-
ceeded with the same efficiency even when propyl ketone
1h (entry 16) and butyl ketone 1 i (entry 17) were used, ach-
ieving the asymmetric direct aldol-type reaction of propyl
and butyl ketones for the first time.


Dynamic structural change of LLB induced by LiOTf—for-
mation of a novel binuclear lanthanum complex : In our pre-
vious studies, the structure of several self-assembled REMB
complexes, such as [LaNa3{(S)-binol}3(thf)6(H2O)] (LSB),


were elucidated by X-ray crystallography.[4c] Recently, Aspi-
nall et al.[15] also reported the preparation of anhydrous crys-
tal of several REMB. In all cases, the obtained crystals pos-
sessed the L configuration rather than the D configuration
when the complex was prepared from (S)-BINOL. X-ray
crystallography of LLB has not yet been achieved. Based on
laser-desorption/ionization time-of-flight mass spectrometry
(LDI-TOF MS) and NMR spectroscopy,[4a] the structure of
LLB is similar to that of LSB (Figure 1) and even in solu-
tion phase one La3+ ions, three binol ligands, and three Li+


ions are predominantly assembled to the structure. After ob-
taining excellent results in a direct catalytic asymmetric
aldol–Tishchenko reaction by using the LLB·3 LiOTf cata-
lyst system, we were interested in the effects of LiOTf on
the catalyst structure. During the investigation of the above
asymmetric catalysis, we observed the formation of a color-
less prismatic crystal from the catalyst solution prepared
from La(OTf)3, BINOL, and BuLi in a ratio of 1:3:5.6 in
THF (0.2m) after a long storage period. The structure of the
crystal was unequivocally determined by X-ray crystallogra-
phy to be a novel binuclear [La2Li4(binaphthoxide)5] com-
plex (6), which exists as a 1:1 mixture of adducts 6a and 6b
(Figure 2) with eight and nine coordinated THF molecules,
respectively. In the complex, two binol units and one THF
coordinate to each La metal, and both La metals are bridg-
ed by another binol ligand. Another structural feature of the
complex is that each oxygen atom of the binol moiety is
bridged to the oxygen of another binol unit by La metal
and/or Li metal. This is the first example from X-ray crystal-
lography of rare-earth/alkali-metal/binol heterobimetallic
complexes other than those with the REMB-type structure
shown in Figure 1.


To further investigate the
crystals of 6, a new preparation
method of 6 was developed. In
the standard procedure for the
preparation of the catalyst solu-
tion (Scheme 1, procedure A),
after addition of hexane solu-
tion of BuLi to a mixture of La-
(OTf)3 and BINOL in THF, all
solvents were removed under
reduced pressure, and the resid-
ual solid was dissolved by THF
to make 0.2m stock solution of
the catalyst. In the new proce-
dure for the preparation of the
crystal (procedure B), the mix-
ture of La(OTf)3, BINOL, and
BuLi[16] was allowed to stand in
0.15m THF/hexane (7:8) with-
out concentration. After 12 h
storage at room temperature,
identical colorless prismatic
crystals of 6 were obtained in
approximately 40% yield with
high reproducibility. In spite of


Table 2. Direct catalytic asymmetric aldol–Tishchenko reaction of various substrates.


Entry Ketone 1 Aldehyde 2 t [h] Yield [%][a] ee [%][b]


1 1b : Ar1=C6H4-4-CF3, R=Me 2a : Ar2=C6H4-4-Cl 60 95 93
2 1b : Ar1=C6H4-4-CF3, R=Me 2b : Ar2=C6H4-4-Br 48 96 95
3 1b : Ar1=C6H4-4-CF3, R=Me 2c : Ar2=C6H4-4-F 72 85 92
4 1b : Ar1=C6H4-4-CF3, R=Me 2d : Ar2=C6H4-4-Me 94 67 92
5 1b : Ar1=C6H4-4-CF3, R=Me 2e : Ar2=C6H5 84 95 91
6 1b : Ar1=C6H4-4-CF3, R=Me 2 f : Ar2=C6H4-3-Br 48 92 86
7 1b : Ar1=C6H4-4-CF3, R=Me 2g :Ar2=C6H4-3-OMe 72 65 85
8 1b : Ar1=C6H4-4-CF3, R=Me 2h : Ar2=2-naphthyl 80 67 88
9 1b : Ar1=C6H4-4-CF3, R=Me 2 i : Ar2=3-furyl 84 77 93
10 1b : Ar1=C6H4-4-CF3, R=Me 2j : Ar2=3-thienyl 84 82 94
11 1c : Ar1=C6H4-4-Br, R=Me 2b : Ar2=C6H4-4-Br 48 70 85
12 1d : Ar1=C6H4-3-Cl, R=Me 2a : Ar2=C6H4-4-Cl 48 60 84
13 1e : Ar1=C6H4-3,4-Cl2, R=Me 2a : Ar2=C6H4-4-Cl 48 81 88
14 1 f : Ar1=C6H4-3,5-Cl2, R=Me 2a : Ar2=C6H4-4-Cl 48 73 85
15 1g : Ar1=C6H4-3,5-F2, R=Me 2a : Ar2=C6H4-4-Cl 48 77 87
16 1h : Ar1=C6H4-4-CF3, R=Et 2b : Ar2=C6H4-4-Br 90 90 88
17 1 i : Ar1=C6H4-4-CF3, R=Pr 2b : Ar2=C6H4-4-Br 90 88 87


[a] Isolated yield of the corresponding diol 5. [b] Determined by HPLC analysis after converting to the corre-
sponding diol. The diastereoselectivity was generally below the detection limit of 500 MHz 1H NMR (>98:2).
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intensive efforts, no crystal was obtained in the absence of
LiOTf, suggesting that LiOTf was essential for crystal for-
mation; however, LiOTf was not involved in the crystal.


Mechanistic studies : The results shown in Table 1 revealed
that LiOTf had an important role in the highly enantioselec-
tive aldol–Tishchenko reaction. In addition, a new La/Li/
binol (2:4:5) complex 6 was obtained from a catalyst solu-
tion prepared from La(OTf)3, BuLi, and BINOL. Thus, we
were interested in the role of LiOTf and the efficiency of
crystalline complex 6 in the asymmetric catalysis. When
ketone 1b and aldehyde 2b were used as substrates, clear
beneficial effects of LiOTf were observed (Table 3, en-


tries 1–4). On the other hand,
the crystalline complex 6 on its
own was a less effective catalyst
(entry 5). This low selectivity
might be due to the absence of
LiOTf, and as expected, the ad-
dition of LiOTf to complex 6
greatly improved enantioselec-
tivity of the reaction to 80% ee
(entry 6). The addition of one
equivalent of Li2(binol) to com-
plex 6 (entry 7), which was as-
sumed to change the composi-
tion from La/Li/binol (2:4:5) to
La/Li/binol (2:6:6=1:3:3 as in
LLB), gave almost identical re-
sults to those achieved with
LLB (entry 1). As shown in en-
tries 8 and 9, the addition order
of LiOTf to a mixture of (R)-6,
(R)-BINOL, and BuLi did not
affect either yield or enantiose-
lectivity, suggesting rapid equi-
librium of the lanthanum com-
plexes. The addition of either
extra BuLi (entry 10) or extra
Li2(binol) (entries 11 and 12)
dramatically decreased enantio-


selectivity (vide infra).
To gain insight into the structure of the lanthanum com-


plexes in solution, we performed NMR spectroscopy on the
catalyst. Probably due to structural similarity and/or rapid
equilibrium, there was almost no difference between the so-
lution of LLB in [D8]THF and that of crystalline complex 6
in [D8]THF on the 1H and 13C NMR spectra (Figure 3a). On
the other hand, following the addition of LiOTf to those sol-
utions, a new set of signals appeared in the 13C NMR spectra
in both cases (Figure 3b), suggesting the generation of new
species in the presence of LiOTf. To obtain more informa-
tion on the lanthanum complexes, we performed electro-
nspray ionization mass spectrometry (ESI-MS) and cold-
spray ionization mass spectrometry (CSI-MS) analyses.
Almost no peak was observed by ESI-MS of solutions of the
lanthanum complexes in THF due to the low ionization effi-
ciency in aprotic solvent; therefore, ESI-MS analysis was
performed by using solution of the complex in a THF/
iPrOH (2:1) mixture (ca. 0.7 mm due to limitations of the
ESI apparatus). As shown in Figure 4a, the La/Li/binol
(1:1:2) complex (m/z=721) and LLB (m/z=1019) were de-
tected in the LLB solution as major peaks (see Table 3,
entry 1). In the ESI-MS analysis of the solution of the crys-
talline complex 6, a peak assigned to the La/Li/binol (2:4:5)
complex 6 (m/z=1733) was detected and the relative inten-
sity of the peak of the LLB+binol�Li2 complex (m/z=
1317) increased (Figure 4b, see also Table 3, entry 5). The
addition of one equivalent of Li2(binol) to complex 6 made
the peak at 1733 disappear, resulting in an ESI-MS spectrum


Figure 2. Crystal structure of [La2Li4{(R)-binol}5(thf)8] 6a (top left) and [La2Li4{(R)-binol}5(thf)9] 6b (top
right). The crystal unit is composed of 6a and 6b (1:1). Hydrogen atoms are omitted for clarity. Selected bond
lengths of 6a (N): La1�Ob1, 2.474; La1�Ob1*, 2.429; La1�Ob2, 2.439; La1�Ob2*, 2.467; La1�Ob3, 2.417; La1�Ob5*,
2.500; La1�Ot1, 2.584; Li1�Ob1*, 1.901; Li1�Ob2, 1.894; Li1�Ob2, 1.901; Li1�Ot2, 1.936; Li1�Ot3, 2.020; Li2�Ob2*,
1.827; Li2�Ob3, 1.862; Li2�Ot4, 1.836.


Scheme 1. Best preparative procedures for the catalyst solution (top) and
the crystalline complex 6 (bottom).
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almost identical to that of LLB (Figure 4c). In conjunction
with results shown in Table 3 (entry 7), the addition of Li2-
(binol) to crystalline complex 6 promoted a dynamic struc-
tural change of the La/Li/binol (2:4:5) complex, returning to
LLB. Similar to 13C NMR analysis, the addition of LiOTf to
the solution of LLB and the complex 6 produced several
new peaks assigned to LLB+LiOTf (m/z=1175),
LLB+2LiOTf (m/z=1331), LLB+HLi(binol)+LiOTf (m/
z=1467), and so forth (Figure 4d and e, see also Table 3, en-
tries 2 and 6, respectively). In addition, the ESI-MS spec-
trum of [La(OTf)3]+BINOL+BuLi (1:3:5.6) (Figure 4f) was
almost identical to those shown in Figure 4d and e.[17] Addi-
tional valuable information on the actual structure of the
lanthanum complexes in solution was obtained by CSI-MS.
CSI-MS was developed by one of the authors for the charac-
terization of labile ionic compounds, such as labile self-as-
sembling nanosize metal complexes.[18] Because the CSI ap-
paratus features a drying gas (N2) cooling device to maintain


the temperature of the capillary
and spray below �20 8C, CSI-
MS allows for easy and precise
characterization of labile self-
assembling compounds. Anoth-
er beneficial feature of CSI-MS
is that highly concentrated solu-
tion of the sample in THF
(2mm) can be directly used for
analysis without the addition of
a protic solvent, although it is
still a very dilute solution com-
pared with that used for asym-
metric catalysis (200mm). CSI-
MS of the solution of LLB in
THF mainly showed peaks of
LLB as several THF adducts
(n=0–3) with peaks of
LLB+Li2(binol) (Figure 5a). In
striking contrast to ESI-MS
analysis, the relative intensity of
the peak of LLB dramatically
decreased in the presence of


LiOTf (Figure 5b), indicating the formation of other self-as-
sembling lanthanum complexes. In the case of a solution of
the crystalline complex 6 in THF, very complicated spectra
were obtained due to the existence of possible THF adducts
of various self-assembled complexes in solution.[19]


The information obtained from the above-mentioned ex-
perimental and spectroscopic results allowed us to make the
following deductions:


1) Based on the 13C NMR spectra (Figure 3c) and ESI-MS
(Figure 4d–f), the addition of LiOTf promoted a dynam-
ic structural change in the LLB complex to generate sev-
eral new self-assembled lanthanum complexes, presuma-
bly including the active species of the asymmetric cataly-
sis. Moreover, CSI-MS (Figure 5b) indicated that the
LLB complex underwent a high degree of structural
change.


Table 3. Direct asymmetric aldol–Tishchenko reaction catalyzed by several lanthanum complexes.


Entry Catalyst La/Li/binol/LiOTf Yield [%][a] ee [%][b]


1 (R)-LLB 1:3:3:0 75 79
2 (R)-LLB+LiOTf (1:3) 1:3:3:3 92 92
3 La(OTf)3+(R)-BINOL+BuLi (1:3:6) 1:3:3:3 87 92
4 La(OTf)3+(R)-BINOL+BuLi (1:3:5.6) 1:2.6:3:3 96 95
5[c] (R)-6 2:4:5:0 83 59
6[c] (R)-6+LiOTf (1:6) 2:4:5:6 92 80
7[c] (R)-6+(R)-BINOL+BuLi (1:1:2) 2:6:6:0 (1:3:3:0) 79 81
8[c][d] (R)-6+(R)-BINOL+BuLi+LiOTf (1:1:2:6) 2:6:6:6 (1:3:3:6) 90 92
9[c][e] (R)-6+(R)-BINOL+BuLi+LiOTf (1:1:2:6) 2:6:6:6 (1:3:3:6) 93 90
10[c][e] (R)-6+(R)-BINOL+BuLi+LiOTf (1:1:3:6) 2:7:6:6 98 34
11[e] (R)-LLB+(R)-BINOL+BuLi+LiOTf (1:0.5:1:3) 1:4:3.5:3 82 68
12[e] (R)-LLB+(R)-BINOL+BuLi+LiOTf (1:1:2:3) 1:5:4:3 88 24


[a] Isolated yield of the corresponding diol 5bb. [b] Determined by HPLC analysis after converting to the cor-
responding diol. The diastereoselectivity was generally below the detection limit of 500 MHz 1H NMR (>
98:2). [c] 5 mol% of crystalline complex 6 (10 mol% on La) was used. [d] LiOTf was added after the addition
of BuLi to (R)-6 and BINOL in THF. [e] LiOTf was added before the addition of BuLi.


Figure 3. 13C NMR spectra of the lanthanum complexes in [D8]THF.
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2) Because of the formation of a large quantity of the com-
plex 6 from the LiOTf-containing catalyst solution
(Figure 2), a certain amount of this La/Li/binol (2:4:5)
complex would exist in the active solution [Eq. (1)], al-
though the precise abundance ratio of 6 is unclear
(Table 3, Entry 5).


3) Based on the experimental results (Table 3, entry 7) and
ESI-MS (Figure 4c), the addition of one equivalent of
Li2(binol) to the complex 6 in the absence of LiOTf pro-
motes a reverse dynamic structural change of 6 to LLB
[Eq. (2)].


4) As in Equation (1), with the formation of complex 6
from two equivalents of LLB, the same amount of Li2-
(binol) is generated. Li2(binol) promotes the aldol–Tish-
chenko reaction to give almost racemic products, so that
Li2(binol) itself does not exist in the active catalyst solu-
tion and transforms to a more oligomeric complex such
as the (LLB)l·6m·{Li2(binol)}n·(LiOTf)x complex, as de-
tected on ESI-MS (Figure 4d–f). When Li2(binol) was
added to a solution of LLB+LiOTf (1:3), there was a
significant decrease in enantioselectivity (Table 3,
entry 11, 0.5 equiv of Li2(binol), 68% ee and entry 12,
1 equiv of Li2(binol), 24% ee).


Figure 4. ESI-MS of the lanthanum complexes in THF/iPrOH. a) LLB; b) complex 6 ; c) complex 6+Li2(binol) (1:1); d) LLB+LiOTf (1:3); e) complex
6+LiOTf (1:6); f) La(OTf)3+BINOL+BuLi (1:3:5.6). m/z : 299 [HLi(binol)+Li]+ , 305 [Li2(binol)+Li]


+ , 319 [2LiOTf+Li]+ , 475 [3LiOTf+Li]+ , 721 [La/
Li/binol(1:1:2)+Li]+ , 1019 [LLB+Li]+ , 1175 [LLB+LiOTf+Li]+ , 1311 [LLB+HLi(binol)+Li]+ , 1317 [LLB+Li2(binol)+Li]


+ , 1331 [LLB+2LiOTf+Li]+ ,
1467 [LLB+HLi(binol)+LiOTf+Li]+ , 1733 [La/Li/binol(2:4:5)+Li]+ , 2031 [2LLB+Li]+ .
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From the above deductions, we propose a scheme of dy-
namic self-assembling of the lanthanum complexes with
LiOTf and the candidates of active species of the asymmet-
ric aldol–Tishchenko reaction (Scheme 2). One reasonable


candidate for the active species is an LLB–LiOTf complex
such as the LLB·LiOTf and LLB·2 LiOTf complexes detect-
ed by ESI-MS and CSI-MS. Other possible candidates are
some oligomeric species, which consist of LLB, Li2(binol),
the complex 6, and LiOTf, or a cooperative catalyst system
of all of those species. In addition, the results of the drastic


concentration effects on both reactivity and enantioselectivi-
ty support the possibility of an oligomeric active species
(Table 4).[20]


Conclusion


We successfully developed a direct catalytic aldol–Tishchen-
ko reaction using the lanthanum catalyst as a useful method
to overcome the retroaldol reaction problem of a direct
aldol reaction of ethyl ketone. LiOTf promoted a dynamic
structural change of LLB to generate a novel binuclear [La2-
Li4(binaphthoxide)5] complex (6), whose structure was de-
termined by X-ray crystallography. We demonstrated that
the self-assembled lanthanum complex 6 dynamically
changed its structure to that of LLB (by the addition of Li2-
(binol)) and an active species of the asymmetric catalysis
(by the addition of Li2(binol) and LiOTf). Results of ESI-
MS, CSI-MS, 13C NMR spectroscopy, and experiments of
concentration effects suggested that the active species is an
oligomeric species (LLB)l·6m·{Li2(binol)}n·(LiOTf)x.


Figure 5. CSI-MS of the lanthanum complexes in THF. a) LLB; b) LLB+LiOTf (1:3). m/z : 443 [HLi(binol)+2THF+Li]+ , 521 [Li2(binol)+3THF+Li]+ ,
1019 [LLB+Li]+, 1091 [LLB+THF+Li]+ , 1163 [LLB+2THF+Li]+, 1235 [LLB+3THF+Li]+, 1311 [LLB+HLi(binol)+Li]+ , 1317 [LLB+Li2(binol)+Li]


+,
1331 [LLB+2LiOTf+Li]+ , 1383 [LLB+HLi(binol)+THF+Li]+ , 1389 [LLB+Li2(binol)+THF+Li]+ , 1403 [LLB+2LiOTf+THF+Li]+ , 1455 [LLB+HLi-
(binol)+2THF+Li]+ , 1461 [LLB+Li2(binol)+2THF+Li]+ , 1467 [LLB+Li2(binol)+LiOTf+Li]+ , 1539 [LLB+Li2(binol)+LiOTf+THF+Li]+ , 1643
[LLB+4LiOTf+Li]+ , 1403 [LLB+4LiOTf+THF+Li]+ .


Scheme 2. Proposed dynamic self-assembling of the lanthanum com-
plexes and active species.


Table 4. Concentration effects on the direct catalytic asymmetric aldol–
Tishchenko reaction.


Entry Conc [m] Yield [%][a] ee [%][b]


1 1.0 96 95
2 0.7 82 86
3 0.5 66 78
4 0.2 22 77


[a] Isolated yield of the corresponding diol 5bb. [b] Determined by
HPLC analysis after converting to the corresponding diol. The diastereo-
selectivity was generally below the detection limit of 500 MHz 1H NMR
(>98:2).
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Experimental Section


General : NMR spectra were recorded on a JEOL JNM-LA500 spectrom-
eter, operating at 500 MHz for 1H NMR and 125.65 MHz for 13C NMR
spectra. For 1H NMR spectra chemical shifts in CDCl3 were reported
downfield from TMS (d=0 ppm) or relative to CHCl3 (d=7.26 ppm) or
THF (d=3.58 ppm) as internal references. For 13C NMR spectra, chemi-
cal shifts were reported downfield from TMS (d=0 ppm) or relative to
CHCl3 (d=77.00 ppm) or THF (d=67.40 ppm) as internal references.
Optical rotations were measured on a JASCO P-1010 polarimeter. EI
mass spectra were measured on JEOL JMS-DX303, JEOL JMS-
AX505W or JMS-BU20 GCmate. CSI Mass spectral measurements were
performed by two-sector(BE) mass spectrometer (JMS-700,JEOL) equip-
ped with a cold-spray ionization(CSI) source. The X-ray crystallographic
analysis was under taken using Bruker Samrt1000 CCD diffractometer
with MoKa radiation at 90 K. The enantiomeric excess (ee) was deter-
mined by HPLC analysis. HPLC was performed on JASCO HPLC sys-
tems consisting of the following: pump, 880-PU or PU-980: detector, 875-
UV or UV-970. Reactions were carried out in dry solvents under an
argon atmosphere, unless otherwise stated. [La(O-iPr)3] was purchased
from Kojundo Chemical Laboratory Co., 5-1-28, Chiyoda, Sakado-shi,
Saitama 350-0214 (Japan). Other reagents were purified by the usual
methods.


Procedure for the formation of complex 6 : Lanthanum trifluoromethane-
sulfonate (1.342 g, 2.29 mmol, purity 99.999%, Aldrich) and (R)-(+)-1,1’-
bi-2-naphthol (1.964 g, 6.86 mmol) were placed in a 30 mL flask under
air. The flask was charged with argon and THF (7 mL) was added. nBuLi
in hexanes (8 mL, 12.8 mmol, 1.6m, Aldrich) was then added dropwise to
the mixture at room temperature over a period of 50 min, while main-
taining the reaction temperature below 35 8C. After stirring for 10 min,
the reaction mixture was left standing for 12 h; prismatic crystals were
formed. Under argon atmosphere, the supernatant was removed by sy-
ringe (20 G) and then the crystals were washed with THF (2 mLP3). The
residual crystals were dried for 1 h by means of a needle (21 G) attached
to a vacuum pump. The crystals were collected and stored under argon
atmosphere. The absence of LiOTf was confirmed by 13C NMR analysis
of this product.


X-ray crystallographic analysis : A crystal coated with paratone-N was
mounted on glass fiber. The crystal structure was solved by using
SHELXS 97 (Sheldrick, 1997). Refinement was carried out by full-matrix
least-squares methods (on F2) with anisotropic temperature factors for
non-hydrogen atoms after omission of redundant and space-group-forbid-
den data. In all of the structures H atoms were included as their calculat-
ed positions. For refinement of the structure and structure analysis, the
program package SHELXTL was used. CCDC 269103 contains the sup-
plementary crystallographic data for this paper. This data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via http://www.ccdc.cam.ac.uk/data request/cif.


Preparation of catalyst solution of complex 6+BINOL+BuLi+LiOTf
(Table 3, entry 9): In a glovebox under argon atmosphere, (R)-BINOL
(51 mg, 0.178 mmol) and LiOTf (167 mg, 1.068 mmol) were added to the
complex 6 (384 mg, 0.178 mmol) in a 20 mL round-bottom flask. THF
(4 mL) was added to the mixture. After stirring for 10 min at room tem-
perature, nBuLi (0.22 mL, 0.356 mmol, 1.6m in hexanes, Aldrich) was
added dropwise at 4 8C to give a white suspension. The reaction mixture
was gradually warmed to room temperature and after 12 h became a ho-
mogeneous solution. The solution was cooled to �78 8C and the solvent
was slowly removed by means of a needle (21 G) attached to a vacuum
pump. The cooling bath was then removed and the reaction mixture was
slowly allowed to come to room temperature. After the reaction mixture
became a dry solid (approximately 2 h), the vacuum was replaced with
argon gas and THF (1.8 mL) was added to make a 0.2m catalyst solution
based on lanthanum metal.


General procedure for the direct catalytic asymmetric aldol–Tishchenko
reaction : A solution of the catalyst (0.25 mL, 0.2m in THF based on lan-
thanum metal) was slowly added to a mixture of 1b (101 mg, 0.50 mmol)
and 2b (231 mg, 1.25 mmol) in THF (0.25 mL) at 4 8C. After stirring for
48 h at room temperature, the reaction mixture was quenched by the ad-


dition of 1m aqueous HCl. The aqueous layer was extracted twice with
ethyl acetate. The combined organic layers were washed with brine, dried
over Na2SO4, filtered, and concentrated in vacuo. The residue was puri-
fied by column chromatography (silica gel, hexane/acetone 25:3) to
afford aldol–Tishchenko ester 4bb as a colorless oil. The product was dis-
solved in MeOH (3 mL), NaOMe (100 mg, 1.85 mmol) was added, and
the resulting mixture was stirred for 1 h. The reaction mixture was
poured into brine and extracted with ethyl acetate. The combined organic
layers were dried over Na2SO4, filtered, and concentrated in vacuo. The
residue was purified by column chromatography (silica gel, hexane/ethyl
acetate 400:70 to 400:30) to afford the diol 5bb as a single diastereomer
(96% yield for 2 steps). HPLC analysis conditions [column: DAICEL
CHIRALPAK AD-H, eluent: hexane/isopropanol 92:8, flow rate:
1.0 mLmin�1, detector: 254 nm, tR=11.0 (minor (1R,2R,3R)) 14.9 min
(major (1S,2S,3S))].


Mass spectrometry analyses : The 0.1m LLB solution (20 mL) was diluted
with dry THF (3 mL) and dry 2-propanol (1 mL). The diluted solution
was directly used for ESI-MS analysis. ESI-MS analysis was performed in
cation mode under the following conditions: capillary: 3.5 kV; cone:
150 V; source temp: 90 8C; desolvation temp: 90 8C; syringe pump:
30 mLmin�1. For CSI-MS the LLB solution (0.1m) was diluted with THF
to give a 2mm solution, which was directly used for CSI-MS analysis.
Typical measurement conditions were as follows: acceleration voltage:
5.0 kV; needle voltage: 3.4 kV; orifice voltage: 248 V; ringlens voltage:
283 V; resolution (10% valley definition): 1000; sample flow-rate:
17 mLmin�1; spray temperature: �25 to 0 8C.
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Deformed Phthalocyanines: Synthesis and Characterization of Zinc
Phthalocyanines Bearing Phenyl Substituents at the 1-, 4-, 8-, 11-, 15-, 18-, 22-,
and/or 25-Positions


Takamitsu Fukuda, Shigetsugu Homma, and Nagao Kobayashi*[a]


Introduction


The discovery of phthalocyanine (Pc) dates back to the
early 20th century. Braun and Tcherniac first reported a Pc-
like substance in 1907.[1] The structure of Pc was subsequent-
ly confirmed by X-ray crystallography by Robertson in 1935
and 1936.[2] Since then, Pcs have been developed as industri-
al dyes and pigments due to their intense colors and high
chemical and physical stability. Today, more than fifty thou-
sand tonnes of Pcs are produced annually around the world.
In addition, the versatile spectroscopic and electrochemical


properties of Pcs have attracted the interest of researchers
in a variety of leading-edge fields. A large number of papers
and patents have been published.[3] Applications including
use in write-read optical discs, nonlinear optics, as catalysts,
in deodorants, as electrical conductors, in semiconductors,
and in photodynamic cancer therapy have been developed
in recent years. Most a- and/or b-position[4]-substituted Pc
monomers have been confirmed as having highly planar mo-
lecular structures by X-ray crystallography.[5] The most nota-
ble exceptions have tended to be metallo-Pcs in which the
central metal has a large ionic radius.[6] Reports on nonpla-
nar substituted Pcs have begun to appear only recently.
Cook4s group reported the crystal structure of a conforma-
tionally stressed 1,4,8,11,15,18,22,25-octaisopentyl H2Pc,[7]


while we independently reported a highly deformed a-octa-
phenylated H2Pc (H2PcPh8).


[8] Gorun and co-workers have
since characterized the first dome-shaped metal-free Pc in
the solid state.[9] Spectroscopic evidence of ligand deforma-
tion in solution was found in the case of FePcPh8, where the


Abstract: The synthesis of a series of
zinc phthalocyanines partially phenyl-
substituted at the 1-, 4-, 8-, 11-, 15-, 18-,
22-, and/or 25-positions (the so-called
a-positions) is reported. Macrocycle
formation based on 3,6-diphenylphtha-
lonitrile, o-phthalonitrile, and zinc ace-
tate predominantly yielded the near-
planar disubstituted complex and oppo-
site tetrasubstituted isomer, while the
lithium method yielded the sterically
hindered hexasubstituted complex and
adjacent tetrasubstituted isomer. All
compounds have been characterized by
1H NMR, MALDI-TOF-MS, and ele-
mental analysis methods. In addition,
crystal structures have been solved for
the di-, hexa-, and octasubstituted com-
plexes and the adjacent tetrasubstitut-


ed isomer. DFT geometry optimization
calculations predict more highly de-
formed structures than those observed
in the crystals. The packing force of the
crystals cannot therefore be ignored,
particularly for the less phenyl-substi-
tuted derivatives. The crystal structures
have revealed that overlap of the
phenyl groups causes substantial defor-
mation of the phthalocyanine (Pc) li-
gands within the crystals, while strong
p–p stacking in the remainder of the
Pc moiety lacking phenyl substituents


can suppress the impact of the defor-
mation. Absorption spectra show siz-
able red shifts of the Q-band with in-
creasing number of phenyl groups.
Analysis of the results of absorption
spectra and electrochemical measure-
ments reveals that a substantial portion
of the red shift is attributable to the
ring deformations. Molecular orbital
calculations lend further support to this
conclusion. A moderately intense ab-
sorption band emerging at around
430 nm for highly deformed octaphen-
yl-substituted zinc Pc can be assigned
to the HOMO!LUMO+3 transition,
which is parity-forbidden for planar
Pcs, but becomes allowed since the ring
deformations remove the center of
symmetry.
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originally parity-forbidden MLCT transitions became al-
lowed as a consequence of ring saddling.[10] Metal PcPh8


complexes also show unusual spectral band shifts, which are
sufficiently large to result in red or ochre colors both in the
solid phase and in solution.[11] These salient features of the
a-phenyl-substituted Pc prompted us to investigate the rela-
tionship between the spectroscopic and electrochemical
properties and the molecular structures. In this study, we
report the synthesis of a series of a-phenyl-substituted
ZnPcs 1–6 (Figure 1). Compounds 4, 5, and 6 are expected


to have deformed ligands due to the steric hindrance of ad-
jacent phenyl groups, while conversely compounds 1, 2, and
3 are expected to be planar. The substituent effects of a-
phenyl groups can be estimated by comparing 1, 2, and 3,
while the ring deformation effects are examined using 4, 5,
and 6. Many papers concerning deformed aromatic systems,
including pyrene,[12] buckminsterfullerene,[13] porphyrin,[14]


and subphthalocyanine[15] derivatives, have been published
to date. Nonplanar Pcs are of interest in a variety of fields
due to the intense red-shifted Q-bands and the potential for
novel forms of metal–ligand d-p interaction.


Results and Discussion


Synthesis : In general, Pc monomers can incorporate one
transition metal ion or two protons within the central
cavity.[16] Since the focus of this study was ligand deforma-
tion effects, and not ligand–metal interactions, the central
metal had to be chosen carefully. FeII complexes, for exam-


ple, show significant metal–ligand interactions,[10,17] and are
therefore unsuitable. Free base, SiIV, NiII, or ZnII derivatives
were possible candidates, since their NMR measurements
for structural characterizations are straightforward, and a
large number of papers on their planar complexes have
been published.[16] The first three have significant drawbacks
in terms of the effective symmetry for spectroscopic studies
in the case of metal-free ligands, solubility, and complex syn-
thetic procedures in the case of SiIV complexes. ZnPcs have
fairly high solubilities in coordinating solvents such as pyri-
dine, and no significant metal–ligand interactions are ex-
pected due to the closed-shell d10 configuration.[18] Thus, ZnII


was chosen as the central metal. As has already been noted
in our recent papers,[19,20] the lithium method often tends to
produce adjacent-type isomers (i.e., 4), even in the presence
of protruding a-phenyl substituents, probably via so-called
“half-Pc” intermediates.[21] In contrast, template reactions
using ZnII ions in the absence of base usually produce the
opposite isomers (i.e., 3), since this reduces the level of
steric repulsion.[22,23] We have therefore performed mixed
condensations using o-phthalonitrile and 3,6-
diphenylphthalonitrile, employing both methods. In the case
of the lithium method, ZnPh2Pc (2) was obtained in 16.5%
yield (based on the total mixed nitrile), along with sterically
hindered 4 and 5 in yields of 2.7 and 7.1%, respectively,
while little of the opposite isomer, 3, could be isolated.
Taking into account the 2:1 molecular ratio of precursors, a
statistical distribution of these derivatives would afford
19.8% of 4 and 9.9% of 5. Therefore, 4 and 5 were obtained
in respective yields of 13.6 and 71.7% with respect to the
theoretical distribution. Although 6 was also obtained, this
compound was prepared separately to simplify the purifica-
tion procedures. Conversely, a metal template reaction
based on zinc acetate resulted in the formation of 2 and 3 in
respective yields of 10.5 and 3.4% (26.6 and 34.3% yields
with respect to the theoretical 39.5 and 9.9%). Formation of
the sterically hindered derivatives (4, 5, and 6) was negligi-
ble. Differences in the reaction mechanism contribute to the
observed differences in the formation ratios. Template reac-
tions using transition metals require the simultaneous as-
sembly of four reactant nitrile molecules,[24] which hinders
Pc formation, while the lithium method requires only two
nitriles to form half-Pc intermediates.[21]


Structures : All six complexes were first characterized by
MALDI-TOF mass spectrometry and elemental analysis. In
addition, the structures were confirmed by 1H NMR spec-
troscopy and X-ray crystallography (for 2, 4, 5, and 6). Un-
fortunately, no crystals of sufficient quality could be ob-
tained for 3. Figure 2 shows 1H NMR spectra of the opposite
(3) and adjacent (4) isomers in [D5]pyridine. From the mo-
lecular symmetries, 4 is expected to have a more complex
NMR spectrum. As a result, the integrated values for the
equivalent protons should be in multiples of four for 3, and
two for 4. In Figure 2a, the proton environments are group-
ed into four regions with relative integration values of 4, 8,
8, and 12 from low to high magnetic field. This unambigu-


Figure 1. Structures and abbreviations of the compounds used in this
study.
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ously proves that 3 has an opposite isomer structure. In con-
trast, Figure 2b features a more complex set of proton sig-
nals and the integration values for d = 9.65 and 8.92 ppm
are 2 rather than 4. This confirms that 4 is the adjacent
isomer. The 1H NMR spectra of the other complexes (2, 5,
and 6) are supplied in the Supporting Information.


Further evidence for the assignment of the 1H NMR spec-
tra of 3 and 4 was provided by X-ray crystallography. Crys-
tallization took place in pyridine solution during slow evap-
oration of the solvent, except in the case of 2, for which a
toluene/pyridine 1:1 (v/v) solution was used instead. The
crystallographic parameters are summarized in Table 1.
Figure 3 and Figure 4 show ORTEP views of 2, 4, 5, and 6,
and the packing arrangements of these complexes and
H2PcPh8, respectively.[8] Figure 5 and Figure 6 depict color-
map analyses[25] of the extent of ring deformation. The dis-
placements of the ligand atoms are calculated relative to the
4N-plane generated by the four pyrrole nitrogens on the
inner ligand perimeter. All of the crystals have a pyridine
molecule coordinated to the ZnII. ZnII Pcs are normally pen-
tacoordinate.[26] An example of a hexacoordinate crystal has
been reported as a special case, however.[27] The pyridine


prevents extensive p–p interactions on one side of the Pc
and allows close p–p stackings at the opposite side. In the
case of 2, the unit cell contains two discrete Pc ligands
(green- and purple-colored regions in Figure 4a) having
practically planar conformations. In Figure 5, the colormap
is entirely yellowish-green in the case of 2, indicating a high
degree of planarity. Figure 6 confirms this observation. As
expected, 5 and 6 have highly deformed structures at neigh-
boring isoindole units where two phenyl groups overlap. In
particular, the structure of 6 is similar to that of H2PcPh8,
where alternating up and down displacements of the isoin-
dole units results in a saddled structure.[8] The maximum de-
viation of the pyrrole b-carbon atom is about 1.18 O for 6
(Figure 6), which is comparable to that in H2PcPh8, while
those of near-planar Pcs are within about 0.15 O. The devia-
tion is somewhat less for 5, amounting to 0.76 O at the site
with largest deviation and 0.34 and 0.69 O at sites adjacent
to this. Although the structures of 5 and 6 are in line with
what was anticipated, the crystal structure of adjZnPcPh4


(4) is not. 4 maintains a relatively high degree of planarity
in the crystalline state, Figure 5 and Figure 6, despite the ex-
istence of phenyl overlaps. The colormap analysis resembles
that of 2. Figure 6 demonstrates that 4 takes on a ruffled
rather than a saddled structure, in which the meso-nitrogen
atoms lie outside the 4N-plane.[28]


DFT geometry optimizations were conducted for 2, 4, 5,
and 6 using the B3LYP functional with 6–31G(d) basis sets,
with the results illustrated in the right-hand column of
Figure 6. Although the crystal structures and optimized
structures of 6 are almost identical, clear differences are ob-
served for 4. The calculation predicts the anticipated sad-
dled conformations. The origin of the planarity observed in
the crystals can be attributed to the packing forces of these
complexes. A molecule of 2 stacks with another molecule so
that they avoid phenyl overlaps in the crystalline state. As a


consequence, 2 adopts a slipped
stacked packing structure. The
packing structures are basically
similar for 5 and 6. The extent
of the stacking displacement
changes in the order 4<5<6.
The overlap area of 4 (Pc-A
and Pc-B) is more than 90%, as
illustrated in Figure 4, which
means that intermolecular in-
teractions are very extensive.
On the other hand, the overlap
area of 5 decreases to around
25%, and the two Pcs are dis-
placed along the diagonal direc-
tion of the Pc. The nonplanarity
of 5 observed in the X-ray crys-
tal data (Figure 6) indicates
that the phenyl-substituted sites
deviate significantly from pla-
narity and that the non-substi-
tuted isoindole is near-planar,


Figure 2. 1H NMR spectra of 3 (a) and 4 (b) in [D5]pyridine. The Q de-
notes solvent and 13C satellite signals.


Table 1. Crystal data and structure refinement.[a]


Data 2 4 5 6


empirical formula C115H76N20Zn2 C76H52N12Zn C83H50N11Zn C98H63N11Zn
formula weight 1868.70 1198.67 1266.71 1459.96
crystal color, habit dark red, prism dark red, cubic dark green, plate green, plate
crystal dimensions [mm] 0.25Q0.20Q0.15 0.35Q0.35Q0.45 0.40Q0.20Q0.01 0.25Q0.15Q0.15
crystal system triclinic triclinic triclinic triclinic
a [O] 15.155(8) 13.6833(5) 14.599(2) 13.310(3)
b [O] 16.351(8) 15.5742(7) 15.235(1) 16.255(4)
c [O] 19.468(9) 16.2391(7) 15.507(2) 16.999(4)
a [8] 94.412(5) 103.7364(9) 72.43(2) 96.207(4)
b [8] 92.372(5) 104.2462(9) 79.72(3) 98.408(4)
g [8] 112.302(6) 111.3746(9) 65.02(2) 93.006(4)
V [O3] 4437(4) 2911.1(2) 2975.4(8) 3608(1)
space group P1̄ (no. 2) P1̄ (no. 2) P1̄ (no. 2) P1̄ (no. 2)
Z 2 2 2 2
1calcd [g�1 cm�3] 1.399 1.367 1.414 1.344
temperature [K] 223 173 173 173
residuals R/Rw 0.063/0.130 0.044/0.109 0.080/0.197 0.069/0.139
goodness-of-fit indicator 1.12 1.02 1.13 1.08


[a] CCDC 263814–263817 contain the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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while the DFT-optimized struc-
ture shows that even non-
phenyl-substituted isoindoles
deviate from planarity to some
degree. These observations
strongly suggest that the folding
of the Pc ligand probably ex-
tends to the non-phenyl-substi-
tuted isoindoles in solution, but
the p–p stacking interactions
are sufficient to enforce a local
planar structure in the crystal-
line state.[29] In the case of 6,
however, virtually no stacking
is observed between Pc-A and
Pc-B, indicating that intermo-
lecular interactions are small.
The average dihedral angles de-
fined by the fused benzo rings
and the substituted phenyl
groups are 578 and 498 at the
overlapping sites and the other
open sites, respectively. In other
words, no significant differences
are observed due to steric
crowding. It can therefore be
concluded that a folded confor-
mation rather than a decreased
dihedral angle of the phenyl
groups is the mechanism fa-
vored energetically to reduce
the intramolecular hindran-
ces.[30] Interestingly, the previ-
ously reported H2PcPh8 was
also found to adopt a similar
packing arrangement to 6, de-
spite the fact that H2PcPh8 has
no axial ligand. As a conse-
quence, the crystals have a
nanoscale porous structure be-
tween Pc-B and Pc-C with di-
mensions of approximately
0.74Q0.77 nm2 (Figure 4e),
which can accommodate one
hexane molecule in the void as
a guest.


Electronic absorption and
MCD spectroscopy: Figure 7
shows the absorption and MCD
spectra of 1–6 in pyridine. The
wavelength data are tabulated
in Table 2. All of the com-
plexes, with the exception of 3,
exhibit an intense, unresolved,
Q-band in the 650–850 nm
region, which shifts to the red


Figure 3. View of the molecular structures of a) 2, b) 4, c) 5, and d) 6. Displacement ellipsoids are shown at
the 50% probability level. Hydrogen atoms have been omitted for clarity.


Figure 4. ORTEP (a) and CPK models (b–d) of the packing arrangements of the crystals 2, 4, 5, and 6, as well
as the stacking structures. e) For comparison purposes, the packing arrangement of H2PcPh8 is shown.
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as the number of phenyl groups is increased. 1 has a sharp
Q-band at 674 nm and the corresponding MCD signal is a
typical derivative-shaped Faraday A-term, while near-planar
phenyl-substituted 2 and 3 show slightly red-shifted Q-bands
relative to 1. The Q-band shifts are summarized in Fig-
ure 8a. The Q-band of 3 splits into two components. The
splitting is less than 350 cm�1, so the corresponding MCD


signal can be regarded as a pseudo A-term. Taking the mid-
point of the split Q-band as the Q-band energy of 3, the Q-


band shifts from 1 to 2 and from 2 to 3 are around
170 and 190 cm�1, respectively. The substituent
effect of the phenyl groups clearly shifts the Q-band
slightly to the red.[31] Partial peripheral substitution
usually results in an approximately linear shift of the
Q-band energies as the number of substituents is in-
creased.[32,33] It should be noted that although both 3
and 4 contain four phenyl groups, the Q-band of 4
occurs at longer wavelength, by about 270 cm�1. Fig-
ure 8a demonstrates that linearity is only valid for
the relatively planar 1–3, and that marked deviations
from linearity are observed for the deformed com-
plexes 4–6. The shift increases to around 270, 540,
and 940 cm�1 for 3!4, 4!5, and 5!6. The Q-band
shift increases for 4, 5, and 6 are therefore primarily
due to the increasing ligand folding.


DiMagno[34] and Ghosh[35] and their co-workers
have investigated analogous deformation effects for
sterically crowded porphyrin compounds in detail.
They concluded that the sizable red-shifts of the Q-
bands for nonplanar porphyrins are not intrinsically
due to ring deformation, but result from changes in
bond distances and angles within the porphyrin
ligand induced by the addition of substituents. This
effect is termed in-plane nuclear reorganization


Figure 5. Colormap analyses of the crystal structures of 2, 4, 5, and 6. Hy-
drogen atoms and peripheral and axial substituents are omitted for clari-
ty. White marks indicate phenyl-substituted carbon atoms.


Figure 7. Absorption and MCD spectra of 1–6 in pyridine.


Figure 6. Linear display of the out-of-4N-plane deviations from planarity for the
core atoms of 2, 4, 5, and 6 from top to bottom, respectively. Crystal data are shown
in the left-hand column, and optimized geometry data in the right-hand column.
The squares indicate carbon atoms bearing phenyl substituents. The meso-nitrogen
atoms are shown by empty circles.
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(IPNR). On the other hand, Shelnutt and co-workers claim-
ed that higher order B1u deformations of the ligand are the
most important factor in producing the observed red shifts,
and pointed to the large Soret band shifts seen for highly
nonplanar meso-tetra(tert-butyl) porphyrin relative to meso-
tetra(methyl)porphyrin, these being primarily the result of
nonplanar deformations rather than IPNR.[36] According to
these arguments, the noticeable bathochromic shifts of the
Q-band for 4–6 may stem from either IPNR or B1u ligand
deformations. Detailed calculations would be required to as-
certain which factor is the more important. Herein, we
simply ascribe the observed red-shifts to the effects of
ligand deformations. Nonplanarity and IPNR effects are ex-
perimentally indistinguishable. When we use the term “ring
deformation effects” it implies, therefore, effects caused by
both nonplanarity and IPNR. The Q-band broadens with in-
creasing number of phenyl groups, probably because: 1) the
low symmetry Pc ligand causes undetectable Q-band split-
ting, which contributes to the Q-band broadenings; 2) for
nonplanar Pcs, dihedral angles between the fused benzo
rings and the phenyl groups are not rigidly fixed; for exam-
ple, the dihedral angles are not identical for the eight
phenyl groups in the crystal structure of 6, which suggests
that the deformed Pcs have more conformational flexibility
than planar complexes in solution at room temperature. Q-
band broadening is therefore considered to be at least parti-


ally caused by these structural variations, since the degree of
ligand folding determines the Q-band energy.


In the Soret band region (ca. 300–450 nm) of 1–3, one
broad band is observed at around 345 nm, accompanied by
a less intense, somewhat complex set of MCD signals. In ad-
dition, a characteristic band appears at around 400 nm for
nonplanar Pcs (i.e. , 4–6), with the band at 429 nm for 6
being especially prominent. The origin of these bands is as-
cribed to the HOMO!LUMO+3 transition, which is
parity-forbidden for planar D4h complexes but becomes al-
lowed when ring deformation removes the center of symme-
try.[10,37] Details of the band assignments will be discussed
with reference to the results of molecular orbital (MO) cal-
culations in the relevant section below.


Electrochemistry : It is well established that the HOMO and
LUMO energies of Pc derivatives correlate well with their
first oxidation and reduction potentials.[20,22, 38] The measure-
ment of electrochemical data is important, therefore, in de-
termining the origins of the red-shifts of the Q-band wave-
length. Figure 9 displays cyclic voltammograms of 2–6 in o-


Table 2. Absorption and MCD data in pyridine.


Compound Absorption[a] MCD[b]


ZnPc, 1 345 (0.33) 609 (0.20) 674 (1.35) 380 (�0.03) 610 (0.33) 668 (2.15) 678 (�2.55)
ZnPcPh2, 2 345 (0.48) 616 (0.29) 682 (1.82) 384 (�0.04) 616 (0.49) 675 (2.18) 688 (�2.78)
oppZnPcPh4, 3 343 (0.47) 378 (0.42) 623 (0.21) 395 (�0.03) 623 (0.32) 682 (1.19) 699 (�1.71)


642 (0.22) 683 (1.10) 699 (1.29)
adjZnPcPh4, 4 343 (0.54) 636 (0.35) 704 (1.92) 417 (�0.04) 635 (0.43) 695 (1.43) 713 (�1.85)
ZnPcPh6, 5 340 (0.43) 394 (0.28) 656 (0.27) 346 (�0.02) 421 (�0.03) 656 (0.27) 714 (0.66)


732 (1.33) 744 (�0.78)
ZnPcPh8, 6 429 (0.26) 697 (0.21) 786 (0.83) 340 (�0.01) 448 (�0.04) 708 (0.16) 737 (0.20)


762 (0.17) 808 (�0.38)


[a] l [nm] (10�5e [dm3mol�1 cm�1]). [b] l [nm] (10�6 [q]M [degdm3mol�1 cm�1T�1]).


Figure 8. a) Transition of the Q-band energy with respect to the number
of phenyl substituents. b) Potential gaps.


Figure 9. Cyclic voltammograms of 2–6 in o-DCB containing 0.1 molL�1


TBAP.
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DCB with 0.1 molL�1 TBAP as the supporting electrolyte.
The redox potential data are tabulated in Table 3 and plot-
ted in Figure 10. Compound 1 is too insoluble in o-DCB for


satisfactory voltammograms to be obtained.[39,40] Two oxida-
tion and reduction couples were observed for all of the
other compounds, with 5 and 6 giving significantly more dis-
tinct redox curves in the oxidation region compared to near-
planar 2–4, since aggregation is probably accelerated upon
oxidation for the less substituted Pcs.[41] From the differen-
ces between the various redox potentials (Table 3), all proc-
esses are clearly one-electron and can be assigned to either
ring oxidation or ring reduction, since ZnII does not undergo
redox processes within this potential window.[42,43] In the
case of fused-ring expanded Pcs, including naphthalocya-
nines and anthracocyanines, the HOMO energies increase
with decreasing Q-band energies, while the LUMO energies
remain relatively stable.[44] A similar trend is observed for
compounds 2–6, where the first oxidation potential shifts
negatively, while, in contrast, the first reduction potential
does not shift appreciably from complex to complex. The
first oxidation potentials are +0.10 and �0.20 V (versus Fc+


/Fc) for 2 and 6, respectively, indicating destabilization of
the HOMO by 0.30 V. The first reduction potentials shift to
the negative by only 0.08 V on going from 2 to 6. As a con-
sequence, the energy gap between the first oxidation and re-
duction potentials decreases from 1.73 to 1.51 V on going
from 2 to 6, as would be anticipated given the observed red-
shift of the Q-band. On going from 2 to 3, the first oxidation
potential shifts by 0.04 V, while the first reduction potential
remains almost identical (�1.63 V versus Fc+/Fc), which in-
dicates that the phenyl groups also cause a slight destabiliza-
tion of the HOMO levels, although the ring deformation ef-
fects are much more significant. As shown in Figure 9 and
Figure 10, the second oxidation potentials also shift to the
negative on going from 2 to 6, but the second reduction po-
tentials do not shift from ligand to ligand. The relationship
between the number of phenyl substituents and the Q-band
energies and potential gaps between the first oxidation and
reduction couples is shown in Figure 8. Clearly, there is a
close relationship between the Q-band energy and potential
gap, since both values decrease as the number of phenyl
groups is increased. Linearity is maintained only for the
planar derivatives, however, with the nonplanar complexes
showing significant deviations from the trend. The potential
gap of 4 is smaller than that of 3, as was observed in the
analogous Q-band energy values. Thus, the electrochemical
results confirm that molecular deformation causes signifi-
cant destabilization of the HOMO energies, a consequence
of which is the bathochromic shifts of the Q-band.


Molecular orbital calculations : Table 4 summarizes the re-
sults of the MO calculations. The molecular geometries in-
cluding a pyridine molecule axially coordinated to the ZnII


ion were first optimized at the DFT level using the B3LYP/
6–31G(d) combinations of the hybrid functional and basis
set as implemented in Gaussian 98.[45] The molecular orbital
and excitation energies were calculated using the ZINDO/S
method. The transition energies, oscillator strengths, config-
urations, dipole moments, and polarizations (direction of the
transition dipole moments) are listed in the first five col-


Table 3. Redox potential data (versus Fc+/Fc) for 2–6 in o-DCB contain-
ing 0.1m TBAP.[a]


Couple E1/2 [V] DEp [mV]


ZnPcPh2, 2
Pc(+4)/Pc(+3) +0.76 100
Pc(+3)/Pc(+2) +0.10 80
Pc(+2)/Pc(+1) �1.63 100
Pc(+1)/Pc(0) �1.96 –
oppZnPcPh4, 3
Pc(+4)/Pc(+3) +0.64 110
Pc(+3)/Pc(+2) +0.06 100
Pc(+2)/Pc(+1) �1.63 80
Pc(+1)/Pc(0) �2.01 100
adjZnPcPh4, 4
Pc(+4)/Pc(+3) +0.62 100
Pc(+3)/Pc(+2) +0.01 100
Pc(+2)/Pc(+1) �1.65 105
Pc(+1)/Pc(0) �2.06 110
ZnPcPh6, 5
Pc(+4)/Pc(+3) +0.47 80
Pc(+3)/Pc(+2) �0.03 100
Pc(+2)/Pc(+1) �1.65 80
Pc(+1)/Pc(0) �1.92 –
ZnPcPh8, 6
Pc(+4)/Pc(+3) +0.27 90
Pc(+3)/Pc(+2) �0.20 105
Pc(+2)/Pc(+1) �1.71 100
Pc(+1)/Pc(0) �2.07 100


[a] DEp [mV] indicates the potential differences between cathodic and
anodic peak potentials at a sweep rate of 50 mVs�1.


Figure 10. Electrochemically obtained redox data of 2–6 in o-DCB.
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umns of Table 4, from left to right. In addition, transition
wavelengths and oscillator strengths of the phenyl-removed
Pcs (these are represented as 2*, 3*, and so forth) are also
provided in the two right-hand columns of Table 4; the
structures of the phenyl-removed Pcs were modeled by re-
placing the phenyl groups of the optimized structures with
hydrogen atoms, the latter being placed in the standard posi-
tions as aromatic protons. MO calculations of unsubstituted
ZnII Pc have been reported previously in the literature,[46,47]


and our results are basically similar to these, with an intense
Q-band predicted in the visible region (ca. 720 nm), com-
posed mainly of HOMO!LUMO transitions (ca. 90%).
The lowest-energy bands (the Q-bands) of 6 are calculated
to lie at 788 and 781 nm, while the experimentally observed
wavelength is 786 nm. The Q-band energy increases with de-
creasing number of phenyl groups: 747 and 741 nm and 733
and 728 nm for 5 and 4, respectively. These are also in close
agreement with the experimental values (732 and 704 nm
for 5 and 4, respectively). Similarly to 1, the HOMO!
LUMO transitions account for about 90% of the Q-band
excited state in the CI calculations for 2–6, which indicates


that the ring deformations do not significantly change the
composition of the Q-band. Figure 11 shows the frontier
MO energy diagram of 1–6. Since both the LUMO and


Table 4. Calculated transition energies, oscillator strengths (f), and configurations.


E l f Configuration Dipole Polarization Phenyl-removed Pc
[eV] [nm] moment x y z l [nm] f


ZnPc, 1
1.71 724 0.78 108(H)!109(L) (88%) 107!110 (9%) 8.05 1.0 0.0 0.0
1.72 719 0.80 108!110 (88%) 107!109 (9%) 7.99 0.0 1.0 0.0
2.16 575 0.00 108!111 (99%) 11.2
2.80 442 0.00 108!112 (99%) 11.4 0.0 0.0 1.0
2.89 428 0.00 108!113 (95%) 7.75
ZnPcPh2, 2
1.70 729 0.87 136(H)!137(L) (89%) 134!138 (9%) 7.81 1.0 0.0 0.0 723 0.77
1.72 720 0.78 136!138 (88%) 134!137 (9%) 7.82 0.0 1.0 0.0 718 0.81
2.15 576 0.00 136!139 (99%) 11.2 575 0.00
2.80 443 0.00 136!140 (98%) 136!141 (2%) 11.0 0.4 0.0 0.9 443 0.00
2.87 432 0.00 136!140 (2%) 136!141 (93%) 6.92 1.0 0.0 0.2 428 0.00
oppZnPcPh4, 3
1.68 736 0.95 164(H)!165(L) (89%) 161!166 (8%) 7.56 1.0 0.0 0.0 723 0.77
1.75 710 0.79 164!166 (89%) 161!165 (9%) 7.46 0.0 1.0 0.0 720 0.80
2.15 578 0.01 164!167 (99%) 11.0 0.7 0.7 0.0 578 0.01
2.79 444 0.00 164!168 (100%) 11.9 0.0 0.0 1.0 444 0.00
2.85 435 0.00 164!169 (96%) 7.59 0.0 0.0 1.0 428 0.00
adjZnPcPh4, 4
1.69 733 0.84 164(H)!165(L) (87%) 164!166 (2%) 161!166 (8%) 8.08 0.9 0.4 0.0 730 0.77
1.70 728 0.87 164!165 (2%) 164!166 (87%) 161!165 (8%) 7.57 0.4 0.9 0.1 724 0.79
2.10 590 0.00 164!167 (99%) 11.3 0.0 1.0 0.1 584 0.00
2.74 452 0.00 164!168 (99%) 11.6 0.2 0.2 1.0 448 0.00
2.82 440 0.02 164!169 (47%) 164!170 (42%) 164!171 (6%) 7.66 0.0 0.0 1.0 433 0.01
ZnPcPh6, 5
1.66 747 0.84 192(H)!193(L) (89%) 189!194 (7%) 8.25 0.0 1.0 0.1 747 0.75
1.67 741 0.91 192!194 (89%) 189!193 (7%) 6.89 1.0 0.0 0.0 727 0.77
2.07 598 0.00 192!195 (99%) 11.2 0.0 1.0 0.0 592 0.00
2.71 458 0.01 192!196 (88%) 192!198 (10%) 7.84 0.0 0.1 1.0 453 0.00
2.75 451 0.04 192!196 (12%) 192!198 (81%) 192!199 (3%) 3.24 0.0 0.1 1.0 439 0.03
ZnPcPh8, 6
1.57 788 0.76 220(H)!221(L) (89%) 219!222 (6%) 216!222 (2%) 9.48 0.0 1.0 0.0 783 0.65
1.59 781 0.84 220!222 (89%) 219!221 (6%) 216!221 (2%) 6.46 1.0 0.0 0.0 768 0.71
1.95 637 0.00 220!223 (99%) 10.8 0.0 1.0 0.0 622 0.00
2.55 487 0.17 220!224 (68%) 220!225 (29%) 3.65 0.1 0.0 1.0 473 0.05
2.60 477 0.04 220!224 (31%) 220!225 (68%) 7.12 0.2 0.0 1.0 464 0.09


Figure 11. Frontier MO energy diagram for 1–6.
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LUMO+1 orbitals contribute significantly to the Q-bands,
the average energy of the LUMO and LUMO+1 levels
should be regarded as the LUMO energy during analysis of
the impact of trends in the HOMO-LUMO gaps on the ab-
sorption spectra. The energy gap between the HOMO and
“midpoint” LUMO levels is 3.77, 3.75, 3.72, 3.71, 3.67, and
3.60 eV for 1–6, respectively. The same trend is observed in
the Q-band energies as phenylation increases on going from
1 to 6. It should be noted that the LUMO and LUMO+1
energies split even in the case of 1 because of the presence
of the axial pyridine ligand. The largest splitting was calcu-
lated for 3 and the second largest for 5, reflecting the lower
symmetry of the phenyl substitutions in these complexes.
Unlike the LUMO energy, the LUMO+1 energies do not
shift markedly from complex to complex.


The Q-band of 6* was calculated to lie at 783 nm, which is
close to the wavelength calculated for 6 (788 nm), suggesting
that the presence of the phenyl groups has only a limited
effect on the Q-band energy. Similar results were obtained
for 2–5, with the lowest energy bands appearing almost at
identical positions for the phenyl-substituted and unsubsti-
tuted derivatives. For example, the lowest-energy bands for
2–5 were calculated to lie at 729, 736, 733, and 747 nm, re-
spectively, and those for 2*–5* at 723, 723, 730, and 747 nm,
respectively. This result can be understood by considering
the distribution of the nodal patterns of the HOMO,
LUMO, and LUMO+1. As depicted in Figure 12, the nodes
of these three MOs are localized on the Pc ligand rather
than the phenyl groups. Therefore, the destabilization of the
HOMOs originates not from the phenyl substitution, but
from ring deformation. The MO calculations can also be
used to assign the moderately intense band observed at
around 429 nm in the absorption spectrum of 6. This band is
also observed for 5, together with an accompanying MCD
B-term (Figure 7). INDO/S calculations predict that these
transitions originate mainly from the HOMO!LUMO+3
transition (68%), with an oscillator strength of 0.17 in the
case of 6. The molecular symmetries of the p systems of 1
and 6 can be assumed to be D4h and D2d, respectively. The
HOMO!LUMO+3 transition of 6 is therefore symmetry-
allowed, while the corresponding transition for 1 is parity-
forbidden with a calculated oscillator strength of 0.00. Since
this transition contains 29% of the HOMO!LUMO+4
transition and MO coefficients of LUMO+4 are spread
over the entire complex, including the phenyl groups, the
presence of the phenyl groups plays an important role in in-
creasing the band intensity in this region of the spectrum. In
the calculation for 6*, the calculated oscillator strength of
the 429 nm band is roughly halved. The presence of this
band provides another piece of evidence that the structure
of 6 is highly deformed even in solution. Although we have
reported these kinds of ligand deformation-induced transi-
tions previously for an octaphenylated FePc in which parity-
forbidden MLCTs become allowed due to ring deforma-
tions,[10] this is the first example of a p–p* band of a Pc p


system induced by saddle-type deformation. Gouterman has
previously reported that shuttlecock-shaped PbPc (C4v sym-


metry) displays a z-polarized transition due to the non-
planarity of the ligand.


Figure 12. Selected views of MOs of 1 (left) and 6 (right). The LUMO+


2s (111 and 223 for 1 and 6, respectively) are pyridine-centered orbitals.
See Supporting Information for the MOs of the other derivatives.
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Conclusion


A series of ZnII Pcs bearing phenyl substituents at the 1-, 4-,
8-, 11-, 15-, 18-, 22-, and/or 25-positions has been synthe-
sized and characterized by various spectroscopic and elec-
trochemical methods, including 1H NMR, MALDI-TOF
mass spectrometry, X-ray crystallography, absorption and
MCD spectroscopy, and electrochemical measurements.
Using 3,6-diphenylphthalonitrile and o-phthalonitrile as
starting materials, a metal template reaction and the lithium
method resulted in markedly different product ratios. The
template reaction using ZnII ions gave predominantly near-
planar derivatives (1–3), while the lithium method resulted
in substantially higher yields of sterically hindered deriva-
tives. The 1H NMR spectra of the new compounds are fully
consistent with the expected molecular structures, and the
opposite and adjacent isomers (3 and 4) could be unambigu-
ously assigned. The X-ray crystal structures of 5 and 6 re-
vealed highly deformed ligands, while the molecules in the
crystals of 2 are planar. Interestingly, the crystal structure of
4 was found to be relatively planar, although the overlap of
the substituted phenyl groups may contribute to the ring de-
formation. Inspection of the crystal packing arrangements
revealed that the strong p–p stacking force pushes the ring
deformations back to planar conformations. DFT geometry
optimization calculations predict that 4–6 will have de-
formed conformations in solution, however. The Q-band
shifts to the red with increasing number of phenyl groups,
and a negative shift of the first oxidation potential is ob-
served. These physicochemical data have been considered in
combination with the results of MO calculations. The trends
in the redox potentials from complex to complex correlate
reasonably well with the results of the calculated MO ener-
gies. Configuration interaction calculations based on the
INDO/S Hamiltonian reproduced the major experimentally
observed spectral features. Calculations for 2*–6* (2–6 with
the phenyl groups removed and replaced with hydrogen
atoms) also showed similar Q-band energies. The present
study has therefore revealed that sizable red shifts of the Q-
band in highly deformed Pcs are brought about mainly by
the ring deformations. In addition, the reduced symmetry re-
sults in the HOMO!LUMO+3 transition, which is parity-
forbidden in the case of 1, gaining significant intensity at
about 430 nm in the absorption spectrum of 6.


Experimental Section


Measurements : 1H NMR spectra were recorded using a JEOL GSX-400
(400 MHz) spectrometer. MALDI mass spectra were measured on a Voy-
ager STR spectrometer using dithranol as the matrix. Crystal structure
analyses were performed on a Rigaku/MSC Mercury diffractometer
using graphite-monochromated MoKa radiation. The structures were
solved by heavy-atom Patterson methods and expanded using Fourier
techniques. Hydrogen atoms were refined isotropically, while those of
other elements were refined anisotropically. The crystal data and experi-
mental details are summarized in Table 1.


Electronic absorption spectra were measured with a Hitachi U-3410 spec-
trophotometer. Magnetic circular dichroism (MCD) spectra were record-
ed using a Jasco J-725 spectrodichrometer with a Jasco electromagnet
that produces a magnetic field of up to 1.09 T. The magnitude of the
MCD signal is expressed in terms of molar ellipticity per tesla, [q]M/deg -
mol�1dm3cm�1T�1.


Cyclic voltammetry data were collected with a Hokuto Denko HA-501
potentiostat connected to a Hokuto Denko HB-104 function generator
and a Graphtec WX1200 XY recorder. o-Dichlorobenzene (o-DCB,
HPLC grade) was used as the solvent with 0.1 molL�1 tetrabutylammoni-
um perchlorate (TBAP) as the supporting electrolyte. Glassy carbon
(area = 0.07 cm2), Pt, and Ag/AgCl wires were used as working, counter,
and reference electrodes, respectively. The ferrocenium/ferrocene (Fc+/
Fc) couple (observed at 415 � 15 mV versus Ag/AgCl) was used as an
internal standard.


Molecular orbital calculations : DFT geometry optimizations were carried
out using the B3LYP hybrid functional and the 6–31G(d) basis set. The
initial geometries were taken from the crystal structure if available. Both
the HyperChem[48] and Reimer[49] software packages were used for con-
figuration interaction (CI) calculations using the INDO/S Hamiltonian.
The lowest 20 one-electron excitations were included in the CI calcula-
tions. In the case of hypothetically phenyl-removed Pcs (see the MO cal-
culation section for details), phenyl groups were simply removed from
the optimized structure and protons added with the normal bond lengths
and angles.


Synthesis : Unsubstituted ZnPc (1)[50] and 3,6-diphenylphthalonitrile[51]


were prepared according to the literature. The a-phenyl-substituted Pcs,
with the exception of ZnPcPh8 (6), were obtained by way of a mixed con-
densation reaction between phthalonitrile and 3,6-diphenylphthalonitrile.
The yields of each complex were calculated on the basis of the total ni-
trile starting material. Although 6 could be obtained as a minor product
of the mixed condensation, it was synthesized separately in order to
avoid the difficult purification procedures. All chemicals were used as
supplied.


[1,4-Diphenylphthalocyaninato]zinc(ii) (ZnPcPh2, 2), [1,4,15,18-tetraphe-
nylphthalocyaninato]zinc(ii) (oppZnPcPh4, 3), [1,4,8,11-tetraphenylphtha-
locyaninato]zinc(ii) (adjZnPcPh4, 4), and [1,4,8,11,15,18-hexaphenylph-
thalocyaninato]zinc(ii) (ZnPcPh6, 5)


Method 1 (lithium method): Lithium (25 mg) was added to 1-hexanol
(3 mL), and the solution was stirred at 170 8C for 1 h. After the mixture
had been cooled to room temperature, a mixture of o-phthalonitrile
(600 mg, 2.14 mmol) and 3,6-diphenylphthalonitrile (140 mg, 1.09 mmol)
was added. The solution was then heated at 170 8C for 1 h. The resultant
dark colored product was purified by column chromatography on silica
(toluene as eluent) to give three types of metal-free phenyl-substituted
Pc derivative. Unsubstituted H2Pc, formed during the course of the reac-
tion, was strongly adsorbed onto the core of the column, and was there-
fore removed completely from the eluate. Each metal-free derivative was
dissolved in DMF (ca. 3 mL), and zinc acetate (200 mg) was added. The
respective mixtures were refluxed at 170 8C for 45 min. The colored prod-
ucts were purified by column chromatography on alumina (toluene/pyri-
dine = 25:1 (v/v) as eluent), and recrystallized from toluene/methanol to
give 2, 4, and 5 in yields of 16.5, 2.7, and 7.1%, respectively.


Method 2 (template reaction): A mixture of o-phthalonitrile (600 mg,
2.14 mmol), 3,6-diphenylphthalonitrile (140 mg, 1.09 mmol), zinc acetate
(200 mg), and a catalytic amount of hydroquinone was placed in a screw-
capped test tube under a nitrogen atmosphere. The reaction was conduct-
ed at 270 8C for 20 min using a bath of molten tin. Column chromatogra-
phy on alumina (toluene/pyridine, 25:1 (v/v) as eluent), followed by re-
crystallization from toluene/methanol, gave 2 and 3 in yields of 10.5 and
3.4%, respectively.


MALDI-MS (m/z): 729 ([M++1] for 2), 881 ([M++1] for 3), 880 ([M+]
for 4), 1033 ([M++1] for 5); elemental analysis calcd (%) for C44H24N8Zn
(2): C 72.38, H 3.31, N 15.35; found: C 72.00, H 3.59, N 15.21; elemental
analysis calcd (%) for C56H32N8Zn (3): C 76.23, H 3.66, N 12.70; found:
C 76.41, H 4.17, N 12.36; elemental analysis calcd (%) for C56H32N8Zn
(4): C 76.23, H 3.66, N 12.70; found: C 75.55, H 3.92, N 12.48; elemental
analysis calcd (%) for C68H40N8Zn (5): C 78.95, H 3.90, N 10.83; found:
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C 78.76, H 4.32, N 10.97; 1H NMR ([D5]pyridine, 400 MHz): for 2, d =


9.70 (m, 4H), 9.04 (m, 2H), 8.55 (dd, 4H), 8.19 (m, 8H), 7.96 ppm (m,
6H); for 3, d = 9.03 (dd, 4H), 8.50 (q, 8H), 8.13 (m, 8H), 7.93 ppm (m,
12H); for 4, d = 9.65 (d, 2H), 8.92 (d, 2H), 8.41 (d, 4H), 8.38–7.83 (m,
18H), 7.47–7.35 ppm (m, 6H); for 5, d = 8.87 (dd, 2H), 8.40 (dd, 4H),
8.05–7.71 (m, 20H), 7.45–7.32 ppm (m, 12H).


[1,4,8,11,15,18,22,25-Octaphenylphthalocyaninato]zinc(ii) (ZnPcPh8, 6):
This compound was derived from metal-free H2PcPh8


[8] by way of a
metal-insertion reaction as described above. MALDI-MS (m/z): 1185
([M++1]); elemental analysis calcd. for C80H48N8Zn (6): C 80.97, H 4.08,
N 9.44; found: C 81.02, H 4.53, N 9.58; 1H NMR ([D5]pyridine,
400 MHz): d = 7.72–7.66 (m, 16H), 7.56 (8H, this signal overlaps with a
solvent signal), 7.44–7.31 ppm (m, 24H).
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A Simple Thermodynamic Model for Quantitatively Addressing
Cooperativity in Multicomponent Self-Assembly Processes—Part 1:
Theoretical Concepts and Application to Monometallic Coordination
Complexes and Bimetallic Helicates Possessing Identical Binding Sites


Josef Hamacek,* Michal Borkovec, and Claude Piguet*[a]


Introduction


The implementation of predictive strategies for the design
of functional multimetallic molecular assemblies displaying
predetermined optical, magnetic, and catalytic properties re-
quires a deep understanding of the specific recognition pro-
cesses responsible for the introduction of different d- and/or
f-block metal ions in well-defined environments.[1] This ob-
jective can be achieved through a detailed analysis of the
thermodynamic and kinetic processes leading to the final ar-
chitectures; these analyses form the basis for the develop-
ment and validation of theoretical models.[2] A recent ther-


modynamic approach, proposed by Ercolani for the quanti-
tative characterisation of multicomponent assemblies involv-
ing metals and ligands in supramolecular complexes, gives a
new insight into some reliable assessments of cooperativity
and repetitive statistical binding in these systems.[3] In his
model, Ercolani uses two microscopic constants (Kinter, Kintra)
combined with symmetry numbers for describing macro-
scopic formation constants; this restrains the number of ex-
perimental thermodynamic data required for the modeling
of multicomponent assembly processes.[3] However, this
model is restricted to homopolymetallic complexes, in which
the metal ions occupy identical binding sites. Moreover, in-
termetallic and interligand interactions are not explicitly
considered, and this limits the analysis to the detection of
qualitative deviations from repetitive statistical binding.[2,3]


An alternative approach, based on the classical site-bind-
ing model,[4] has been proposed recently by Borkovec and
Piguet[5,6] in order to address the dual challenge of 1) mod-
eling the thermodynamic formation of heteropolymetallic
complexes possessing different binding sites and 2) obtain-
ing reliable parameters for unravelling cooperativity, and its
origin, in multicomponent assemblies. In the latter model, a
preassembled receptor possesses p coordination sites for the
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complexation of metal ions. Each site i is characterized by a
microscopic intermolecular affinity (in terms of free energy)
for a given metal DgM


i =�RTln(kM
i ), which includes desolva-


tion, while the intramolecular intermetallic interaction be-
tween two adjacent metal ions is modeled by a single free-
energy parameter DEMM. Application to simple D3-symmet-
rical bimetallic lanthanide helicates [M2(L)3]


6+ leads to a
specific affinity of the terminal N6O3 site for each metal
DgM


t =�RTln(kM
t ), and an average repulsive intermetallic


parameter DEMM�50 kJmol�1, which corresponds to that
calculated for pure electrostatic interactions between two
trivalent metals in these complexes (Figure 1a).[5,6] Exten-


sion to the trimetallic helicates provides DgM
t and DEMM


values similar to that found for the bimetallic helicates, but
a different affinity is obtained for the central N9 site DgM


c =


�RTln(kM
c ) (Figure 1b).[5] The strongly positive value of


DEMM is diagnostic for negative cooperativity, which affects
the binding of trivalent cations in adjacent metallic sites, as
expected from simple electrostatic considerations.[5,6] Finally,
the site-binding model was successfully used[2,6] for two-di-
mensional sandwich complexes with lanthanides (Fig-
ure 1c).[7] The three equidistant binding sites in these trian-
gular receptors are again characterized by standard micro-
scopic intermolecular affinities DgM=�RTln(kM) and inter-
metallic interactions DEMM. However, the lack of accessible
macroscopic formation constants for any thermodynamic in-
termediate prevents the eventual separation of these two pa-
rameters.[2,6]


Although the application of the site-binding model to
polymetallic assemblies has improved our capacity to pro-
gram the formation of specific supramolecular complexes,[5]


two limitations are still to be overcome. Firstly, this model
strictly operates with a single receptor, which is eventually
made up of several ligands, and the free energy associated
with the preorganisation step is considered as a fixed trans-
lation of the zero-level of the free-energy scale, which is ar-
bitrarily set to zero.[2,5] Therefore, the fitted absolute affini-
ties DgM


i =�RTln(kM
i ) do not correspond to physically mean-


ingful free energies of complexation. The second drawback
arises from the limited number of experimental stability


constants associated with a
unique conformation of the pre-
assembled ligands.[5] To over-
come these limitations, it is nec-
essary to explicitly consider the
pre-assembly of the receptor
from its constituent ligands by
1) introducing a free-energy
term accounting for interligand
interactions and 2) separating
inter/intramolecular complexa-
tion processes, which character-
ize the successive connection of
ligands and metals in the final
assembly. Evidently, the in-
creased number of parameters
requires a larger body of experi-
mental macroscopic thermody-
namic stability data, which can
be obtained by a judicious com-
bination of thermodynamic and
kinetic studies. For example, the
thorough kinetic data reported
for the self-assembly of EuIII


triple-stranded bimetallic heli-
cates[8,9] can be combined with
thermodynamic data obtained
under chemical equilibrium.[10,11]


In this paper, we first intro-
duce the basic concepts of an extended thermodynamic
model, which 1) holds for the formation of homopolymetal-
lic complexes with identical or different coordination cavi-
ties, 2) explicitly takes into account the free energy associat-
ed with the preorganization of the receptor, and 3) reliably
addresses cooperativity in polymetallic complexes. In the
second section, the applicability of the model to experimen-
tal binding constants is illustrated for standard monometallic
coordination complexes and for more sophisticated bimetal-
lic helicates containing identical binding sites.


Results and Discussion


Thermodynamic model : In our original application of the
site-binding model to homopolymetallic self-assembly pro-


Figure 1. X-ray crystal structures and associated thermodynamic site-binding model for a) bimetallic triple-
stranded helicates [M2(L)3]


6+ ,[5] b) trimetallic triple-stranded helicates [M3(L)3]
9+ ,[5] and c) trimetallic sand-


wich complexes [Ln3(L-3H)2(OH2)6]
3+ .[6, 7]
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cesses, we considered preorganized rigid receptors Ln made
up of n parallel ligand strands and providing a maximum of
p binding sites.[2,5,6] The associated free energy DG({si}) for
the complexation of m metal ions (m�p) to this receptor in
the microspecies MmLn [equilibrium in Eq. (1)] is given by
Equation (2), whereby si is defined to be unity when the
metal ion is bound to the site i and zero otherwise, kM


i repre-
sents the microscopic intermolecular association constant of
the site i for the metal M (including desolvation processes)
and DEMM


ij is the pair interaction energy between two metal
ions occupying the sites i and j.[6]


mMþ ½Ln� Ð MmLn bm,½Ln � ð1Þ


DGðfsigÞ ¼ �
Xp


i¼1


RTlnðkM
i Þsi þ


1
2


Xp


i¼1


X
j 6¼i


DEMM
ij si sj ð2Þ


The subsequent use of partition functions, binding iso-
therms and transfer matrix techniques allowed us to solve
this problem for a linear receptor [Ln].


[6] However, if we re-
strict this approach to the treatment of discrete multimetal-
lic assemblies, for which thermodynamic formation con-
stants are available (p�5), the application of Equation (2)
to a specific microspecies reduces to sums containing explic-
it expressions for the interaction parameters and for the de-
generacy of each microspecies [Eq. (3)]. The microconstants
bm,[Ln] can be then combined to give macroconstants whenev-
er necessary.[2]


DGm,½Ln � ¼ �RTlnðbm,½Ln �Þ ¼�
Xm


i¼1


0


RTlnðkM
i Þ þ


X
i<j


00ðDEMM
ij Þ


�RTlnðsM
chirwm,½Ln �Þ


ð3Þ


The first sum
Pm
i¼1


’RTln(kM
i ) refers to the free energy of


complexation (including desolvation) associated with the set
of binding sites occupied by the m metal ions in the MmLn


microspecies. The pair interaction DEMM
ij only operates be-


tween metal ions occupying adjacent binding sites; it is de-
fined by the second sum


P
i<j


’’(DEMM
ij ). The term sM


chirwm,[Ln]


represents the degeneracy of the microscopic state, whereby
sM


chir accounts for the entropy of mixing of enantiomers
(sM


chir=2 when chirality is created during the complexation
process, and sM


chir=1 in other cases),[3] and the numerical
values of wm,[Ln] must be evaluated for each microspecies by
using standard statistical methods.[2] For a pre-assembled re-
ceptor [Ln] containing p identical binding sites, and in ab-
sence of intermetallic interactions, wm,[Ln] corresponds to the
binomial coefficient Cp


m=p!/[(p�m)!m!]; that is, the
number of ways of picking m unordered outcomes (i.e., the
number of metal ions) from p possibilities (i.e., the number
of available binding sites). Although this approach has been
shown to be adequate 1) for modeling the formation of
linear triple-stranded helicates and two-dimensional sand-


wich complexes shown in Figure 1,[2,5–7] and 2) for assigning
negative cooperativity to the successive binding of metal
ions in these complexes, it fails to give interpretable free
energy of complexation (including desolvation) for each site
DgM


i =�RTln(kM
i ), because DGm,[Ln] refers to an arbitrary


zero-level of the free energy, assigned to a mixture of metal
ions with the hypothetical preassembled receptor [Ln]
(Figure 2).


Conversely, the same reasoning can be applied when the
role of ligands and metal ions are reversed. The final micro-
species MmLn can be thus alternatively considered as being
made up of n rigid monotopic ligands coordinated to a pre-
organized array of m metal ions exhibiting a maximum of p
coordination sites [n�p equilibrium in Eq. (4)].


½Mm� þ nL Ð MmLn b½Mm �,n ð4Þ


Although less intuitive than the equilibrium in Equa-
tion (1), which is reminiscent of classical coordination or
ligand/protein interactions, the equilibrium in Equation (4)
is strictly analogous, and the associated free energy of the
microspecies MmLn is given by Equation (5), whereby qL


k is
the microscopic intermolecular association constant of the
ligand k to the array of metals, DELL


kl is the free energy of in-
teraction between two ligands connected to the array of
metal ions (


P
k<l


’’’(DELL
kl ) indicates that the sum considers


only adjacent ligands), and sL
chirw[Mm],n is the degeneracy of


the microscopic state.


DG½Mm �,n ¼ �RTlnðb½Mm �,nÞ ¼�
Xn


k¼1


0


RTlnðqL
kÞ þ


X
k<l


000ðDELL
kl Þ


�RTlnðsL
chirw½Mm �,nÞ


ð5Þ


Evidently, DG[Mm],n¼6 DGm,[Ln] because the zero-level of the
free energy is different for both models (Figure 2). Conse-
quently, DgM


i =�RTln(kM
i ) has no straightforward relation-


Figure 2. Illustration of the changes in free energy for the assembly of
MmLn according to the equilibria given in Equations (1) (DGm,[Ln]), (4)
(DG[Mm],n), and (6) (DGm,n). The relative order of the free energies for the
various starting materials is arbitrary.
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ship with DgL
k=�RTln(qL


k), and the thermodynamic descrip-
tion of the same microspecies depends on the model.


To reconcile both approaches in the usual microscopic
thermodynamic equilibrium [Eq. (6)], we introduce a novel
microscopic free energy DgM,L


i,inter=�RTln(fM,L
i ), in which fM,L


i


is the microscopic affinity constant for a single intermolecu-
lar connection between one metal ion and one ligand bind-
ing site i (including desolvation). Moreover, according to
the model of “effective concentration” discussed by Jacob-
son, Stockmayer and Jenks[12] and used by Ercolani for mod-
eling the formation of cyclic structures in self-assembled
edifices,[3] intramolecular metal–ligand connection,
which occurs when the metal–ligand bond is part of a cycle,
is obtained by correcting the related intermolecular
process for the entropic change DgM,L


i,inter=


�RTln(fM,L
i )�T(DSM,L


i,intra�DSM,L
i,inter).


[13] In other words, the mi-
croscopic affinity constant for a single intramolecular con-
nection between the metal ion and the ligand binding site i
(including desolvation) is given by fM,L


i ceff
i , whereby ceff


i is the
effective concentration for the site i (referring to the stan-
dard molar state), mathematically related to the entropy dif-
ference according to ceff


i =e(DSM,L
i,intra�DSM,L


i,inter)/R.[12,13] Assuming the
principle of maximum site occupancy,[14] the formation of
MmLn requires a total of mn connections, among which m+


n�1 are intermolecular.[3] Consequently, a total entropic cor-


rection of DGM,L
corr =�


Pmn�m�nþ1


i¼1
RTln(ceff


i ) is introduced for mod-


eling the mn�(m+n�1)=mn�m�n+1 intramolecular con-
nections. The concomitant consideration of the two interac-
tion parameters DEMM


ij and DELL
kl , together with the adequate


degeneracy of the microscopic state sM,L
chirwm,n results in Equa-


tion (7) for modeling the formation free energy DGM,L
m,n of


the MmLn assembly, with respect to the free energy of com-
ponents given by the equilibrium in Equation (6) (Figure 2).


mMþ nL Ð MmLn bM,L
m,n ð6Þ


DGM,L
m,n ¼ �RTlnðbM,L


m,n Þ ¼ �
Xmn


i¼1


RTlnðfM,L
i Þ�


Xmn�m�nþ1


i¼1


RTlnðceffi Þ


þ
X
i<j


00ðDEMM
ij Þ þ


X
k<l


000ðDELL
kl Þ�RTlnðsM,L


chirwm,nÞ


ð7Þ


Straightforward algebra transforms Equation (7) into
Equation (8), which appears suitable for correlating experi-
mentally accessible microscopic constants with the various
parameters.


bM,L
m,n ¼ðsM,L


chirwm,nÞ
Ymn


i¼1


ðfM,L
i Þ


Ymn�m�nþ1


i¼1


ðceffi Þ


Y
i<j


00
�
e�


DEMM
ij


RT


� Y
k<l


000
�
e�


DELLkl
RT


� ð8Þ


The introduction of the usual terminology for the interac-
tion parameters as BoltzmannOs factors uMM


ij =e�
DEMM


ij


RT and


uLL
kl =e�


DELL
kl


RT leads to the final compact formulation given in
Equation (9).[4]


bM,L
m,n ¼ ðsM,L


chirwm,nÞ
Ymn


i¼1


ðfM,L
i Þ


Ymn�m�nþ1


i¼1


ðceffi Þ
Y
i<j


00ðuMM
ij Þ


Y
k<l


000ðuLL
kl Þ


ð9Þ


The three first terms of Equations (8) and (9) are closely
related to the parameterization previously proposed by Er-
colani,[3] except that he used Kinter= fM,L


i and Kintra= fM,L
i ceff


i .
However, he did not explicitly formulate possible deviations
from statistical binding in terms of intermetallic and interli-
gand interactions as described in Equation (9).


Application to monometallic coordination complexes : As a
first illustration of our approach, we have used Equation (9)
for unravelling the successive binding of monodentate am-
monia (NH3) to a single six-coordinate octahedral NiII ion
(valency v=coordination number/denticity of the ligand
binding unit=6/1=6) according to the equilibrium given in
Equation (10) (n=1–6). Since the intermolecular microscop-
ic affinity constant fNi,NH3 includes the desolvation process,
the water molecules are not explicitly considered in these
equilibria, in agreement with the common use in self-assem-
bly processes [see, for example, equilibrium in Eq. (6)].


Ni2þ þ nNH3 Ð ½NiðNH3Þn�2þ bNi,NH3
1,n ð10Þ


The formation of the achiral monometallic (m=1) com-
plexes [Ni(NH3)n]


2+ [equilibrium in Eq. (10)][15,16] only in-
volves virtually identical intermolecular metal–ligand con-
nections; the number of intramolecular bonds is thus
mn�m�n+1=0 (in other words, the parameters DEMM and
ceff do not affect bNi,NH3


1,n ). We will now consider three succes-
sive models displaying a stepwise improvement of the de-
scription of interligand interactions. In model 1, we com-
pletely neglect interligand interactions (DELL=0, then uLL=


1) as is usually done in standard coordination chemistry for
qualitatively investigating deviations from statistical bind-
ing,[17] which indeed corresponds to ErcolaniOs model.[3] Con-
sequently, each [Ni(NH3)n]


2+ complex (n=1–6) is made up
of a unique achiral microspecies (sNi,NH3


chir =1), whose degen-
eracy is given by the usual binomial factor w1,n=C6


n. Appli-
cation of Equation (9) leads to the standard Equa-
tion (11),[17] which generates a set of six independent Equa-
tions (13)–(18) (uLL=1) required for modeling the experi-
mental macroscopic formation constants bNi,NH3


1,n collected in
Table 1.[15,16] A multilinear least-squares fit of these last
equations in their logarithmic forms gives log(fNi,NH3)=1.60
corresponding to the free energy DgNi,NH3


inter =�RTln(fNi,NH3)=
�9.1 kJmol�1, but this simple model does not satisfyingly re-
produce the experimental data (Table 1, model 1).


bNi,NH3
1,n ¼ C6


nðfNi,NH3Þn ð11Þ


The second model proposes an improved description of
the complexation processes by assigning a single interaction
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parameter DELL¼6 0 (i.e., uLL¼6 1) to any pair of ammonia
moieties bound to Ni2+ , whatever their relative cis or trans
orientation in the final pseudo-octahedral complexes. The
free energies for the formation of trans-[Ni(NH3)2]


2+ and
cis-[Ni(NH3)2]


2+ are identical in these conditions, as is the
case for the mer-[Ni(NH3)3]


2+/fac-[Ni(NH3)3]
2+ and cis-


[Ni(NH3)4]
2+/trans-[Ni(NH3)4]


2+ pairs, respectively. At this
level of approximation, each complex [Ni(NH3)n]


2+ (n=1–
6) still corresponds to a unique microspecies, whose degen-
eracy is given by w1,n=C6


n. Application of Equation (9) pro-
vides Equation (12), together with the final set of six inde-
pendent equations [Eqs. (13)–(18)] required for modeling
the experimental macroscopic formation constants bNi,NH3


1,n


collected in Table 1.[15,16]


bNi,NH3
1,n ¼ C6


nðfNi,NH3ÞnðuLLÞnðn�1Þ=2 ð12Þ


bNi,NH3
1,1 ¼ 6ðfNi,NH3Þ ð13Þ


bNi,NH3
1,2 ¼ 15ðfNi,NH3Þ2ðuLLÞ ð14Þ


bNi,NH3
1,3 ¼ 20ðfNi,NH3Þ3ðuLLÞ3 ð15Þ


bNi,NH3
1,4 ¼ 15ðfNi,NH3Þ4ðuLLÞ6 ð16Þ


bNi,NH3
1,5 ¼ 6ðfNi,NH3Þ5ðuLLÞ10 ð17Þ


bNi,NH3
1,6 ¼ ðfNi,NH3Þ6ðuLLÞ15 ð18Þ


The ratio of two successive binding constants KNi,NH3
nþ1 /


KNi,NH3
n can be calculated with Equation (12), and one ob-


tains Equation (19).


KNi,NH3
nþ1


KNi,NH3
n


¼
ðbNi,NH3


1,nþ1 ÞðbNi,NH3
1,n�1 Þ


ðbNi,NH3
1,n Þ2


¼
ðC6


nþ1ÞðC6
n�1Þ


ðC6
nÞ2


ðuLLÞ


¼ ð6�nÞn
ð6�nþ 1Þðnþ 1Þ ðu


LLÞ
ð19Þ


This relation is well-known in coordination chemistry,
when interligand interactions are neglected (i.e. , uLL=1).[17]


In other words, uLL is a quantitative measure of the devia-
tion from the statistical binding, when ligands are fixed to a


single receptor, as similarly considered in the classical pro-
tein–ligand model.[18] When uLL=1, statistical binding oper-
ates, but uLL>1 or uLL<1 correspond to positive and nega-
tive cooperativity, respectively.


A multilinear least-squares fit of Equations (13)–(18) in
their logarithmic forms gives log(fNi,NH3)=2.05 and DELL=


1.34 kJmol�1, in agreement with the well-established nega-
tive cooperativity reported for the equilibrium in Equa-
tion (10), which is commonly assigned to the electronic
change affecting the metal upon successive binding of am-
monia.[17b] Therefore, DELL is mainly of electronic origin and
DgNi,NH3


inter =�RTln(fNi,NH3)=�11.7 kJmol�1 refers to the free
energy balance between the desolvation of both metallic
and ligand binding sites, and the formation of the metal–
ligand bond. The computed formation constants bNi,NH3


1,n


closely match the experimental data (Table 1, model 2), but
a more detailed model eventually requires two different pa-
rameters associated with pairs of ammonia moieties coordi-
nated to Ni2+ in cis (uLL


cis ) and trans (uLL
trans) positions


(model 3). In these conditions, each isomer in the pairs
trans-[Ni(NH3)2]


2+/cis-[Ni(NH3)2]
2+ , mer-[Ni(NH3)3]


2+/fac-
[Ni(NH3)3]


2+ and cis-[Ni(NH3)4]
2+/trans-[Ni(NH3)4]


2+ pos-
sesses its own energy, and the asssociated macrospecies
must take into account two different microspecies. This is il-
lustrated below for the case of trans-[Ni(NH3)2]


2+ and cis-
[Ni(NH3)2]


2+ . Among the fifteen possible arrangements of
two ammonia units about an octahedral Ni2+ ion [Eq. (14)],
twelve correspond to cis-[Ni(NH3)2]


2+ with a single cis inter-
action uLL


cis , while three arrangements correspond to trans-
[Ni(NH3)2]


2+ with a trans interaction uLL
trans. The resulting


macroscopic constant is the sum of two microconstants
[Eq. (20)], a reasoning which can be repeated for the other
complexes [Ni(NH3)n]


2+ [Eqs (21)–(24)].


bNi,NH3
1,2 ¼ 3ðfNi,NH3Þ2½4ðuLL


cis Þ þ ðuLL
transÞ� ð20Þ


bNi,NH3
1,3 ¼ 4ðfNi,NH3Þ3½2ðuLL


cis Þ3 þ 3ðuLL
cis Þ2ðuLL


transÞ� ð21Þ


bNi,NH3
1,4 ¼ 3ðfNi,NH3Þ4½4ðuLL


cis Þ5ðuLL
transÞ þ ðuLL


cis Þ4ðuLL
transÞ2� ð22Þ


bNi,NH3
1,5 ¼ 6ðfNi,NH3Þ5ðuLL


cis Þ8ðuLL
transÞ2 ð23Þ


bNi,NH3
1,6 ¼ ðfNi,NH3Þ6ðuLL


cis Þ12ðuLL
transÞ3 ð24Þ


A nonlinear least-squares fit of Equations (13) and (20)–
(24) gives log(fNi,NH3)=2.05, DELL


cis =1.35 kJmol�1 and
DELL


trans=1.33 kJmol�1. The computed bNi,NH3
1,n constants again


closely match the experimental data (Table 1, model 3), but
they do no bring significant improvement with respect to
the previous model (Table 1, model 2). We indeed find that
jDELL


cis jffi jDELL
trans j in agreement with the absence of reliable


thermodynamic trans influence of ammonia in octahedral
complexes, a well-established fact in coordination chemis-
try.[19] We thus conclude that our simplistic model catches
the main phenomenological parameters responsible for the
successive binding of ligands (i.e., substrate) to a single
metal (i.e., receptor).


Table 1. Experimental[15] and fitted stability constants bNi,NH3
1,n for


[Ni(NH3)n]
2+ (n=1–6, water, 298 K).


Species log(bNi,NH3
1,n )


(exptl)
log(bNi,NH3


1,n )
(model 1)[a]


log(bNi,NH3
1,n )


(model 2)[b]
log(bNi,NH3


1,n )
(model 3)[c]


[Ni(NH3)]
2+ 2.79 2.38 2.83 2.83


[Ni(NH3)2]
2+ 5.05 4.38 5.05 5.05


[Ni(NH3)3]
2+ 6.74 6.10 6.75 6.75


[Ni(NH3)4]
2+ 7.99 7.58 7.98 7.98


[Ni(NH3)5]
2+ 8.73 8.78 8.69 8.69


[Ni(NH3)6]
2+ 8.76 9.60 8.79 8.79


[a] Model 1: Computed by using Equation (11). [b] Model 2: Computed
by using Equations (13)–(18). [c] Model 3: Computed by using Equa-
tions (13) and (20)–(24).
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Evidently, similar data analyses can be performed for any
monometallic coordination complexes, provided a sufficient
number of experimental thermodynamic formation con-
stants are available. The quantitative analysis of some well-
known factors affecting the stability of coordination com-
plexes is illustrated with the consideration of the formation
constants of [Co(NH3)n]


2+ , [Hf(F)n]
(4�n)+ , and [Ni(imidaz-


ole)n]
2+ (n=1–6) in water,[16] and their modeling with Equa-


tions (13)–(18) (model 2) and Equations (13) and (20)–(24)
(model 3, Tables S1–S5 in the Supporting Information). For
[Co(NH3)n]


2+ , the microscopic affinity log(fCo,NH3)=1.38 is
smaller than that found for [Ni(NH3)n]


2+ , in agreement with
the well-established Irving–Williams series,[17b] while DELL=


1.1 kJmol�1 remains essentially unchanged (Tables S1 and
S2 in the Supporting Information). For [Hf(F)n]


(4�n)+ , both
the microscopic affinity (log(fHf,F)=7.93) and the interligand
interaction (DELL=3.7 kJmol�1) are larger and reflect the
increased electrostatic interactions between 1) the highly
charged Hf4+ ion and the fluoride anion (fHf,F) and 2) two
negatively charged anions bound to Hf4+ (DELL, Tables S3
and S4 in the Supporting Information). Finally, for [Ni(im-
idazole)n]


2+ , the microscopic affinity (log(fNi,imidazole)=2.25)
is somewhat larger than the value found for [Ni(NH3)n]


2+


(log(fNi,NH3)=2.05). This fact combined with standard interli-
gand repulsion (DELL=1.1 kJmol�1) suggest the occurrence
of some additional stabilizing p-back-bonding with the elec-
tron-deficient imidazole ligand (Table S3 and S5 in the Sup-
porting Information). However, the balance between desol-
vation and complexation processes contributing to fM,L pre-
vents a definitive interpretation of such small differences.
For all investigated complexes, the successive replacement
of water molecules by entering ligands is negatively cooper-
ative (DELL>0), and its partition between cis (DELL


cis ) and
trans (DELL


trans) interactions (model 3) is not justified. Exten-
sion toward other geometries (e.g., tetrahedral, square
planar, pentagonal bipyramidal) is straightforward, provided
the application of Equation (9) carefully considers 1) the
exact number of involved dative bonds and 2) a judicious
statistical treatment of the degeneracy of each microspecies.


Application to homobimetallic triple-stranded helicates :
Each segmental ligand Lk (k=1–3) possesses two identical
tridentate binding sites (p=2), and reacts with nine-coordi-
nate lanthanide metal ions (valency v=coordination
number/denticity of the ligand binding unit=9/3=3) to give
the D3-symmetrical bimetallic triple-stranded helicates
[M2(Lk)3]


6+ (k=1, 2, Figure 1a) and [M2(L3)3].
[5,8–11] Com-


bined kinetic and thermodynamic studies show the forma-
tion of stable intermediates displaying various stoichiome-
tries summarized in the equilibrium given in Equation (25)
(m=1, 2 and n=1–3, the charges are omitted for clarity).


mMþ nLk Ð ½MmðLkÞn� bM,Lk
m,n ð25Þ


To minimize the number of parameters required for mod-
eling complicated assembly processes, we assign, whatever
the stoichiometry m,n of the microspecies, 1) a single inter-


metallic interaction uMM, when two metals occupy adjacent
tridentate binding sites of the same ligand; 2) a single inter-
ligand interactions uLL, when two binding sites of different
ligands are bound to the same metal; 3) a unique intermo-
lecular microscopic affinity constant fM,Lk assigned to a
single connection between a metal and a tridentate binding
site; and 4) a single effective concentration ceff rationalizing
intramolecular binding processes, when a cyclic structure is
formed. Since no theoretical values are available for ceff with
semirigid ligands, the latter parameter is considered as a fit-
ting parameter. Moreover, ceff is expected to vary with the
different levels of preorganization exhibited in the different
complexes undergoing an intramolecular binding process,
but the limited amount of thermodynamic data forces us to
consider a single and invariant value. Finally, 5) the rigid
spacer connecting the tridentate binding units in Lk (k=1–
3) prevents the coordination of both sites of the same ligand
to a single metal ion, thus excluding hairpin arrangements
and 6) we assume that the principle of maximum site occu-
pancy is obeyed;[14] in other words, any metal ion is bound
to n different ligands in each [Mm(Lk)n] microspecies (Fig-
ure 3a). We demonstrate in the next section that point 6 is
fully justified, and that it follows from our model. According
to these reasonable assumptions, application of Equation (9)
to the equilibrium in Equation (25) leads to the formation
constant bM,Lk


m,n given in Equation (26).


bM,Lk
m,n ¼ sM,Lk


chir wM,Lk
chir ðfM,LkÞmnðceffÞðmn�m�nþ1ÞðuLLÞ


mn
2 ðn�1ÞðuMMÞðm�1Þ


ð26Þ


sM,Lk
chir =1, except when the point group of the microspecies


does not contain symmetry element of the second kind, then
sM,Lk


chir =2 (i.e., the achiral C2v-symmetrical ligand Lk is trans-
formed into a chiral complex, Figure 3). The degeneracy of
each [Mm(Lk)n] microspecies is given by the product of two
binomial coefficients wM,Lk


m,n = (Cv
n)


m(Cp
m)n, whereby Cv


n stands
for the number of ways of putting n ligands to v positions
available around one metal ion (n�v), and Cp


m refers to the
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number of ways of connecting m metal atoms to the avail-
able p binding sites of one ligand (m�p). For [Mm(Lk)n]
with v=3 and p=2, wM,Lk


m,n =(C3
n)


m(C2
m)n, the numerical values


for which are collected for each microspecies in Figure 3a.
Application of Equation (26) for the saturated [Mm(Lk)n]


microspecies shown in Figure 3a provides the microscopic
constants in Equations (27)–(32).


bM,Lk
1,1 ¼ 6ðfM,LkÞ ð27Þ


bM,Lk
2,1 ¼ 9ðfM,LkÞ2ðuMMÞ ð28Þ


bM,Lk
1,2 ¼ 12ðfM,LkÞ2ðuLLÞ ð29Þ


bM,Lk
2,2 ¼ 9ðfM,LkÞ4ðuLLÞ2ðuMMÞðceffÞ ð30Þ


bM,Lk
1,3 ¼ 16ðfM,LkÞ3ðuLLÞ3 ð31Þ


bM,Lk
2,3 ¼ 2ðfM,LkÞ6ðuLLÞ6ðuMMÞðceffÞ2 ð32Þ


Since the four parameters fM,Lk, ceff, uLL, and uMM must be
extracted by using least-squares techniques, a minimum set


of five experimental macroscopic constants bM,Lk
m,n is required


to obtain an overdetermined set of equations. For L1, only
four stability constants (bM,L1


1,1 , bM,L1
1,2 , bM,L1


2,2 , and bM,L1
2,3 )[8] are


available. Moreover, comparison with monometallic com-
plexes possessing analogous monotopic N3 ligands[20] shows
that the low experimental stability constant estimated for
[Eu(L1)]3+ from the kinetic data indeed refers to only parti-
al binding of one ligand site to EuIII.[8] Therefore, bM,L1


1,1 does
not reflect a complete Eu–L1 connection, and it cannot be
further considered in the modeling process. Consequently,
the three remaining experimental macroscopic constants
prevent an estimation of thermodynamic parameters, as is
the case for L2, for which only three constants are available
bM,L2


2,2 , bM,L2
1,3 , and bM,L2


2,3 .[5] For the Eu–L3 system, the combina-
tion of kinetic and thermodynamic data leads to five experi-
mental macroscopic constants (bM,L3


1,1 , bM,L3
1,2 , bM,L3


2,1 , bM,L3
2,2 , and


bM,L3
2,3 , Table 2),[9] which are amenable to theoretical model-


ing using Equations (27)–(32), providing that a degeneracy
of 18 is used in Equation (30) (instead of 9) because the
complex [Eu2(L3)2]


2+ adopts a helical D2-symmetrical struc-
ture in solution (i.e. , schir=2).[9] Multilinear least-squares fit
of Equations (27)–(30) and (32) in their logarithmic forms
gives fM,L, ceff, uLL, and uMM collected in Table 3.


The conditional intermolecular binding free energy relat-
ed to the N2O sites in Eu–L3 amounts to DgEu,L3


inter =


�21 kJmol�1 (water, pH 6.15), and the fitted intermetallic
parameter DEMM between two europium cations in
[Eu2(L3)n]


(6�2n)+ amounts to 10 kJmol�1 (Table 3), a value
close to DEMM=9 kJmol�1 previously obtained by using the
site-binding model for the successive complexation of two
Eu3+ to a single L3 strand.[2] Interestingly, the latter repul-


Figure 3. Schematic structures, symmetries, and degeneracies of
[Mm(Lk)n] microspecies described in the equilibrium given in Equa-
tion (25) (k=1–3). The point groups are those established in solution
(1H NMR, 298 K).[5,8–11] Arrangement of microspecies a) obeying and
b) deviating from the principle of maximum site occupancy.


Table 2. Experimental and fitted[a] stability constants for
[Eum(L3)n]


(3m�2n)+ complexes (water, 298 K, pH 6.15).


Species log(bEu,L3
m,n ) (exptl) log(bEu,L3


m,n ) (calcd)


EuL3 4.3(2) 4.4
Eu2L3 6.4(2) 6.4
Eu(L3)2 9.3(2) 9.2
Eu2(L3)2 16.1(3) 16.0
Eu(L3)3 – 14.7
Eu2(L3)3 26.1(4) 26.1


[a] Computed by using the fitted parameters in Table 3 and Equa-
tions (27)–(32). The quoted errors correspond to those reported in refer-
ence [9].


Table 3. Fitted thermodynamic parameters for [Eum(L3)n]
(3m�2n)+ com-


plexes (water, 298 K, pH 6.15).[a]


Fitted parameters [Eum(L3)n]
(3m�2n)+


log(fEu,L3)/Dg
Eu,L3
inter [kJmol�1] 3.6(1)/�20.8(6)


log(uLL)/DE
LL [kJmol�1] 0.9(2)/�5(1)


log(uMM)/DE
MM [kJmol�1] �1.8(3)/10(2)


log(ceff)/Dg
Eu,L3
corr [kJmol�1] 0.3(4)/�2(2)


[a] Standard errors estimated by the least-squares fits are given between
parentheses.
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sion is smaller than DEMM=17.7 kJmol�1 estimated for the
electrostatic work required for approaching two triply charg-
ed cations in water (REuEu=8.85 P, er(H2O)=80).[5] This in-
dicates that the successive connection of cations to the nega-
tive L3 strands produces considerable charge compensation
and/or charge redistribution, which eventually reduces inter-
metallic repulsion. A positive interligand cooperativity
(DELL=�5 kJmol�1) is detected despite the electrostatic re-
pulsion expected between negatively charged strands in
[Eum(L3)n]


(3m�2n)+ (n�2). This paradox can be tentatively
resolved by considering the crystal structure of [Eu2(L3)3],
which shows sophisticated intra- and intermolecular net-
works of hydrogen bonds involving the carboxylate groups
of L3, and a huge number of surrounding water mole-
cules.[11] This stabilizing effect, which is expected to be parti-
ally maintained in aqueous solution, may contribute to over-
come the destabilizing electrostatic interligand interactions.
Finally, the effective concentration ceff=2 (DgEu,L3


corr =DGEu,L3
corr /


intramolecular connections=DGEu,L3
corr /(mn�m�n+1)=


�2 kJmol�1, Table 3) is larger than ceff=0.34 estimated for a
flexible polymer, in which the binding sites are separated by
9 P, as in [Eu2(L3)n]


(6�2n)+ (n=2, 3).[12d] Since DgEu,L3
corr =


TDSEu,L3
i,inter�TDSEu,L3


i,intra <0, we conclude that the intramolecular
process is strongly favored for the ligand L3, despite the
considerable separation between the sites. This can be tenta-
tively assigned to the rigid link offered by the methylene
spacer, which prevents the usual relationship ceff/ r�3, occur-
ring when the second binding site may access to the whole
volume of a sphere.[12] Recalculation of the thermodynamic
constants for the Eu–L3 complexes almost perfectly matches
the experimental data (Table 2).


Assuming the accepted concept in coordination chemistry
that cooperativity for the formation of the [MmLn] complex
corresponds to the free-energy deviation from that expected
for the repetitive statistical binding of the m+n components
described by the three first terms of Equation (9),[2,3,5, 6,17] we
introduce a global cooperativity index I tot


c for each microspe-
cies [Eq. (33)], which combines all intermetallic (uMM) and
interligand (uLL) interactions described by the two last terms
of Equation (9).


I totc ¼
Y
i<j


00ðuMM
ij Þ


Y
k<l


000ðuLL
kl Þ ð33Þ


Application to the Eu–L3 system [Eq. (26)] leads to
Equations (34) and (35), which show that I tot


c >1 corresponds
to DEtot


c <0 and global positive cooperativity, while I tot
c <1


corresponds to DEtot
c >0, which is diagnostic for global nega-


tive cooperativity. The calculated values of intermetallic
(IMM


c ) and interligand (ILL
c ) contributions together with the


overall cooperativity indexes I tot
c are summarized in Table 4.


I totc ¼ ILLc IMM
c ¼ ðuLLÞ


mn
2 ðn�1ÞðuMMÞðm�1Þ ð34Þ


DEtot
c ¼ DELL


c þ DEMM
c


¼ �RT
�
mn
2


ðn�1Þ lnðuLLÞ þ ðm�1Þ lnðuMMÞ
� ð35Þ


With this simple index, global positive cooperativity is
clearly demonstrated for the formation of [Eu(L3)2]


� and
[Eu2(L3)3], while that for [Eu2(L3)2]


2+ is roughly non-coop-
erative (Table 4). For [Eu2(L3)]4+ , a negatively cooperative
process is evidenced, because the intermetallic repulsion is
not balanced by favorable interstrand interactions. Interest-
ingly, the stability constant for the [Eu(L3)3]


3� complex,
which is not experimentally accessible, can be estimated, a
posteriori, from the fitted parameters given in Table 3. We
predict that [Eu(L3)3]


3� is fairly stable (bEu,L3
1,3 =14.7) and its


formation is driven by positive cooperativity (DEtot
c =


�15 kJmol�1). However, this complex was not detected by
kinetic investigations probably due to its lability.[9]


Testing the principle of maximum site occupancy : The re-
stricted set of microspecies considered in Figure 3a for mod-
eling the self-asssembly process results from the assumption
that only saturated complexes, (i.e. , those for which each
metal ion is connected to n ligands), contribute significantly
to the macrospecies [Mm(L)n]. The validity of this hypothe-
sis, known as the principle of maximum site occupancy,[14]


can be verified for bimetallic [M2(Lk)2] and [M2(Lk)3] mac-
rospecies, because the stability of the unsaturated microspe-
cies not obeying this principle (Figure 3b) can be, a posteri-
ori, estimated with Equations (36)–(39).


bM,Lk
2,2ðAÞ ¼ 36ðfM,LkÞ3ðuLLÞðuMMÞ ð36Þ


bM,Lk
2,3ðAÞ ¼ 12ðfM,LkÞ5ðuLLÞ4ðuMMÞðceffÞ ð37Þ


bM,Lk
2,3ðBÞ ¼ 24ðfM,LkÞ4ðuLLÞ3ðuMMÞ ð38Þ


bM,Lk
2,3ðCÞ ¼ 36ðfM,LkÞ4ðuLLÞ2ðuMMÞ ð39Þ


The degeneracy of each unsaturated microspecies is ob-


tained by wM,Lk
m,n = s


Qm
i¼1


(Cv
nbound


)
Qn
j¼1


(Cp
mbound


), whereby nbound


(mbound) is the number of ligands (metal atoms) bound to
the metal i (ligand j), and s is the number of nonequiva-
lent metals. For example, we deduce for the [Eu2(L3)2]


2+


microspecies A shown in Figure 3b, that wEu,L3
2,2ðAÞ=


(C3
1)(C


3
2)(C


2
2)(C


2
1)2=36 [Eq. (36)]. Taking fEu,L3, ceff, uLL, and


Table 4. Index of cooperativity (Ic) for the formation of the saturated mi-
crospecies [Eum(L3)n]


(3m�2n)+ .


Microspecies log(ILL
c )


(DELL
c )[a]


log(IMM
c )


(DEMM
c )[a]


log(Itot
c )


(DEtot
c )[a]


Cooperativity


[Eu(L3)2]
� 0.9 (�5.1) – 0.9 (�5.1) positive


[Eu2L3]4+ – �1.8 (10.3) �1.8 (10.3) negative
[Eu2(L3)2]


2+ 1.7 (-9.7) �1.8 (10.3) �0.1 (0.6) negative (�none)
[Eu2(L3)3] 5.2 (�29.7) �1.8 (10.3) 3.4 (�19.4) positive


[a] Cooperativity indexes [see text and Eqs. (33)–(35)]. Values in kJmol�1


are given between parentheses.
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uMM fitted previously for saturated species, we can calculate
the stability constants bEu,L3


2,2ðAÞ, b
Eu,L3
2,3ðAÞ, b


Eu,L3
2,3ðBÞ, and bEu,L3


2,3ðCÞ, which
are collected in Table 5. The predicted constants for all un-
saturated complexes shown in Figure 3b are at least four


orders of magnitude smaller than that found for the corre-
sponding saturated analogues. This translates into a mole
fraction of the saturated species xsaturated=bsaturated


m,n /
(�bunsaturated


m,n +bsaturated
m,n )�0.999 (Table 5), which implies that


the concentration of any unsaturated species in solution
during the self-assembly process is negligible. This observa-
tion leads to the conclusion that the principle of maximum
site occupancy is fully justified.


Conclusion


Compared with the original site-binding model, which con-
siders the existence of a single virtual preassembled receptor
that is taken as an arbitrary zero-level of the free energy
and to which metal ions are connected, this novel approach
explicitly accounts for any aggregation of ligands and metal
ions observed during the assembly process (Figure 2). Two
supplementary parameters are required for reliably model-
ing the formation of a [MmLn] complex: 1) the effective con-
centration ceff, which accounts for the entropic correction ac-
companying intramolecular metal–ligand connections,[3,12]


and 2) the interligand interaction, which occurs when two
ligand-binding units are connected to the same metal ion
(uLL). Application to the formation of pseudo-octahedral
monometallic [M(L)n(H2O)6�n]


x+ complexes (n=1–6) is
straightforward, and it provides a quantitative estimate of
the cooperativity responsible for any deviation from succes-
sive statistical binding [Eq. (19)]. Extension to the assembly
of the bimetallic triple-stranded helicate [Eu2(L3)3], for
which a sufficient number of experimental stability constants
is available, leads to values of fM,L


i , ceff, uMM, and uLL parame-
ters that are in fair agreement with theoretical predictions
based on standard electrostatic (uMM) and entropic (ceff) con-
siderations. Evidently, the conclusions derived from our
analysis only hold under the specific assumptions and simpli-
fications used in our thermodynamic model.


In this context, three important issues must be highlight-
ed.


1) According to the substantial numbers of independent
microscopic parameters, which must be extracted simul-
taneously from the thermodynamic data, a detailed
knowledge of the self-assembly mechanism is required in
order to maximize the number of characterized inter-
mediates. Therefore, the set of thermodynamic constants
obtained under equilibrium conditions is often too limit-
ed, and a thorough kinetic study must be undertaken.


2) Due to the considerable rigidity of the strands in heli-
cates, the effective concentration is large (ceff�2), which
implies that intermolecular polymerization could
become an efficient alternative pathway only for concen-
trations higher than ceff.[3,12]


3) The assignment of a reliable degeneracy to each micro-
species partially relies on the chemistOs capacity to ad-
dress the chirality of each intermediate in solution (by
means of schir). The unambiguous determination of this
structural characteristic is rarely accessible for elusive in-
termediates, and reasonable choices have to be made.


Nevertheless, the combination of intermetallic and interli-
gand interactions in the complete thermodynamic model
provides a quantitative estimation of the global cooperativi-
ty assigned to the formation of each species, which is not ac-
cessible with ErcolaniOs model.[3] For monometallic octahe-
dral complexes, in which water molecules are replaced by
standard monodentate ligands, negative cooperativity is sys-
tematically observed. However, positive cooperativity is un-
ambiguously evidenced for the Eu–L3 system, because of 1)
the operation of charge compensation and/or redistribution,
which reduce intermetallic repulsion, and 2) the existence of
secondary interstrand hydrogen bonding. This result is remi-
niscent of the reported cooperative complexation of FeIII to
anionic preorganized polyhydroxamate receptors displaying
strong peripheral NH···OC bonds.[21] The recognition of such
deviations suggests that programming positive cooperativity
in multimetallic assemblies requires a judicious design of
secondary interactions, in order to overcome unavoidable
intermetallic repulsions. It is worth noting here that the orig-
inal site-binding model considers only DEMM, and that the
global positive cooperativity evidenced for the formation of
[Eu2(L3)3] from its components, escapes detection with this
rough approach.


Finally, the weak stabilities predicted for unsaturated mi-
crospecies (i.e. , those not obeying the principle of maximum
occupancy) justify their neglect in the modeling process, and
their absence in self-assembly processes, in complete agree-
ment with LehnOs intuition.[14] This situation also holds for
polymers, and the recent observation of unusually low de-
grees of cross-linking for coordination polymers, obtained
from the mixing of NdIII with bifunctional pyridine–dicar-
boxylate ligands in water, is closely related to a similar en-
thalpic competition between saturated and unsaturated
structures, modulated by interligand interactions.[22] The ulti-
mate use of fM,L


i , ceff, DEM
c , and DELL


ij parameters, extracted
from “simple” systems, for rationalizing sophisticated assem-


Table 5. Predicted[a] stability constants for unsaturated [Eu2(L3)n]
(6�2n)+


complexes.


Species Type log(bEu,L3
m,n ) Equation xi


[b]


[Eu2(L3)2]
2+ saturated 16.0 30 >0.999


[Eu2(L3)2]
2+ (A) unsaturated 11.6 36 4.0Q10�5


[Eu2(L3)3] saturated 26.1 32 >0.999
[Eu2(L3)3] (A) unsaturated 21.3 37 1.6Q10�5


[Eu2(L3)3] (B) unsaturated 16.8 38 5.0Q10�10


[Eu2(L3)3] (C) unsaturated 16.1 39 1.0Q10�10


[a] Computed by using the fitted parameters in Table 3. [b] Moles frac-
tions calculated with xi=bi/


P
j
bj (see text).


Chem. Eur. J. 2005, 11, 5217 – 5226 www.chemeurj.org D 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 5225


FULL PAPERMulticomponent Self-Assembly Processes



www.chemeurj.org





bly processes involving different metallic environments is
treated in the second part of this contribution.[23]


Experimental Section


Computational details : Computing of thermodynamic parameters were
performed by using linear and nonlinear regression methods with least-
squares minimization included in the ExcelD and MathematicaR5 pro-
grams.
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A Simple Thermodynamic Model for Quantitatively Addressing
Cooperativity in Multicomponent Self-Assembly Processes—Part 2:
Extension to Multimetallic Helicates Possessing Different Binding Sites


Josef Hamacek,* Michal Borkovec, and Claude Piguet*[a]


Introduction


In a previous contribution,[1] we have shown that the micro-
scopic stability constant bM,L


m,n of a supramolecular complex
[Mm(L)n] can be modeled with four parameters according to
Equation (1).


bM,L
m,n ¼ sM,L


chirwm,n


Ymn


i¼1


ðfM,L
i Þ


Ymn�m�nþ1


i¼1


ðceffi Þ
Y


i<j


00ðuMM
ij Þ


Y


k<l


000ðuLL
kl Þ


ð1Þ


In this equation fM,L
i represents the intermolecular micro-


scopic affinity constant characterizing the connection of a
metal M to the binding site i of a ligand L; uMM


ij =


exp(�DEMM
ij /RT) is the Boltzman(s factor accounting for the


intermetallic interaction DEMM
ij (in term of free energy),


which occurs when two metals occupy two adjacent binding
sites i and j of the same ligand; uLL


kl =exp(�DELL
kl /RT) is the


Boltzman(s factor accounting for the interligand interactions


DELL
kl , which results from the connection of two binding sites


k and l to the same metal; and ceffi =exp((DSM,L
i,intra�DSM,L


i,inter)/R)
is the “effective concentration” used for correcting the en-
tropy change observed between inter- and intramolecular
binding processes. The term sM,L


chirwm,n represents the degener-
acy of the microscopic state. For an achiral ligand Lk, sM,L


chir =


1, except when the point group of the [Mm(L)n] microspecies
does not contain symmetry element of the second kind, then
sM,L
chir =2, and wm,n is evaluated for each microspecies by


using standard statistical methods. Finally, the two last prod-
ucts


Q
’’ and


Q
’’’ run over all the pairs of adjacent interme-


tallic (uMM) or interligand (uLL) interactions occurring in the
[Mm(L)n] microspecies.[1] Application of Equation (1) for
modeling the formation of standard monometallic coordina-
tion complexes successfully reproduces experimental stabili-
ty constants, and it further provides a quantitative analysis
of the cooperativity (i.e., deviation from repetitive statistical
binding) associated with the successive binding of ligands to
a single metal.[1] Related mathematical analyses of the self-
assembly of bimetallic triple-stranded helicates [Eu2(Lk)3]
(k=1–3) is complicated by the various possible combina-
tions of metals and ligands in the final complexes, and the
fitting process fails for k=1 or 2, because of the too limited
sets of available experimental stability constants. For
[Eu2(L3)3], a sufficient amount of experimental data is ac-
cessible, and the use of Equation (1) eventually demon-
strates that the assembly process is driven to completion by
positive cooperativity, originating from attractive interligand
interactions.[1]


Abstract: The extended site-binding
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lic and interligand) from the successive
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ceptors, is used for unravelling the self-
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Although the extended site-binding model, mathematical-
ly formulated in Equation (1), has benefited from its appli-
cation to basic complexation processes for its validation,[1] it
is not limited to systems that display identical binding sites.
It may apply, at least theoretically, to any multicomponent
assembly process, and the famous self-assembly of Lehn(s
double-stranded trimetallic helicates [Cu3(Lk)2]


3+ (k=4, 5)
plays a crucial role in this context, because 1) it involves
(slightly) different binding sites along the strands, and 2) the
associated thermodynamic constants have been originally in-
terpreted within the frame of positive cooperativity accord-
ing to Scatchard plots.[2,3] Interestingly, Ercolani recently
pointed out that the latter approach did not take into ac-
count the entropy change occurring when a dative bound is


part of a cyclic structure, and some corrective parameters,
derived from the accepted theory of “effective concentra-
tion” used in macrocyclic chemistry, must be considered.[4]


He indeed re-analysed the thermodynamic formation of
[Cu3(L4)2]


3+ by using two thermodynamic microconstants
Kinter and Kintra, which hold for the formation of inter- and
intramolecular dative bonds, respectively. He eventually
concluded that statistical binding occurs,[4] in contrast with
the positively cooperative process originally suggested by
Lehn.[2,3] However, Ercolani(s model only considers the
three first terms of Equation (1),[1] and it neglects the specif-
ic intramolecular interactions described by the last two
terms. Therefore, the latter approach is only adequate, when
both intramolecular interactions (intermetallic + interli-
gand) are strictly proportional to the total number of bonds
(mn) connecting the m+n components in each [Mm(L)n]
complex. Under these conditions, uMM and uLL can be safely
partitioned and incorporated into Kinter and Kintra. However,
this special case is rarely met in supramolecular chemistry,[5]


and it does not hold for [Eu2(L3)3].
[1]


In this contribution, we propose a complete analysis of
the archetypal thermodynamic self-assembly of [Cu3(Lk)2]


3+


(k=4, 5) with the help of Equation (1), which aims at unam-
biguously separating intramolecular interactions from repet-
itive statistical binding processes. A quantitative cooperativi-
ty index is then calculated for each complex participating to
the assembly processes.[1] In the second section, Equation (1)
is used for unravelling the assembly process of the more
complicated trimetallic triple-stranded helicate [Eu3(L6)3]


9+ ,
in which the central N3 binding site is now significantly dif-


ferent from the terminal N2O
sites.[6–8] According to the consid-
erable amount of parameters re-
quired for assigning a specific af-
finity to each binding site, the si-
multaneous fit of bimetallic
[Eu2(Lk)3]


6+ (k=1, 2)[9,10] and
trimetallic [Eu3(L6)3]


9+ com-
plexes, containing common bind-
ing sites, is an attractive solution
for reaching enough experimen-
tal data.


Results and Discussion


Application of the extended site-
binding model to homotrimetal-
lic helicates : The trimetallic heli-
cates [Cu3(Lk)2]


3+ (k=4, 5) and
[Eu3(L6)3]


9+ are obtained by the
reaction of C2v-symmetrical li-
gands Lk (k=4–6) with tetrahe-
dral CuI (coordination number
CN=4),[2,3] or with tricapped
trigonal prismatic EuIII (CN=


9).[6,7] Each ligand Lk possesses
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three adjacent binding segments (p=3), which are bidentate
for L4 and L5 (denticity: dent=2), and tridentate for L6
(denticity: dent=3). Consequently, the maximum valency
v=CN/dent amounts to 4/2=2 for CuI in [Cum(Lk)n]


m+ [k=
4, 5; m=1–3, n=1, 2, equilibrium in Eq. (2)], and to 9/3=3
for EuIII in [Eum(L6)n]


3m+ [m=1–3, n=1–3, equilibrium in
Eq. (3)].


mCuþ þ nLk Ð ½CumðLkÞn	mþ bCu,Lk
m,n ð2Þ


mEu3þ þ nL6Ð ½EumðL6Þn	3mþ bEu,L6
m,n ð3Þ


Except for the different valencies v of the metals and the
maximum number of ligands involved in the final com-
plexes, the theoretical modeling of the formation constants
depicted in the equilibria given in Equations (2) and (3) is
identical, by means of Equation (1). Compared with L1–L3,
which possess symmetry-related (i.e. , equivalent) binding
sites, the central binding site in Lk (k=4–6) is different
from the two appended terminal sites for evident symmetry
reasons, and two different intermolecular microscopic affini-
ty constants, adapted for the central fM,Lk


c and terminal fM,Lk
t


sites, must be considered. Moreover, intermetallic interac-
tions are no more limited to adjacent sites, and an additional
long-range intermetallic interaction (uMM


t ) occurs between
two metal ions lying in the terminal sites. A parallel behav-
iour affects the corrective effective concentration, and a
novel term cefft , accounting for microspecies in which only
the well-separated terminal sites are occupied by metal ions,
must be considered. The latter parameter is different from
ceff, which refers to the intramolecular connection between
occupied adjacent sites, because the formation of smaller
rings is entropically favoured (i.e., cefft <ceff).[4,11,12] Assuming
the standard hypotheses characterizing helicate self-assem-
blies with semirigid ligand strands,[1,4,5] that is, 1) no hairpin
structure is formed (two binding sites of the same ligand
cannot bind to the same metal ion), 2) no constrained struc-
ture is formed (two terminal binding sites of the same
ligand cannot connect to two adjacent metal ions borne by a
second ligand), and 3) the principle of maximum site occu-
pancy[13] is obeyed (as previously justified for [Eu2(L3)3]),


[1]


the application of Equation (1) with a single set of average
effective concentrations (ceff, cefft ), and interligand (uLL) and
intermetallic (uMM, uMM


t ) interactions leads to the microscop-
ic constants given in Equations (4)–(14) for double-stranded
helicates, and Equations (4)–(21) for triple-stranded heli-
cates, whereby the indices c and t refer to central and termi-
nal sites, respectively. The schematic chemical structures as-
sociated with each microspecies are depicted in Figure 1.


bM,Lk
1,1 ðtÞ ¼ sM,L


chir,tw
t
1,1ðfM,Lk


t Þ ð4Þ


bM,Lk
1,1 ðcÞ ¼ sM,L


chir,cw
c
1,1ðfM,Lk


c Þ ð5Þ


bM,Lk
2,1 ðttÞ ¼ sM,L


chir,ttw
tt
2,1ðfM,Lk


t Þ2ðuMM
t Þ ð6Þ


bM,Lk
2,1 ðctÞ ¼ sM,L


chir,ctw
ct
2,1ðfM,Lk


t ÞðfM,Lk
c ÞðuMMÞ ð7Þ


bM,Lk
3,1 ¼ sM,L


chirw3,1ðfM,Lk
t Þ2ðfM,Lk


c ÞðuMMÞ2ðuMM
t Þ ð8Þ


bM,Lk
1,2 ðtÞ ¼ sM,L


chir,tw
t
1,2ðfM,Lk


t Þ2ðuLLÞ ð9Þ


bM,Lk
1,2 ðctÞ ¼ sM,L


chir,ctw
ct
1,2ðfM,Lk


c ÞðfM,Lk
t ÞðuLLÞ ð10Þ


bM,Lk
1,2 ðcÞ ¼ sM,L


chir,cw
c
1,2ðfM,Lk


c Þ2ðuLLÞ ð11Þ


bM,Lk
2,2 ðttÞ ¼ sM,L


chir,ttw
tt
2,2ðfM,Lk


t Þ4ðuLLÞ2ðuMM
t Þðcefft Þ ð12Þ


Figure 1. Arrangement of microspecies with three nonequivalent sites
obeying the principle of maximum site occupancy. Schematic structures,
symmetries and degeneracies of the [Mm(Lk)n] (m=1–3, n=1–3) micro-
species described in the equilibria in Equations (2) and (3). The point
groups are those established (or expected) in solution (1H NMR spectros-
copy, 298 K).[2,3, 6,7]
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bM,Lk
2,2 ðctÞ ¼ sM,L


chir,ctw
ct
2,2ðfM,Lk


t Þ2ðfM,Lk
c Þ2ðuLLÞ2ðuMMÞðceffÞ ð13Þ


bM,Lk
3,2 ¼ sM,L


chirw3,2ðfM,Lk
t Þ4ðfM,Lk


c Þ2ðuLLÞ3ðuMMÞ2ðuMM
t ÞðceffÞ2 ð14Þ


bM,Lk
1,3 ðtÞ ¼ sM,L


chir,tw
t
1,3ðfM,Lk


t Þ3ðuLLÞ3 ð15Þ


bM,Lk
1,3 ðcttÞ ¼ sM,L


chir,cttw
ctt
1,3ðfM,Lk


t Þ2ðfM,Lk
c ÞðuLLÞ3 ð16Þ


bM,Lk
1,3 ðcctÞ ¼ sM,L


chir,cctw
cct
1,3ðfM,Lk


t ÞðfM,Lk
c Þ2ðuLLÞ3 ð17Þ


bM,Lk
1,3 ðcÞ ¼ sM,L


chir,cw
c
1,3ðfM,Lk


t Þ3ðuLLÞ3 ð18Þ


bM,Lk
2,3 ðttÞ ¼ sM,L


chir,ttw
tt
2,3ðfM,Lk


t Þ6ðuLLÞ6ðuMM
t Þðcefft Þ2 ð19Þ


bM,Lk
2,3 ðctÞ ¼ sM,L


chir,ctw
ct
2,3ðfM,Lk


t Þ3ðfM,Lk
c Þ3ðuLLÞ6ðuMMÞðceffÞ2 ð20Þ


bM,Lk
3,3 ¼ sM,L


chirw3,3ðfM,Lk
t Þ6ðfM,Lk


c Þ3ðuLLÞ9ðuMMÞ2ðuMM
t ÞðceffÞ4 ð21Þ


The least-squares fitting of
the seven parameters, fM,Lk


c ,
fM,Lk
t , uLL, uMM, uMM


t , ceff, and cefft


requires at least eight experi-
mental macroscopic constants,
which are not yet available for
any self-assembly process.


Modeling the self-assembly of
double-stranded helicates
[Cum(Lk)n]


m+ (k=4, 5): Al-
though not equivalent, the ter-
minal and central bipyridine
sites in L4, or in L5, are very
similar and the approximation
f Cu,Lk
t ffif Cu,Lk


c = fCu,Lk is justified
for these ligands, because com-
parable stability constants are
found for the complexes
formed by 4,4’-diethylcarboxy-6,6’-dimethyl-2,2’-bipyridine,
or 4,4’-N,N’-diethylcarboxamido-6,6’-dimethyl-2,2’-bipyridine
with CuI.[3] Moreover, the distance between two linked bind-
ing sites (r) can be reliably approximated by the intermetal-
lic distances found in the crystal structures of these multime-
tallic helicates, which show that the separation between the
central and terminal sites (rct=5.8 L) is half that measured
between the two terminal sites (rtt=2 rct).


[3b] Since both uMM


and ceff depend on r, according to uMM/e1/r,[8] and ceff/1/
r3,[14,15] the parameters uMM


t and cefft can be modeled with
uMM
t = (uMM)0.5 and cefft =ceff/8, respectively. As discussed in


the theoretical part,[1] the dependence of ceff may deviate
from r�3 for rigid systems, in which the second binding site
cannot access the volume of a whole sphere (i.e., for an
access limited to the surface of a sphere, a r�2 dependence is
expected).[14,15] However, the oxopropylene spacers in L4
and L5, ensure enough flexibility for limiting significant de-
viations from the asymptotic r�3 dependence. With these
reasonable approximations, the number of parameters re-
quired for modeling the formation of [Cum(Lk)n]


m+ (k=4,


5) reduces to four fM,Lk, uLL, uMM and ceff, and a least-squares
fit can be attempted with a minimum set of five experimen-
tal constants, which are available for [Cum(L4)n]


m+ from
thermodynamic[2] and kinetic[3] studies (bCu,L4


1,1 , bCu,L4
2,1 , bCu,L4


1,2 ,
bCu,L4
2,2 and bCu,L4


3,2 , Table 1). For [Cum(L5)n]
m+ , the more limit-


ed amount of available thermodynamic data (four constants,
Table 1)[3] prevents the extraction of four independent mi-
croscopic parameters, and some of them must be, a priori,
set to reasonable values provided by theoretical predictions.


The modeling of [Cum(Lk)n]
m+ (k=4, 5; m=1–3, n=1, 2)


thus relies on Equations (4)–(14), which involves the eleven
possible microspecies depicted in Figure 2, because 1) the
copper(i) valency amounts to v=2, and 2) the tris-bidentate
ligand strands (p=3) possess two equivalent terminal sites
(pt=2) and one different central site (pc=1), despite their
similar microscopic affinities (f Cu,Lk


t ffifCu,Lk
c = fCu,Lk).


We have previously demonstrated[1] that the total degen-
eracy of a macrospecies [Mm(Lk)n] possessing n ligand
strands with p symmetry-related (i.e., equivalent) binding
sites is given by wm,n(macro)= (Cv


n)
m(Cp


m)
n, whereby the bino-


mial coefficients Cv
n stand for the number of ways of putting


n ligands to v positions available around one metal ion (n �
v), and Cp


m refers to the number of ways of connecting m
metals to the available p binding sites of one ligand (m�
p).[1] When different sites are available within the strand,
the latter calculation only holds for complexes in which all
the binding sites are occupied by metals (m=p), a situation
encountered for [Cu3(Lk)]


3+ (w3,1= (C2
1)


3(C3
3)


1=8) and
[Cu3(Lk)2]


3+ (w3,2= (C2
2)


3(C3
3)


1=1, Figure 2). However, for
complexes with partially occupied binding sites (m<p), the
macroscopic degeneracy is partitioned between several con-
tributing microspecies possessing different energies. Since
we consider that interligand (uLL) and intermetallic (uMM) in-
teractions do not depend on the specific structure of the
complexes, each [Cum(Lk)n]


m+ macrospecies, for which m<


p, is made up of n+1 different microspecies. The degenera-


Table 1. Experimental and fitted[a] stability constants for [Cum(L4)n]
m+ (acetonitrile/dichloromethane 1:1,


298 K) and [Cum(L5)n]
m+ complexes (acetonitrile/water/dichloromethane 80:15:5, 298 K).


Species L=L4 L=L5
log(bCu,L4


m,n ) log(bCu,L4
m,n ) log(bCu,L4


m,n ) log(bCu,L5
m,n ) log(bCu,L5


m,n ) log(bCu,L5
m,n )


(exptl) model 1[b] model 2[c] (exptl) model 1[d] model 2[e]


[CuLk]+ 4.0(5)[f] 4.7 4.5 3.6(4)[f] 4.6 3.9
[Cu2Lk]


2+ 8.0(5) 7.7 7.8 8.1(3) 7.6 8.0
[Cu3Lk]


3+ – 8.1 9.8 – 8.7 [g]


[Cu(Lk)2]
+ 8.2(2) 8.0 7.9 – 5.9 6.6


[Cu2(Lk)2]
2+ 13.5(2) 13.9 13.7 12.9(3) 12.9 12.7


[Cu3(Lk)2]
3+ 18.6(1) 18.4 18.6 18.7(3) 18.7 18.8


[a] Computed using the fitted parameters in Table 2 and Equations (22)–(27). The quoted errors correspond to
those reported in reference [3]. [b] log(uMM)=�1.8. [c] ceff=1.3. [d] log(uMM)=�1.4. [e] ceff=1.3. [f] The ther-
modynamic stability constants obtained for [CuLk]+ (k=4, 5) correspond to hairpin structures,[3] while the al-
ternative stability constants determined from kinetic data, as mentioned in Table 1, refer to linear arrange-
ments, in which CuI is coordinated by a single bipyridine group.[3] [g] Reliable predictions for multimetallic
complexes not included in the fitting process cannot be obtained with this model, because log(uMM)>0
(Table 2).
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cy of each microspecies is calcu-
lated in the appendix and is
summarized in Figure 2, while
the associated microconstants
computed with Equations (4)–
(14) are combined to give the
macroconstants in Equa-
tions (22)–(27).


bCu,Lk
1,1 ¼ 6ðf Cu,LkÞ ð22Þ


bCu,Lk
2,1 ¼ 4ðf Cu,LkÞ2ðuMMÞ0:5 þ 8ðf Cu,LkÞ2ðuMMÞ ð23Þ


bCu,Lk
3,1 ¼ 8ðf Cu,LkÞ3ðuMMÞ2:5 ð24Þ


bCu,Lk
1,2 ¼ 13ðf Cu,LkÞ2ðuLLÞ ð25Þ


bCu,Lk
2,2 ¼2ðf Cu,LkÞ4ðuLLÞ2ðuMMÞ0:5ðceff=8Þþ


8ðf Cu,LkÞ4ðuLLÞ2ðuMMÞðceffÞ
ð26Þ


bCu,Lk
3,2 ¼ 2ðf Cu,LkÞ6ðuLLÞ3ðuMMÞ2:5ðceffÞ2 ð27Þ


A nonlinear least-squares fit of the four parameters fM,Lk,
ceff, uMM, and uLL for [Cum(L4)n]


m+ by using Equations (22),


(23), and (25)–(27) (corresponding to the available experi-
mental macroconstants collected in Table 1) provides an
almost ideal match between experimental and computed for-
mation constants, but the resulting large negative value of
DEMM cannot account for the expected repulsion between
two cations coordinated to the neutral ligands. This strongly
suggests that our set of only five equations is not sufficient
for extracting four independent parameters. Therefore, we
decided to fix either 1) log(uMM) in model 1 {calculated for
the electrostatic repulsion[8] between two adjacent monocat-
ionic CuI ions separated by 5.8 L[2,3] in acetonitrile/dichloro-
methane 1:1 (er~23) for [Cum(L4)n]


m+ (log(uMM)=�1.8),[2]


or in acetonitrile/water/dichloromethane (er~30) for
[Cum(L5)n]


m+(log(uMM)=�1.4)},[3] or 2) ceff=1.3 in model 2
(calculated for a single-stranded flexible polymer in which
the adjacent binding sites are separated by 5.8 L).[14] All fits
converge to a unique microscopic intermolecular free
energy of connection DgCu,Lk


inter �21 kJmol�1 for the binding
(including desolvation) of CuI to a substituted bipyridine
site found in Cu–Lk systems (k=4, 5, Table 2). As expected,
the replacement of ester substituents (L4) with amides (L5)
has negligible effects on the affinity for CuI.[2,3] A slightly re-
pulsive interligand interaction DELL5 kJmol�1 (Table 2) is
found for both L4 and L5 ligands, which can be tentatively
assigned to the steric congestion resulting from the wrapping
of the strands around small CuI metal ions, a phenomenon
responsible for the extremely slow twisting observed by ki-
netics.[3] However, the large uncertainties affecting the fitted
DELL parameter suggest that deviation from statistics (i.e.,
DELL=0) remains moderate. We also note that uMM and ceff


are correlated because of the two small sets of available
macroscopic thermodynamic constants. When uMM is fixed
(model 1), the fitted ceff parameter displays large uncertain-
ties, which prevents detailed interpretation (Table 2). The
reverse situation is found when ceff is fixed (model 2,
Table 2). However, the macroscopic stability constants com-
puted for the Cu–Lk complexes with both models are in a
fair agreement with experimental data (Table 1), which 1)
supports our model despite the only limited amount of ther-
modynamic data and 2) allows an estimation for the stability
constants of [Cu3Lk]


3+ (k=4, 5) (bCu,L5
3,1 =8–10) and


[Cu(L5)2]
+ (bCu,L5


1,2 =6–7), for which no experimental forma-
tion constants are available. We also note that the accuracy
of the recalculated constants bCu,L4


1,2 , bCu,L4
2,2 , and bCu,L4


3,2 is com-


Figure 2. Arrangement of microspecies in [Cum(Lk)n]
m+ (k=4, 5) obey-


ing the principle of maximum site occupancy. Schematic structures, sym-
metries and degeneracies of the [Cum(Lk)n]


m+ microspecies described in
the equilibrium given in Equation (2) (k=4, 5). The point groups are
those established (or expected) in solution (1H NMR spectroscopy,
298 K).[3]


Table 2. Fitted thermodynamic parameters for [Cum(L4)n]
m+ (acetonitrile/dichloromethane 1:1, 298 K) and


[Cum(L5)n]
m+ complexes (acetonitrile/water/dichloromethane 80:15:5, 298 K).[a]


Fitted [Cum(L4)n]
m+ [Cum(L4)n]


m+ [Cum(L5)n]
m+ [Cum(L5)n]


m+


parameters model 1[b] model 2[c] model 1[d] model 2[e]


log(fCu,Lk)/DgCu,Lk
inter [kJmol�1] 3.9(3)/�22(2) 3.7(2)/�21(1) 3.8(5)/�22(3) 3.1(3)/�18(2)


log(uLL)/DELL [kJmol�1] �1.0(9)/6(5) �0.6(4)/4(2) �2.8(2.6)/16(15) �0.7(4)/4(2)
log(uMM)/DEMM [kJmol�1] �1.8/10.4 �0.9(5)/5(3) �1.4/7.0 0.8(6)/�4(3)
log(ceff)/DgCu,Lk


corr [kJmol�1] 1(1)/�6(6) 0.11/�0.65 4(4)/�22(22) 0.11/�0.65


[a] The calculated values of log(uMM) or ceff were blocked during the fitting process (see text). Standard errors
estimated by the least-squares fits are given between parentheses. [b] log(uMM)=�1.8. [c] ceff=1.3.
[d] log(uMM)=�1.4. [e] ceff=1.3.
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parable with that observed when using Ercolani(s model,[4]


which only considers the three first terms of Equation (1).
This situation results from the approximate proportional
correlation between the number of intramolecular interac-
tions (interligand and intermetallic) and the total number of
metal–ligand connections within the incriminated complexes
[Cum(Lk)n]


m+ in Equations (25)–(27). However, the parame-
ters describing these intramolecular interactions are includ-
ed within the microscopic constants Kinter and Kintra in the
latter model, which prevents a rational assessment of coop-
erativity.


As previously discussed, the two last terms of Equa-
tion (1) indeed combine any deviations from statistical be-
haviour, and partial (IMM


c , ILLc ) and global (I totc ) cooperativity
indexes can be thus calculated with Equation (28).[1] Taking
the specific mathematical development for the


Q
’’ and


Q
’’’


products of each [Cum(Lk)n]
m+ microspecies described in


Equations (22)–(27), leads to the cooperativity indexes col-
lected in Table 3.


I totc ¼ IMM
c ILLc ¼


Y


i<j


00ðuMM
ij Þ


Y


k<l


000ðuLL
kl Þ ð28Þ


Systematic negatively cooperative behavior is evidenced,
because both interligand (ILLc <1) and intermetallic (IMM


c <1)
interactions are repulsive in these assembly processes. How-
ever, the free energy difference between two cooperative in-
dexes calculated for [Cum(Lk)n]


m+ complexes displaying
identical global complexities GC=m+n, is relatively small
(Table 3), which implies that both reaction pathways involv-
ing [Cu2Lk]


2+ or [Cu(Lk)2]
+ may compete for the formation


of the final helicate, a behaviour indeed observed by kinet-


ics.[3] In the same context, the estimation of a strong nega-
tively cooperative index for [Cu3Lk]


3+ (DEtot
c =20–


26 kJmol�1, Table S1, Supporting Information) justifies that
thermodynamics drives the reaction by means of the
[Cu2(Lk)2]


2+ pathway, in complete agreement with the non-
detection of [Cu3Lk]


3+ during the kinetic studies.[3]


Modeling the self-assembly of triple-stranded helicates
[Eum(L6)n]


3m+ : For lanthanide complexes with the ligand L6
[equilibrium given in Eq. (3)], the assumption of similar af-
finities for the central (N3) and the terminal (N2O) binding
sites is not adequate, and two different intermolecular mi-
croscopic affinity constants fM,Lk


c and fM,Lk
t must be consid-


ered. On the other hand, since the distance between the ter-
minal sites is still twice that between adjacent sites,[6] the pa-
rameterization uMM


t = (uMM)1/2, and cefft =ceff/8, still holds.
Moreover, the degeneracy of each macrospecies wm,n(ma-
cro)= (Cv


n)
m(Cp


m)
n is partitioned between n+1 different con-


tributing microspecies (m<p), specific degeneracies of
which are calculated with Equa-
tion (45) (see Appendix), re-
minding that v=3 and p=3, to-
gether with pt=2 and pc=1 for
[Eum(L6)n]


3m+ . The computed
degeneracies for the eighteen
possible microspecies [Eqs. (4)–
(21)] matching the structural
criteria used in helicate self-as-
sembly (i.e. , no hairpin or con-
strained structures, and maxi-
mum occupancy of the sites),
are collected in Figure 1. Com-
bination of the microconstants
possessing identical stoichiome-
tries, leads to the macrocon-
stants given in Equations (29)–
(37) for [Eum(L6)n]


3m+ . Howev-
er, only three experimental
macroscopic constants are
available (bLn,L6


3,2 , bLn,L6
2,3 , and


bLn,L6
3,3 )[6] for fitting five parame-


ters fM,Lk
t , fM,Lk


c , uMM, uLL, ceff,
which prevents a direct model-
ing.


bEu,Lk
1,1 ¼ 6ðfM,Lk


t Þ þ 3ðfM,Lk
c Þ ð29Þ


bEu,Lk
2,1 ¼ 9ðfM,Lk


t Þ2ðuMMÞ0:5 þ 18ðfM,Lk
c ÞðfM,Lk


t ÞðuMMÞ ð30Þ


bEu,Lk
3,1 ¼ 27ðfM,Lk


t Þ2ðfM,Lk
c ÞðuMMÞ2:5 ð31Þ


bEu,Lk
1,2 ¼ 3ðuLLÞ½4ðfM,Lk


t Þ2 þ 4ðfM,Lk
c ÞðfM,Lk


t Þ þ 1ðfM,Lk
c Þ2	 ð32Þ


bEu,Lk
2,2 ¼18ðuLLÞ2½ðfM,Lk


t Þ4ðuMM
t Þ0:5ðceff=8Þþ


4ðfM,Lk
c Þ2ðfM,Lk


t Þ2ðuMMÞðceffÞ	
ð33Þ


Table 3. Indexes of cooperativity (Ic) for the formation of the microspecies [Cum(L4)n]
m+ [a] , [Cum(L5)n]


m+ [a]


and [Eum(Lk)n]
3m+(k=1, 2, 6).


Microspecies log(ILLc ) log(IMM
c ) log(I totc ) Cooperativity


(DELL
c )[b] (DEMM


c )[b] (DEtot
c )[b]


[Cu2L4]
2+ (ct) – �1.8 (10) �1.8 (10) negative


[Cu2L4]
2+ (tt) – �0.9 (5.0) �0.9 (5.0) negative


[Cu(L4)2]
+ (t) �1.0 (5.6) – �1.0 (5.6) negative


[Cu(L4)2]
+ (ct) �1.0 (5.6) – �1.0 (5.6) negative


[Cu2(L4)2]
2+ (ct) �2.0 (11) �1.8 (10) �3.8 (21) negative


[Cu2(L4)2]
2+ (tt) �2.0 (11) �0.9 (5.0) �2.9 (16) negative


[Cu3(L4)2]
3+ �3.0(17) �4.5 (26) �7.5 (43) negative


[Cu2L5]
2+ (ct) – �1.4 (8.0) �1.4 (8.0) negative


[Cu2L5]
2+ (tt) – �0.7 (4.0) �0.7 (4.0) negative


[Cu2(L5)2]
2+ (ct) �5.6 (32) �1.4 (8.0) �7.0 (40) negative


[Cu2(L5)2]
2+ (tt) �5.6 (32) �0.7 (4.0) �6.3 (36) negative


[Cu3(L5)2]
3+ �8.4 (48) �3.5 (20) �11.9 (68) negative


[Eu2(L6)3]
6+ (ct) �16.2 (92) �6.7 (38) �22.9 (130) negative


[Eu2(L6)3]
6+ (tt) �16.2 (92) �3.3 (19) �19.5 (111) negative


[Eu3(L6)2]
9+ �8.1 (46) �16.7 (95) �24.8 (141) negative


[Eu3(L6)3]
9+ �24.2 (138) �16.7 (95) �40.9 (233) negative


[Eu(L1)2]
3+ �2.7 (15) – �2.7 (15) negative


[Eu(L2)3]
3+ �8.1 (46) – �8.1 (46) negative


[Eu2(Lk)2]
6+ �5.4 (31) �6.7 (38) �12.1 (69) negative


[Eu2(Lk)3]
6+ �16.2 (92) �6.7 (38) �22.8 (130) negative


[a] Computed using the fitted parameters in Table 2 with fixed intermetallic interactions (log(uMM)=�1.8 (L4)
or �1.4 (L5)). [b] Cooperativity indexes calculated with Equation (28).[1] Values in kJmol�1 are given between
parentheses.
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bEu,Lk
3,2 ¼ 54ðuLLÞ3ðfM,Lk


c Þ2ðfM,Lk
t Þ4ðuMMÞ2:5ðceffÞ2 ð34Þ


bEu,Lk
1,3 ¼2ðuLLÞ3½8ðfM,Lk


t Þ3 þ 12ðfM,Lk
t Þ2ðfM,Lk


c Þþ


6ðfM,Lk
t ÞðfM,Lk


c Þ2 þ ðfM,Lk
c Þ3	


ð35Þ


bEu,Lk
2,3 ¼2ðuLLÞ6½ðfM,Lk


t Þ6ðuMMÞ0:5ðceff=8Þ2þ


8ðfM,Lk
t Þ3ðfM,Lk


c Þ3ðuMMÞðceffÞ2	
ð36Þ


bEu,Lk
3,3 ¼ 2ðuLLÞ9ðfM,Lk


t Þ6ðfM,Lk
c Þ3ðuMMÞ2:5ðceffÞ4 ð37Þ


To increase the number of available equations, for which
the experimental formation constants are accessible, we rea-
sonably assume that the central tridentate N3 binding unit in
L6 is identical to those found in L1, while the terminal tri-
dentate N2O binding units are common for L6 and L2.
Moreover, the intermetallic separation is similar (9 L) for
all complexes due to the use of a unique rigid diphenyl-
methane spacer in Lk (k=1, 2, 6).[6,8] In these conditions,
we can consider a single set of five parameters f Eu


N3
, f Eu


N2O
,


uMM, uLL, and ceff for simultaneously fitting the nine experi-
mental formation constants described in Equations (34),
(36), and (37) for [Eum(L6)n]


3m+ ,[6] and Equations (38)–
(43)[1] for [Eum(Lk)n]


3m+ (k=1, 2).[8–10]


bEu,L1
1,2 ¼ 12ðf EuN3


Þ2ðuLLÞ ð38Þ


bEu,L1
2,2 ¼ 9ðf EuN3


Þ4ðuLLÞ2ðuMMÞðceffÞ ð39Þ


bEu,L1
2,3 ¼ 2ðf EuN3


Þ6ðuLLÞ6ðuMMÞðceffÞ2 ð40Þ


bEu,L2
1,3 ¼ 16ðf EuN2O


Þ3ðuLLÞ3 ð41Þ


bEu,L2
2,2 ¼ 9ðf EuN2O


Þ4ðuLLÞ2ðuMMÞðceffÞ ð42Þ


bEu,L2
2,3 ¼ 2ðf EuN2O


Þ6ðuLLÞ6ðuMMÞðceffÞ2 ð43Þ


Due to the rather large uncertainties affecting some for-
mation constants (Table 4, vide supra), combined with sig-
nificant correlations between the fitted parameters, we in-
cluded two additional restraints in the nonlinear least-
squares fitting process. 1) The
maximum acceptable intermetal-
lic interaction corresponds to
the electrostatic repulsion calcu-
lated between two triply charged
cations separated by 9 L in
[Eum(Lk)n]


3m+ (er30, DEMM�
48 kJmol�1, log(uMM)��8.4).[8]


2) The minimum acceptable ef-
fective concentration corre-
sponds to that expected for two
adjacent sites separated by 9 L
in a single-stranded polymer (ceff�0.34),[14] because the in-
creased rigidity and preorganization in the multistranded
[Eum(Lk)n]


3m+ assemblies favor intramolecular cyclization
over intermolecular complexation (i.e. , R ln(ceff)=DSin-


tra�DSinter becomes larger).[1,15] In these conditions the global
nonlinear least-squares fit of Equations (34) and (36)–(43)
converges to the set of f Eu


N3
, f Eu


N2O
, uMM, uLL, and ceff parame-


ters collected in Table 5, which produces recalculated stabili-
ty constants in fair agreement with experimental data,
except for [Eu(L2)3]


3+ (Table 4, Figure 3). For the self-as-


semblies of [Cum(Lk)n]
m+ and [Eum(Lk)n]


3m+ , the experi-
mental formation constants are obtained by direct spectro-
photometric titrations; this strongly limits their accuracy be-
cause the quantities of free ligands and metals are negligible


Table 4. Experimental and fitted stability constants for [Eum(Lk)n]
3m+


(k=1, 2, 6) (simultaneous fits, acetonitrile, 298 K).[a]


Species log(bEu,Lk
m,n )


(exptl)
log(bEu,Lk


m,n )
(calcd)


log(bEu,Lk
m,n )


(calcd)
log(bEu,Lk


m,n )
(calcd)


global fit model 1[b] model 2[c]


[Eu(L1)2]
3+ 11.6(3) 12.6 13.1 11.9


[Eu2(L1)2]
6+ 18.1(3) 19.3 19.4 18.3


[Eu2(L1)3]
6+ 24.3(4) 24.2 24.5 24.2


[Eu(L2)3]
3+ 19.4(5) 15.6 15.9 16.8


[Eu2(L2)2]
6+ 19.6(2) 20.9 20.9 20.0


[Eu2(L2)3]
6+ 26.0(2) 26.5 26.8 26.8


[Eu2(L6)3]
6+ 25.9(1.4) 28.1 29.1 27.0


[Eu3(L6)2]
9+ 26.0(1.6) 25.3 23.8 25.5


[Eu3(L6)3]
9+ 34.8(1.6) 33.9 33.2 34.5


[a] Computed using the fitted parameters in Table 5 and Equations (34)
and (36)–(43). The quoted errors correspond to those reported by au-
thors in references [6, 8] and [10]. [b] log(uMM)=�8.4. [c] ceff=0.34.


Table 5. Fitted thermodynamic parameters for [Eum(Lk)n]
3m+ (k=1, 2, 6) (simultaneous fits, acetonitrile,


298 K).


Fitted parameters global fit model 1[a,b] model 2[a,c]


log(fEu,Lk
N3


)/DgEu,Lk
N3


[kJmol�1] 7.1(1.2)/�40(7) 7.5(8)/�43 (4) 6.0(5)/�34(3)
log(fEu,Lk


N2O
)/DgEu,Lk


N2O
[kJmol�1] 7.5(1.2)/�43(7) 7.9(8)/�45(5) 6.4(5)/�37(3)


log(uLL)/DELL [kJmol�1] �2.7(1.6)/15(9) �3.0(8)/17(5) �1.3(4)/7(3)
log(uMM)/DEMM [kJmol�1] �6.7(3.4)/38(19) �8.4/48 �3.7(9)/21(5)
log(ceff)/DgEu,Lk


corr [kJmol�1] 2.1(3.3)/�12(19) 2.7(1.8)/�16(10) �0.47/2.7


[a] The calculated values of log(uMM) or ceff were blocked during the fitting process (see text). Standard errors
estimated by the least-squares fits are given between parentheses. [b] log(uMM)=�8.4. [c] ceff=0.34.


Figure 3. Correlation between experimental and calculated stability con-
stants for [Eum(Lk)n]


3m+ (k=1, 2, 6) (global fit, acetonitrile, 298 K).
Error bars correspond to those obtained during the nonlinear least-
squares fits of the spectrophotometric data (see text).
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at the concentrations (10�4–10�5
m) used for recording relia-


ble absorption spectra.[2,3,6–10] Therefore, log(bm,n) are esti-
mated within �5–10%, and the quoted errors given in
Table 4, indeed refer to those obtained during the nonlinear
least-squares fit of the spectrophotometric data.[2,3, 6–10] For
example, log(bEu,L2


1,3 )=19.4(5) must be compared with
log(bSm,L2


1,3 )=17.5(4) and log(bGd,L2
1,3 )=18.8(5) found for the


two next neighbours along the lanthanide series, and for
which we do not expect any significant change.[8] With this
in mind, the average relative discrepancy of 6.4% (4.7% if
we neglect [Eu(L2)3]


3+ , Figure 3) observed between experi-
mental and recalculated constants remains acceptable
(Table 4).


The microscopic intermolecular free energies DgEu
N3
=


�RT ln(fEu
N3
) and DgEu


N2O
=�RT ln(f Eu


N2O
) are identical within


experimental errors (Table 5), which contrasts with DgEu
N3
<


DgEu
N2O


suggested by using the original site-binding model.[8]


In the latter model, the three wrapped strands in
[Eum(Lk)3]


3m+ are considered as a preorganized receptor,
which defines an arbitrary zero-level of the free energies.
The observed discrepancy with the extended site-binding
model discussed here, illustrates the consequences of the ex-
plicit consideration of specific intramolecular entropic con-
tributions (ceff) and interligand interactions (uLL) in each mi-
crospecies according to Equation (1), which are neglected
(ceff=1 and uLL=1) in the site-binding model.[5,8] The fitted
intermetallic interaction energy DEMM38 kJmol�1


(Table 5) corresponds to the lower limit observed in the re-
lated bimetallic helicates [Ln2(L2)3]


6+ (Ln=Ce–Lu).[8] The
repulsive interligand interaction DELL15 kJmol�1 is diag-
nostic for a negatively cooperative binding of the strands to
the metal ions. Since both interligand and intermetallic re-
pulsion are repulsive (i.e., DEMM>0 and DELL>0), the co-
operativity indexes log(IMM


c ), log(ILLc ), and log(I totc ) calculat-
ed with Equation (28) are systematically negative and point
to negatively cooperative assembly processes for these
highly charged lanthanide-containing helicates
[Eum(Lk)n]


3m+ . Comparisons between the interligand ILLc
and the intermetallic IMM


c contributions to Itotc indicate that
multiligand assemblies are preferred over successive EuIII


binding, a feature that may account for the systematic obser-
vation of [Eu(L1)2]


3+ as the keystep intermediate (instead
of [Eu2L1]


6+) in the self-assembly mechanism leading to
[Eu2(L1)3]


6+ .[10] The large uncertainties affecting ceff pre-
vents its detailed interpretation, but it stimulates us to per-
form control fits, in which the two extreme theoretical
values of log(uMM)=�8.4 (model 1)[8] and ceff=0.34
(model 2)[14] are alternatively fixed, as previously discussed
for Cu–Lk helicates. The recalculated formation constants
are still satisfying (Table 4), and the fitted parameters
roughly span the range of the uncertainties obtained during
the global fit (Table 5).


Finally, we have performed an ultimate nonlinear least-
squares fit, in which the debatable stability constant
log(bEu,L2


1,3 )=19.4(5) [Eq. (41)] is neglected (Table 4). Conver-
gence readily occurs without resorting to any constraint con-
cerning log(uMM) and/or ceff (Table S2, Supporting Informa-


tion), and the eight recalculated stability constants modeled
with Equations (34), (36)–(40), and (42)-(43) almost exactly
fit the experimental data (Table S3, Supporting Informa-
tion). Although any reevaluation of experimental data is out
of the scope of this contribution, this result indicates that
the analysis of the spectrophotometric data implying the
complex [Eu(L2)3]


3+ should be carefully reconsidered.[8]


This suggestion is further supported by the a posteriori esti-
mation of log(bEu,L2


1,3 )=16.2 obtained by using Equation (41)
and the microscopic parameters of Table S2 (Supporting In-
formation), which is in a good agreement with stability con-
stants reported for monometallic complexes [LnL3]


3+ pos-
sessing analogous tridentate N2O binding sites.[16] Interest-
ingly, DEMM and DELL are reduced, but remain positive,
which confirms negative cooperative.


Testing the principle of maximum site occupancy in trime-
tallic helicates displaying a negative cooperative effect : As
previously described for the cooperative process leading to
[Eum(L3)n]


(3m�2n)+ ,[1] we have, a posteriori, estimated the for-
mation constants of selected [Cum(Lk)n]


m+ and
[Eum(Lk)n]


3m+ complexes, which deviate from the principle
of maximum site occupancy (Figure 4).[13] The predicted
constants for these unsaturated complexes are indeed 2–4
orders of magnitude smaller (Tables 6 and 7) than those


Table 6. Predicted[a] stability constants for unsaturated [Cum(L4)n]
m+


complexes.


Species Type log(bCu,L4
m,n ) Equation xi


[c]


[Cu3(L4)2]
3+ saturated 18.6 27 >0.999


[Cu3(L4)2]
3+ (A) unsaturated 15.3 [b] 5.0P10�4


[Cu3(L4)2]
3+ (B) unsaturated 12.0 [b] 2.5P10�7


[Cu3(L4)2]
3+ (C) unsaturated 14.1 [b] 3.2P10�5


[Cu2(L4)2]
2+ (ct) saturated 13.5 13 (26) 0.998


[Cu2(L4)2]
2+ (ct, A) unsaturated 10.7 [b] 2.0P10�3


[Cu2(L4)2]
2+ (tt) saturated 13.4 12 (26) 0.992


[Cu2(L4)2]
2+ (tt, A) unsaturated 11.3 [b] 8.0P10�3


[a] Computed using the fitted parameters in Table 2 (log(uMM)=�1.8,
model 1). [b] The corresponding equation is given in Figure 4a. [c] Moles
fractions calculated with xi=bi/


P
j
bj (see text).


Table 7. Predicted[a] stability constants for unsaturated [Eum(L6)n]
3m+


complexes.


Species Type log(bEu,L6
m,n ) Equation xi


[c]


[Eu3(L6)3]
9+ saturated 33.9 37 >0.999


[Eu3(L6)3]
9+ (A) unsaturated 30.8 [b] 7.9P10�4


[Eu3(L6)3]
9+ (B) unsaturated 27.4 [b] 3.2P10�7


[Eu3(L6)3]
9+ (C) unsaturated 24.2 [b] 2.0P10�10


[Eu3(L6)3]
9+ (D) unsaturated 27.5 [b] 4.0P10�7


[Eu2(L6)3]
6+ (ct) saturated 26.3 20 (36) >0.999


[Eu2(L6)3]
6+ (ct, A) unsaturated 23.0 [b] 5.0P10�4


[Eu2(L6)3]
6+ (tt) saturated 28.1 19 (36) 0.994


[Eu2(L6)3]
6+ (tt, A) unsaturated 25.9 [b] 6.0P10�3


[Eu3(L6)2]
9+ saturated 25.3 34 0.999


[Eu3(L6)2]
9+ (A) unsaturated 19.0 [b] 5.0P10�7


[Eu3(L6)2]
9+ (B) unsaturated 12.2 [b] 7.9P10�14


[Eu3(L6)2]
9+ (C) unsaturated 22.3 [b] 1.0P10�3


[a] Computed using the fitted parameters in Table 5 (global fit). [b] The
corresponding equation is given in Figure 4b. [c] Moles fractions calculat-
ed with xi=bi/


P
j
bj (see text).
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found for the saturated analogues (Tables 1 and 4), which
justifies their neglect in our model. However, the free-
energy gap between the stability of an unsaturated micro-
species and its saturated analogue strongly depends on
DELL, because the reduction of the total number of dative
bonds in the unsaturated species may be overcome by the
parallel decrease of the total interligand repulsion, when
considering negatively cooperative processes. We thus pre-
dict, that systems exhibiting strong negative cooperativity
may escape the principle of maximum site occupancy, a sit-
uation not encountered for [Cum(Lk)n]


m+ and [Eum(Lk)n]
3m+


because the mole fractions of the saturated species xsaturated=


bunsaturated
m,n /(�bunsaturated


m,n +bsaturated
m,n ) are systematically larger than


0.99 (Tables 6 and 7).


Conclusion


The extended site-binding model, compactly formulated in
Equation (1), combines the minimal set of microscopic ther-
modynamic parameters required for the rational modeling
of the free-energy change occurring when mixtures of free
ligands and metal ions react to give sophisticated self-assem-
bled architectures. Compared to its application to much sim-
pler coordination complexes characterized by ligand strands
possessing identical binding sites,[1] the consideration of dif-
ferent sites in the trimetallic [Cu3(Lk)2]


3+ and [Eu3(L6)3]
9+


helicates evidently increases the number of microscopic pa-
rameters, but it does not provide major extra difficulties,
except for some efforts in obtaining a statistical formalism
for the degeneracy factors (see appendix). However, the
limited number of accessible experimental macro- or micro-


Figure 4. Schematic structures, symmetries, degeneracies and modeled formation constants for selected a) [Cum(Lk)n]
m+ and b) [Eum(L6)n]


3m+ microspe-
cies deviating from the principle of maximum site occupancy.
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constants usually prevents a direct fitting for a single assem-
bly process. This situation holds for the double-stranded hel-
icates [Cu3(Lk)2]


3+ , for which theoretical predictions of
either intermetallic interaction[8] or effective concentra-
tion[14] are used for limiting the number of fitted parameters.
When a series of related self-assembly processes, only differ-
ing by a stepwise increase in their metallic nuclearity, is ac-
cessible, the amount of available experimental data signifi-
cantly increases, without implying a parallel change in the
number of microscopic parameters. Therefore, simultaneous
fits appear as attractive solutions for unravelling the self-as-
sembly of sophisticated complexes, as illustrated for the
triple-stranded helicates [Eum(Lk)3]


3m+ . Although the origi-
nal enthusiasm for designing multimetallic (i.e. , multication-
ic) assemblies driven by positive cooperativity[2,3,6] has been
already tempered by Ercolani,[4] who concluded that the
latter behaviour is probably much rarer than expected, our
thorough analysis further strictly limits the occurrence of
positive cooperativity to special cases, in which the unavoid-
able intermetallic repulsion is overcome by some specific
electronic changes and/or secondary intramolecular interac-
tions accompanying the ligand binding processes. Such a sit-
uation is encountered in the self-assembly of [Eu2(L3)3], be-
cause 1) the intermetallic repulsion is limited by the charge
compensation provided by the multicomplexation of anionic
carboxylates to Eu3+ and 2) the formation of the multi-
stranded architectures is tightened by a peripheral belt of fa-
vorable interstrand interactions.[1] These conditions are not
met for the larger assemblies [Cu3(Lk)2]


3+ and [Eu3(L6)3]
9+ ,


and both intermetallic and interligand interactions are repul-
sive.


Finally, the application of this simple extended site-bind-
ing model is not limited to zero-dimensional monometallic
complexes, or one-dimensional multimetallic helicates. Two-
dimensional arrays of metal ions connected by bi-dimension-
al ligands,[17] and three-dimensional systems, pertinent to
cages or clusters, can be easily amenable to modeling, ac-
cording that their thermodynamic stabilities are available.[18]


Appendix


Calculation of the degeneracy wm,n for each microspecies contributing to
a specific macrospecies [Cum(Lk)n]


m+ : For each ligand strand in a specific
microspecies, the m metal ions are distributed either 1) with one metal
occupying the central site (characterized by the microscopic affinity
(f Cu,Lk


c ) and m�1 metals lying in the remaining terminal sites (character-
ized by the total microscopic affinity (f Cu,Lk


t )m�1; or 2) with the m metal
ions exclusively occupying the terminal sites (characterized by the total
microscopic affinity (f Cu,Lk


t )m. The degeneracies of the microspecies
wm,n(micro) contributing to a specific macrospecies [Cum(Lk)n]


m+ are
thus given by the coefficients of the binomial distribution shown in Equa-
tion (44), whereby pc=1, pt=2, and f Cu,Lk


c and f Cu,Lk
t are the arguments of


the function.


ðCv
nÞm½ðCpc


1 C
pt


m�1Þf Cu,Lkc ðf Cu,Lkt Þm�1 þ ðCpc


0 C
pt


mÞðfCu,Lkc Þ0ðf Cu,Lkt Þm	n ð44Þ


A straightforward mathematical development transforms Equation (44)
into Equation (45),[19] which can be used for calculating the degeneracy


of each specific microspecies characterized by its complete microscopic
affinity argument.


ðCv
nÞm


Xn


i¼0


fCn
i ½ðCpc


1 C
pt


m�1Þf Cu,Lkc ðf Cu,Lkt Þm�1	i½ðCpc


0 C
pt


mÞðf Cu,Lkt Þm	n�ig ð45Þ


Finally, since wm,n(macro)=�wm,n(micro), the consideration of the bino-
mial coefficients of Equation (45) leads to Equation (46), which high-
lights how the total degeneracy of the macrospecies is partitioned be-
tween its contributing microspecies.


wm,nðmacroÞ ¼ ðCv
nÞmðCp


mÞn ¼ ðCv
nÞm


Xn


i¼0


fCn
i ðCpc


1 C
pt


m�1ÞiðCpc


0 C
pt


mÞn�ig ð46Þ


Let(s illustrate the use of Equation (45) for calculating the degeneracy of
the microspecies contributing to the [Cu2(Lk)2]


2+ macrospecies (m=2,
n=2, v=2, p=3) . Its total degeneracy (Cv


n)
m(Cp


m)
n= (C2


2)
2(C3


2)
2=9, is par-


titioned between n+1=3 microspecies. Application of Equation (45)
gives Equation (47), the eventual development of which is summarized in
Equation (48).


ðC2
2Þ2


X2


i¼0


fC2
i ½ðC1


1C
2
1Þðf Cu,Lkc fCu,Lkt Þ	i½ðC1


0C
2
2Þðf Cu,Lkt Þ2	2�ig ð47Þ


1ðfCu,Lkt Þ4 þ 4ðf Cu,Lkc Þðf Cu,Lkt Þ3 þ 4ðfCu,Lkc Þ2ðf Cu,Lkt Þ2 ð48Þ


The argument (fCu,Lk
t )4 of the first term in Equation (48) corresponds to


the microspecies, in which the four terminal binding sites of the two li-
gands are occupied, and we consequently safely assign its coefficient to
w2,2(tt)=1 (Figure 2). The argument (fCu,Lk


c )(fCu,Lk
t )3 of the second term in


Equation (48) corresponds to the constrained structure, in which the two
terminal sites of one ligand are connected to the two adjacent central
and terminal sites of the second ligand (w2,2(constrained)=4). This spe-
cies is excluded from our model, because the rigidity of the ligand strand
prevents such arrangement. Finally, the last term of Equation (48) corre-
sponds to the microspecies in which two central and two terminal binding
sites are connected to CuI. We thus attribute w2,2(ct)=4 (Figure 2), and
eventually verify that the sum of the degeneracies of the microspecies
(1+4+4=9) indeed matches the degeneracy of the macrospecies
[Cu2(Lk)2]


2+ [Eq. (46)]. The appropriate degeneracy factors have been
calculated for all microspecies, and shown in Figure 2.


Experimental Section


Computational details : Computing of thermodynamic parameters were
performed by using linear and non-linear regression methods with least-
squares minimisation included in the ExcelG and MathematicaQ5 pro-
grams.
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Absolute Asymmetric Synthesis of Stereochemically Labile Aldehyde
Helicates and Subsequent Chirality Transfer Reactions


Anna Johansson and Mikael H�kansson*[a]


Introduction


Reactions that form an enantiomerically enriched product
from achiral precursors (without the participation of pre-
formed optical activity) constitute examples of absolute
asymmetric synthesis.[1–6] Such reactions may have been re-
sponsible for the formation of a homochiral pool of mole-
cules on prebiotic Earth, and may thus be related to the
origin of biomolecular homochirality. True examples of ab-
solute asymmetric syntheses are rare (especially if reactions
using circularly polarized light are excluded) and usually in-
volve the transformation of an achiral substrate in a chiral
crystal.[7] Although these reactions frequently give products
with high ee, they are limited to special (but very interest-
ing) cases. We recently reported on a different approach;[8–10]


chiral-at-metal Grignard reagents (of the [RMgX(LL)2]


type, see Scheme 1) can be subjected to total spontaneous
resolution since they are stereochemically labile in solution.
The resulting reagents were obtained in high yield and ee,
and although they racemize quickly in solution, the chirality
can be transferred (and thus trapped) to carbon (with an ee


Abstract: Helical complexes formed
between aluminum tris(2,6-diphenyl-
phenoxide) (ATPH) and five different
aldehydes have been prepared and
structurally characterized by X-ray dif-
fraction. It was found that [Al-
(OC6H3Ph2)3PhCHO] (2), [Al-
(OC6H3Ph2)3(4-CH3C6H4CHO)] (3),
[Al(OC6H3Ph2)3(4-tBuC6H4CHO)] (4),
and [Al(OC6H3Ph2)3(p-CH3OC6H4-
CHO)] (5) all crystallize as conglomer-
ates, while crystals of [Al-
(OC6H3Ph2)3(o-CH3OC6H4CHO)] (6)
are racemic. Supramolecular CH/p in-
teractions between molecules in crys-


tals of 2–5 that enable stereochemical
information to be mediated in three di-
mensions have been identified and ex-
plain the high frequency of conglomer-
ate formation among ATPH helicates.
Since 2–5 are stereochemically labile
and thus enantiomerize rapidly in solu-
tion, the conglomerates can be resolved
by crystallization-induced asymmetric
transformation. The determination of


the enantiomeric excess (ee) in solid
samples of stereochemically labile mol-
ecules is not trivial, but solid-state CD
spectroscopic data, anomalous disper-
sion data, and the ee values in alkyla-
tion reactions all indicate that prefer-
ential crystallization of 2–5 yields an
essentially enantiopure product. Thus
the preparation of 2–5 constitute new
examples of absolute asymmetric syn-
thesis. The helical chirality can be
transferred (and thus trapped) to alco-
hols (with ee values of up to 16%) in
crystal-to-crystal reactions with achiral
organometallic reagents.


Keywords: asymmetric synthesis ·
chiral resolution · helical structures ·
total spontaneous resolution
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Scheme 1. cis-Octahedral Grignard reagents [RMgX(LL)2] (a) X=Br,
LL= CH3OCH2CH2OCH3; b) X=THF, LL= CH3OCH2CH2OCH3) are
chiral-at-magnesium and enantiomerize rapidly in solution.
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of 22%) during either heterogeneous or solid–solid alkyla-
tion of aldehydes (Figure 1). This strategy is different from
previous examples of absolute asymmetric syntheses in one
important sense: since the reaction proceeds on the surface
of a general reagent and not inside a crystal, many different
external substrates can be used. As a result of the well-
known versatility of Grignard reagents, a wide variety of re-
actions and products can thus be envisioned from the abso-
lute asymmetric synthesis of a single reagent. As a logical
extension of this approach we set out to prepare chiral (but
stereochemically labile) complexes that can coordinate
common substrates. If such a complex would form a con-
glomerate, then total spontaneous resolution could give one
enantiomer in 100% yield and ee. Subsequent surface reac-
tion with an achiral reagent completes the absolute asym-
metric synthesis (Figure 2).
The design and preparation of a chiral and labile substrate


complex is not an insurmountable task; carbonyl groups
can, for example, be coordinated by ZnII or Ni0 centers.[11,12]


However, identifying a conglomerate of such a complex
could be a very time-consuming enterprise since our under-
standing of the factors that determine whether a conglomer-
ate or a racemic phase will form is still rudimentary. It is es-
timated that less than 10% of all chiral compounds form
conglomerates,[13] however, these statistics are largely based
on organic compounds, and the numbers could be very dif-
ferent for stereochemically labile coordination compounds.
We were therefore very pleased to find (after a search in
the Cambridge Structural Database) that aluminum tris(2,6-
diphenylphenoxide) (ATPH, Scheme 2) forms conglomer-
ates with both cinnamaldehyde[14] and benzaldehyde.[15] Ya-
mamoto and co-workers have reported remarkable regio-
and stereoselective reactions of ATPH complexes in solu-
tion,[16–22] and we were intrigued to learn that ATPH has a
chiral pocket because the phenoxide ligands are wrapped


Figure 1. Absolute asymmetric synthesis using a chiral and stereochemi-
cally labile organometallic reagent.


Figure 2. Absolute asymmetric synthesis using a chiral and stereochemi-
cally labile substrate complex.


Scheme 2. Aluminium tris(2,6-diphenylphenoxide), ATPH, can coordi-
nate a fourth, neutral ligand.


Scheme 3. The neutral aldehyde ligands (L) in ATPH complexes 1–6.
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around the metal, much like in a helicate (Figure 3 and
Figure 4). Moreover, these complexes should be stereo-
chemically labile, which would set the stage for total sponta-
neous resolution and (thereafter) enantioselective alkyla-
tion. However, on closer inspection it became evident that
some ATPH complexes could be less suitable for this pur-
pose than others since the substrate can adopt several differ-
ent orientations in the chiral pocket. The asymmetric unit in
[Al(OC6H3Ph2)3PhCH=CHCHO] (1) (Scheme 3) consists of
three molecules, each with a different orientation of the cin-
namaldehyde ligand. Hence the preparation of new ATPH–
aldehyde complexes was a logical starting point in the
search for a conglomerate with an ordered substrate ligand.


Results and Discussion


Isolation of new conglomerates : The crystal structure of [Al-
(OC6H3Ph2)3PhCHO] (2), which has previously been depos-
ited with the Cambridge Structural Database,[15] is based on
a conglomerate that crystallizes in the P21 space group. This
crystal structure was determined by using MoKa radiation,
and the asymmetric unit contains one molecule with the fol-
lowing unit cell dimensions: a=10.731, b=20.441, c=
10.908 O, b=99.758. We decided to collect new diffraction
data for a single crystal of 2 by using CuKa radiation to de-
termine the absolute configuration and to relate it to the


solid-state CD spectrum. Surprisingly, we obtained a phase
(also crystallizing in the P21 space group) that had a unit
cell with dimensions of a=10.874(1), b=20.344(2), c=
21.216(3) O, and b=99.28(1)8. While the dimensions along
the a and b axes are similar to those of the CSD structure,
the length of the c axis is approximately doubled and the
asymmetric unit now exhibits two independent molecules.
The crystals are still enantiopure with regard to the orienta-
tion of the phenoxy ligands since both molecules in the
asymmetric unit have the same helical handedness. Howev-
er, as shown in Figure 5, the benzaldehyde ligands are ori-
ented differently in the two molecules of the asymmetric
unit. Since the benzaldehyde ligand in the CSD structure
shows signs of disorder (e.g. irregular aryl bond lengths), it


Figure 4. The right-handed D-helicate of ATPH with the chiral cavity
(empty) at the top.


Figure 5. ORTEP drawing of D-2 (the ATPH complex with benzalde-
hyde). Two molecules exist in the asymmetric unit which differ in the ori-
entation of the neutral benzaldehyde ligand. Supramolecular CH/p
vertex-to-face interactions are indicated by dashed lines.


Figure 3. The left-handed L-helicate of ATPH.
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is likely that the two phases are identical. Benzaldehyde li-
gands exhibiting more than one orientation in the ATPH
pocket resembles the situation in the cinnamaldehyde–
ATPH crystals and a continued search for new conglomer-
ates with ordered substrate ligands was necessary. Four
more ATPH complexes containing 4-tolualdehyde (3), 4-
tert-butylbenzaldehyde (4), 4-methoxybenzaldehyde (5), and
2-methoxyaldehyde (6) were prepared and characterized by
single-crystal X-ray diffraction (Table 1 and Scheme 3). All


the complexes 1–6 have similar molecular structures; the
aluminum center exhibits a tetrahedral coordination geome-
try, being surrounded by four oxygen donors. Selected Al�O
bond lengths and O-Al-O bond angles in complexes 2–6 are
presented in Table 2 and in the Supporting Information.
Figure 6 illustrates how the tolualdehyde ligand in L-[Al-


(OC6H3Ph2)3(4-CH3C6H4CHO)] (L-3) sits in the chiral
cavity that is formed by the helical arrangement of the ary-
loxy ligands. There is only one molecule in the asymmetric


unit and the space group (P212121) lacks both an inversion
center and a mirror (or glide) plane, so all complexes in
crystals of 3 exhibit the same handedness. Since no sign of
disorder can be discerned in the tolualdehyde ligand, crys-
tals of 3 should be ideal candidates for use in enantioselec-
tive alkylation reactions. Figure 7 shows the structure of D-
[Al(OC6H3Ph2)3(4-tBuC6H4CHO)] (D-4). Unfortunately, the
tert-butylbenzaldehyde ligand shows disorder at three sites,
which corresponds to three different orientations of the sub-


strate (Figure 8). The plane of
the ligandPs aryl group is rotat-
ed by 1208 in each orientation
since a crystallographic three-
fold axis runs through the
ligand. Thus, although the sub-
strate occupies the chiral cavity
of ATPH (and crystallizes as
a conglomerate), it is not a
good candidate for enantiose-
lective alkylation reactions. [Al-
(OC6H3Ph2)3(p-CH3OC6H4CHO)]
(5)) also crystallizes as a con-
glomerate. However, it is appar-
ent from Figure 9 that crystals
of 5 have two different mole-
cules in the asymmetric unit.
The helical arrangement of the
aryloxy ligands is similar in the
two complexes, but the 4-meth-
oxybenzaldehyde ligand (in the
chiral cavity) exhibits two dif-
ferent orientations. Finally, the
2-methoxybenzaldehyde ligand
yields the first ATPH–aldehyde
complex that is not a conglom-
erate. Figure 10 shows that in
[Al (OC6H3Ph2)3(o-CH3OC6H4-
CHO)] (6), the aluminum
center coordinates the aldehyde


ligand in the usual chiral cavity. However, since 6 crystalli-
zes in a Pc space group, both enantiomers (D and L) exist
in equal amounts in the crystal. In conclusion, while com-
plexes 1–5 all form conglomerates, 3 is best suited for enan-
tioselective reactions since the tolualdehyde ligand exhibits
a single orientation in the chiral pocket.


Total spontaneous resolution : A conglomerate can be re-
solved by preferential crystallization of one enantiomer.
Moreover, if the chiral complex has a low enantiomerization
barrier, the solution will stay racemic despite the fact that
one enantiomer has been preferentially crystallized. This
process is known as crystallization-induced asymmetric
transformation or total spontaneous resolution. Kondepudi
and co-workers[23,24] have shown that stirred sodium chlorate
solutions will give enantiopure crystal batches, and McBride
and Carter[25] have demonstrated (even in a video recording)
how stirring spawns and distributes secondary nuclei. We


Table 1. Crystallographic data for complexes 2–6.


Compound D-2 L-3 D-4 L-5 6


formula C61H45AlO4 C62H47AlO4 C65H53AlO4 C62H47AlO5 C63.5H50AlCl3O5


formula weight 868.95 882.98 925.05 898.98 1026.36
T [K] 153(2) 193(2) 143(2) 123(2) 123(2)
l [O] 1.54178 1.54178 1.54178 1.54178 1.54178
crystal system monoclinic orthorhombic trigonal monoclinic monoclinic
space group P21 P212121 R3 P21 Pc
a [O] 10.874(1) 18.221(2) 15.963(3) 10.545(3) 10.528(2)
b [O] 20.344(2) 25.834(3) 15.963(3) 19.408(6) 36.853(7)
c [O] 21.216(3) 10.2664(16) 16.803(9) 23.460(8) 13.472(5)
a [8] 90 90 90 90 90
b[8] 99.28(1) 90 90 90.48(2) 91.49(2)
g[8] 90 90 120 90 90
V [O3] 4632(1) 4833(1) 3708(2) 4801(3) 5225(2)
Z 4 4 3 4 4
dcalcd [gcm


�3] 1.246 1.214 1.243 1.244 1.305
m [mm�1] 0.773 0.748 0.754 0.779 2.159
size [mm3] 0.5Q0.4Q0.4 0.5Q0.4Q0.3 0.5Q0.4Q0.4 0.4Q0.3Q0.3 0.4Q0.4Q0.2
color yellow yellow yellow yellow yellow
q range [8] 2.11–60.00 2.97–60.03 4.14–60.06 2.95–60.02 3.49–60.00
reflns collected 14727 26136 1323 7635 8073
indep. reflns 13455 7159 1268 7195 8073
parameters 1189 604 210 1225 1306
R1 [I>2s(I)] 0.065 0.051 0.043 0.043 0.051
wR2 [I>2s(I)] 0.165 0.071 0.101 0.099 0.127
wR2 [all data] 0.200 0.093 0.129 0.129 0.168
Flack parameter 0.01(6) 0.04(5) 0.00(14) 0.05(7) 0.00(2)
max peak [eO�3] 0.36 0.14 0.19 0.24 0.69
max hole [eO�3] �0.30 �0.20 �0.23 �0.27 �0.40


Table 2. Selected bond lengths [O] and angles [8] in 3.


Al1�O1 1.707(3) Al1�O2 1.713(3)
Al1�O3 1.703(3) Al1�O4 1.855(3)
O1�C18 1.349(5) O2�C36 1.350(4)
O3�C54 1.352(4) O4�C55 1.243(5)
O1-Al1-O2 112.47(14) O2-Al1-O3 111.31(14)
O1-Al1-O3 118.96(14) O2-Al1-O4 105.24(13)
O1-Al1-O4 106.30(14) O3-Al1-O4 100.78(14)
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have reported several examples of racemic solutions of ster-
eochemically labile molecules[8,9, 26–28] that yield enantiopure
crystal batches without stirring. In these cases preferential
crystallization is achieved by single-colony growth, a mecha-
nism that also depends on secondary nucleation. We there-
fore added aldehyde ligands (corresponding to 1–5) to solu-
tions of ATPH in dichloromethane and allowed the solu-
tions to crystallize slowly without stirring when large single
crystals were the main objective (e.g., to create a CD cali-
bration line and for X-ray diffraction). Indeed, cubic crystals
of 1–5 (up to 10 mm) were deposited in high yields (up to
92%). When a microcrystalline product is acceptable, for
example, for use in subsequent reactivity studies, stirring is
beneficial as a result of the reduced time of crystallization.


Solid-state CD spectroscopy: To estimate the optical purity
and determine the absolute configuration of the bulk sam-
ples to be used in reactions, CD spectra of 1–3 were record-
ed. Solutions of enantiopure samples of 1–3 are CD silent
owing to rapid racemization in solution, but solid-state CD
spectroscopy is a viable option.[27–29] Indeed, by grinding a
single crystal of L-3 with KBr and pressing a thin disk (the
disk preparation is similar to IR spectroscopy, but much less
sample is needed and thorough grinding is essential) it is
possible to record the CD spectrum of the L enantiomer.
The absolute configuration of the crystal was known since
diffraction data (including Friedel pairs) could be collected


Figure 6. ORTEP drawing of L-3 (the ATPH complex with p-tolualde-
hyde). All tolualdehyde ligands in L-3 have identical conformations in
the unique chiral cavity. The carbonyl carbon (C55) is shielded on one
side by the C48–C53 aryl ring (cf. Figure 14) resulting in an excess of the
(S)-alcohol after alkylation.


Figure 7. ORTEP drawing of 4 (the ATPH complex with tert-butylbenzal-
dehyde) showing the disordered aldehyde ligand in one out of three pos-
sible orientations.


Figure 8. a) Side view of the disordered aryl rings of the aldehyde ligand
in 4. b) Top view.
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by using the very same crystal before grinding. All the heli-
cates in this crystal were unambiguously determined to be
left-handed (i.e., L-3) from the Flack parameter[30,31] (0.01)
and its estimated standard deviation (0.05), and there was
no indication of racemic twinning. A crystal with right-
handed helicates (i.e. D-3) was isolated from another batch
and it was found to exhibit the anticipated mirror-image CD
spectrum. Both spectra are displayed in Figure 11. By fol-
lowing similar procedures the CD spectra of L- and D-1
(Figure 12) as well as L- and D-2 (Figure 13) were obtained.
Rewardingly, all crystals from the same batch exhibited
identical CD spectra. Also, by mixing all crystals in a batch
and extracting a representative sample of the same mass as
the single crystal, CD spectra exhibiting similar amplitudes
were obtained. In other words, all batches were essentially
enantiopure showing that preferential crystallization had
been successful. In contrast to recently published results
concerning total spontaneous resolution of a copper(i) coor-
dination helix,[28] a stochastic distribution of L and D crystal
batches of 1–3 was found.


Transfer reactions : To avoid racemization of the enantio-
pure substrate complexes in solution, reactions with organo-
metallic nucleophilic reagents were performed in the ab-
sence of solvent. Solvent-free reactions have several advan-
tages (including the environmental aspects),[32] but enantio-


Figure 9. ORTEP drawing of 5 (the ATPH complex with p-anisaldehyde)
which exhibits two independent molecules in the asymmetric unit. Short
CH/p interactions include C77–H23 (2.84 O) and C17*–H45 (2.65 O).


Figure 10. ORTEP drawing of 6 (the ATPH complex with o-anisalde-
hyde), which contains co-crystallized dichloromethane solvent molecules
(omitted for clarity). The shortest intermolecular interactions involve sol-
vent CH/p bonds, which prohibit direct transfer of stereochemical infor-
mation from helicate to helicate.
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selective strategies using chiral substrate crystals have so far
focused on reactions that occur within a chiral crystal (intra-
crystal) and not on the surface (intercrystal).[7,33] In this
work, we attempted to transfer the D,L chirality of the ster-
eochemically labile ATPH–aldehyde complexes to the R,S
chirality of the corresponding alkylated adduct. This means
that both the reagent and the substrate should be in the
solid state and that the surface and contact areas need to be
maximized by mixing and grinding. The ATPH–aldehyde


complexes 1–5 were treated with a number of different solid
organometallic reagents (Scheme 4). Table 3 shows that all
complexes 1–5 yielded an optically active product when al-


kylated. The highest ee (16%, entry 12) was achieved by
using the ATPH–tolualdehyde complex (3), as expected. En-
tries 8 and 9 in Table 3 confirm that when the L enantiomer
of an ATPH complex gives the (S)-alcohol, then the D enan-
tiomer gives the (R)-alcohol. Further verification of the
enantiopurity of batches of 1–3 has now been obtained since
alkylation of a single crystal of 1–3 gave similar ee values to
the alkylation of a batch sample of 1–3. Actually, solid-state
reactions could provide an alternative method (to solid-state
CD spectroscopy)[27] by which to determine the ee of stereo-
chemically labile samples.[34] It is evident from entries 3 and
10 in Table 3 that the use of suspensions of ATPH com-
plexes in hexane at low temperature is indeed detrimental
to the enantioselectivity. Alkylation of the cinnamaldehyde
substrate in 1 led to two different products (corresponding
to 1,2- or 1,4-addition). While Yamamoto et al.[22] achieved
virtually complete blocking of the carbonyl group in reac-
tions with Grignard reagents in solution (90–99%, 1,4-
adduct), entry 2 in Table 3 shows an excess of the 1,2-adduct
from the solid-state reaction. One explanation for this could
be that uncomplexed cinnamaldehyde has been liberated as
a result of the partial decomposition of crystalline 1 during
the reaction. This would mean that the enantioselectivity of
the actual solid-state 1,2-addition reaction has to be much
higher than 10%. Alternatively one could simply acknowl-
edge the fact that solid-state selectivity may drastically
differ from that in solution.[32]


Since the absolute configuration of both the ATPH–tol-
ualdehyde complex (3) and the alkylated alcohol is known,
information concerning the reaction mechanism can be de-
duced. The crystal structure of L-3 shows that the tolualde-
hyde ligand sitting in the chiral pocket of the left-handed
helicate (Figure 14) is more shielded on one side. This
shielding is confirmed by the fact that the shortest intramo-
lecular C(carbonyl)�C(aryl) interaction is 3.30 O on the shielded
side and 3.74 O on the “open side” of the carbonyl group.
Moreover, the carbonyl hydrogen atom is engaged in several
short CH/p interactions (2.9–3.2 O) with the shielding aryl
group of one of the phenoxy ligands. Attack by an alkylating
reagent from the open side, as indicated by the arrow in
Figure 14, would result in an alcohol with an S configura-


Figure 11. Solid-state CD spectra of D-3 (bold) and L-3.


Figure 12. Solid-state CD spectra of D-1 (bold) and L-1.


Figure 13. Solid-state CD spectra of D-2 (bold) and L-2.


Scheme 4. Alkylation of ATPH complexes with solid reagents (see
Table 3).
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tion. Indeed, as the data in Table 3 show, this is also ob-
served experimentally. Although the absolute configurations
are also known in the reactions of the other complexes (1, 2,
4, and 5), an analogous analysis of the modes of attack is
considerably more intricate since the aldehyde ligands can
adopt several different conformations in these crystals.


Supramolecular transfer of stereochemical information : It is
remarkable that out of the six structurally characterized
ATPH–aldehyde complexes, five crystallize as conglomer-
ates. The marked deviation from the common estimate of 5–
10% conglomeration[13] calls for a closer analysis of how ste-
reochemical information is transferred between ATPH com-
plexes in the solid state. Since the carbonyl groups of the
substrates are involved in solely intramolecular coordina-


tion, one might anticipate that
the most important intermolec-
ular contacts would be p–p
stacking, considering the multi-
tude of aryl groups present in
the ATPH crystals. However, in
complexes 2–6, it seems that
the dominating intermolecular
contacts are various CH/p inter-
actions, as exemplified in
Figure 15, Figure 16, and
Figure 17. Although such
vertex-to-face interactions are
weak, they are known to be
able to play a significant role in
the assembly of crystalline com-
pounds.[35] In both 2 and 4, the
shortest contacts are of the type
illustrated in Figure 15; these
distances are 2.65 O (complex
2 ; CH100–C36 in Figure 5) and


2.75 O (complex 4 ; CH15–C18* in Figure 7) with C�H–p
angles of 168.78 (2) and 158.68 (4). The molecules in 5 inter-
act in a similar manner, the main difference being that the
donor p ring is now a terminal ring. Also, the C�H bond
(C45–H45) interacts primarily with two of the carbon atoms
(C12 and C17) in the aryl ring, as shown in Figure 16. The
CH/p distance from H45 to the midpoint of the C12�C17
bond in 5 is only 2.57 O with a C�H–p angle of 154.58. A
different set of CH/p interactions seem to dominate in 3
(Figure 17). The pairwise interactions between the C4 and
C38 hydrogen atoms form a new motif in these structures
and is complemented by CH5–p interactions. Finally, the
fact that 6 is the only ATPH complex not to crystallize as a
conglomerate needs consideration. Are the supramolecular
interactions in 6 perhaps different from those in the con-
glomerates 1–5? Crystals of 6 contain co-crystallized di-
chloromethane molecules which participate in several CH/p
interactions, the shortest being 2.66 O. There are also a few
CH/p interactions involving the 2-methoxybenzaldehyde
substrate. But there are no short helicate–helicate interac-
tions in 6 and consequently there is no possibility of direct
transfer of stereochemical information. It is therefore not
surprising that a conglomerate is not formed.


Table 3. Chirality transfer reaction data.


Entry Complex Reagent Temp. Time Conv.[a] ee[a] Configuration
[8C] [h] [%] [%]


1 D-1 [LiMe(dee)x](s)
[b] 20 24 29/40[c] 6.6/7.5[c] n.d.[d]


2 D-1 [Mg(Et)2(dioxane)](s)
[e] 20 24 19/55[c] 8.3/9.7[c] n.d.[d]


3 D-1 BuLi in hexane[f] �78 1 3.0/4.1[c] 2.6/2.4[c] n.d.[d]


4 D-2 [LiMe(dee)x](s)
[b] 20 24 29 7.3 R


5 D-2 [LiMe(dee)x](s)
[b] 20 96 97 7.2 R


6 D-2 [LiMe(dee)x](s)
[b] 20 168 100 7.4 R


7 L-2 [Mg(Et)2(dioxane)](s)
[e] �78 72 5.0 9.3 S


8 L-2 [Mg(Et)2(dioxane)](s)
[e] 20 72 44 7.3 S


9 D-2 [Mg(Et)2(dioxane)](s)
[e] 20 72 68 8.5 R


10 D-2 BuLi in hexane[f] �78 1 11 0.6 R


11 L-3 [LiMe(dee)x](s)
[b] 20 24 84 14 S


12 L-3 [Mg(Et)2(dioxane)](s)
[e] 20 72 96 16 S


13 L-4 [LiMe(dee)x](s)
[b] 20 24 47 2.9 n.d.[d]


14 L-5 [LiMe(dee)x](s)
[b] 20 24 79 1.8 n.d.[d]


[a] Determined by GC. [b] 1.6m MeLi in diethyl ether was evaporated to dryness under nitrogen (pyro-
phoric!). [c] 1,4-Adduct/1,2-adduct. [d] Not determined. [e] See the Experimental Section for details of prepa-
ration. [f] 1.6m.


Figure 14. The carbonyl carbon of the tolualdehyde ligand (shown in
white) is less shielded and thus open to nucleophilic attack on one side.
The figure shows the left-handed L-helicate, which gives an enantiomeric
excess of the (S)-alcohol when treated with solid methyllithium or dieth-
ylmagnesium.


Figure 15. Short vertex-to-face CH/p interactions in 2 and 4 can transfer
stereochemical information from helicate to helicate.
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Conclusions


Absolute asymmetric synthesis of chiral alcohols has been
successful and the synthetic route is illustrated in Scheme 5.
The actual symmetry-breaking occurs during the crystalliza-
tion-induced asymmetric transformation step, which results
in essentially enantiopure crystal batches of the ATPH com-
plex. Preferential crystallization by single-colony growth was
achieved without stirring the solution. Solid-state CD spec-
troscopy is a powerful method by which to determine the ee
(and indirectly, the absolute configuration) of batches of
stereochemically labile molecules.[27] Information concerning
the mechanism of the solid-state reaction of the ATPH–tol-
ualdehyde complex (3) with organometallic reagents has
been obtained since the absolute configuration of both the
substrate complex and the product are known. Although
still at a moderate level of enantioselectivity, it is apparent


that stereochemical information can be transferred in “crys-
tal-to-crystal” organometallic reactions (using stereochemi-
cally labile complexes). Whether the moderate enantioselec-
tivity is caused by decomposition of the crystal surfaces or is
an inherent deficiency of the reaction is still unclear. An un-
usually high number of the ATPH complexes have been
found to form conglomerates, which can be explained by the
transfer of stereochemical information through a variety of
supramolecular CH/p interactions between helicate mole-
cules in the crystal. The conglomerates each exhibit unique
interaction patterns indicating that homochiral packing is
indeed favored among ATPH helicates.


Experimental Section


General : Reactions were carried out under nitrogen using Schlenk or
low-temperature techniques.[36] Dichloromethane was distilled from calci-
um hydride and stored over 4 O molecular sieves. Toluene, tetrahydrofur-
an (THF), diethyl ether (DEE), 1,2-dimethoxyethane (DME), 1,4-diox-


Figure 16. Short vertex-to-face CH/p interactions in 5 involve the termi-
nal rings of the phenoxy ligands.


Figure 17. Short CH/p interactions in 3. The pairwise CH4–CH38 interac-
tion is unique among ATPH conglomerates.


Scheme 5. Absolute asymmetric synthesis of stereochemically labile alde-
hyde helicates and subsequent chirality transfer reactions.
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ane, and hexane were distilled from sodium/benzophenone shortly prior
to use. Commercial methyllithium (1.6m in DEE, Acros), butyllithium
(1.6m in hexane, Acros), and trimethylaluminum (2m in toluene, Fluka)
were used as delivered. All NMR spectra were recorded using a Varian
Unity 400 MHz spectrometer. CD spectra were recorded with a Jasco J-
175 spectropolarimeter. Chromatographic analyses were carried out with
a Varian Star 3400 CX gas chromatograph. All GC analyses were run on
a chiral stationary phase column (CP-Chirasil-DEX CB, 25 m, 0.32 mm)
from Chrompack. Analyses were performed isothermally at 90–115 8C
depending on the alcohol resolved (injector: 225 8C; detector: 250 8C)
and with helium as the carrier gas. The retention times for the chiral ad-
ducts are given in the Supporting Information.


Preparation of [Al(OC6H3Ph2)3(C6H5CH=CHCHO)] (1): A 2.0m solu-
tion of trimethylaluminum in toluene (0.25 mL, 0.50 mmol) was added
dropwise to a stirred solution of 2,6-diphenylphenol (0.370 g, 1.50 mmol)
in dry dichloromethane (2 mL) at ambient temperature, and the resulting
mixture was stirred for 30 min. Cinnamaldehyde (60 mL, 0.5 mmol) was
added slowly and after 13 h red single crystals of X-ray quality were de-
posited. Yield: 0.41 g, 92%. 1H NMR (400 MHz, CDCl3, 293 K): d=7.42
(d, JH,H=8.40 Hz, 3H, Ph), 7.40 (t, JH,H=7.30 Hz, 3H, Ph), 7.33 (t, JH,H=


7.92 Hz, 2H, Ph), 7.20–7.17 (m, 5H, Ph), 7.08–7.0 (m, 13H, Ph), 6.95–
6.89 (m, 10H, Ph), 6.87 (t, JH,H=7.30 Hz, 7H, Ph), 6.77 (d, JH,H=


14.80 Hz, 1H, CHPh), 6.52 (d, JH,H=8.40 Hz, 1H, OCCH), 6.20 ppm (d,
JH,H=8.40 Hz, 1H, OCH); 13C NMR (125 MHz, CDCl3, 293 K): d=


140.44, 137.85, 132.47, 129.86, 129.44, 129.33, 129.02, 128.83, 127.74,
126.87, 125.40, 117.97, 21.45 ppm. Solid-state CD (KBr) for D-1: l=365
(max), 330 (min), 316 (max), 294 (min), 269 (max), 239 nm (min); for L-
1: l=365 (min), 330 (max), 316 (min), 294 (max), 269 (min), 239 nm
(max).


Preparation of [Al(OC6H3Ph2)3(C6H5CHO)] (2): A 2.0m solution of tri-
methylaluminum in toluene (0.25 mL, 0.50 mmol) was added dropwise to
a stirred solution of 2,6-diphenylphenol (0.370 g, 1.50 mmol) in dry tolu-
ene (2 mL) at ambient temperature, and the resulting mixture was stirred
for 30 min. Benzaldehyde (53.1 mg, 0.50 mmol) was added slowly and
crystals started to deposit after a few minutes. When no more crystals
formed, the solvent was removed by syringe and toluene (5 mL) was
added. The mixture was heated to reflux and another portion of toluene
(approximately 4 mL) was added until no solid material was present. The
solution was allowed to cool to ambient temperature very slowly and
yellow single crystals of X-ray quality started to form at about 30 8C.
Yield: 0.37 g, 85%. 1H NMR (400 MHz, CDCl3, 293 K): d=7.79 (d,
JH,H=7.28 Hz, 3H, Ph), 7.61 (t, JH,H=7.27 Hz, 3H, Ph), 7.49 (t, JH,H=


7.27 Hz, 2H, Ph), 7.39–7.22 (m, 5H, Ph), 7.13–7.04 (m, 17H, Ph), 6.90–
6.81 (m, 13H, Ph), 5.32 ppm (s, 1H, CH); 13C NMR (125 MHz, CDCl3,
293 K): d=151.66, 140.17, 132.40, 129.93, 129.60, 129.49, 129.33, 129.02,
128.83, 128.21, 127.61, 125.94, 118.87 ppm; solid-state CD (KBr) for D-2 :
l=338 (brmax), 309 (min), 285 (max), 265 (min), 252 nm (max); for L-
2 : l=338 (brmin), 309 (max), 285 (min), 265 (max), 252 nm (min).


Preparation of [Al(OC6H3Ph2)3(4-CH3C6H4CHO)] (3): A 2.0m solution
of trimethylaluminum in toluene (0.25 mL, 0.50 mmol) was added drop-
wise to a stirred solution of 2,6-diphenylphenol (0.370 g, 1.50 mmol) in
dry dichloromethane (1 mL) at ambient temperature. The resulting mix-
ture was stirred for 30 min after which 4-tolualdehyde (60 mg, 0.5 mmol)
was added slowly. Crystals started to form after a few minutes. The sol-
vent was removed by a syringe and toluene (5 mL) was added, after
which the suspension was heated to reflux and more toluene was added
until no solid material was present. The solution was allowed to reach
ambient temperature very slowly and yellow single crystals of X-ray qual-
ity started to form at approximately 30 8C. Yield: 0.34 g, 77%. 1H NMR
(400 MHz, CDCl3, 293 K): d=7.48 (d, JH,H=8.44 Hz, 3H, Ph), 7.40 (t,
JH,H=7.32 Hz, 3H, Ph), 7.33–7.22 (m, 2H, Ph), 7.21–7.17 (m, 5H, Ph),
7.10–7.00 (m, 13H, Ph), 6.9–6.8 (m, 17H, Ph), 5.33 (s, 1H, CH), 2.40 ppm
(s, 3H, CH3);


13C NMR (125 MHz, CDCl3, 293 K): d=151.65, 140.18,
132.39, 129.92, 129.49, 129.33, 129.02, 128.83, 128.21, 127.63, 125.94,
125.28, 53.41, 22.68 ppm; solid-state CD (KBr) for D-3 : l=376 (max),
352 (min), 323 (max), 279 (min), 253 (max), 232 nm (min); for L-3 : l=
376 (min), 352 (max), 323 (min), 279 (max), 253 (min), 232 nm (max).


Preparation of [Al(OC6H3Ph2)3(4-tBuC6H4CHO)] (4): Complex 4 was
synthesized by following the procedure used for the preparation of [Al-
(OC6H3Ph2)3(p-CH3C6H4CHO)] (3), but by using 4-tert-butylbenzalde-
hyde (81.1 mg, 0.50 mmol) instead of 4-tolualdehyde. Yellow single crys-
tals of X-ray quality were deposited. Yield: 0.31 g, 67%. 1H NMR
(400 MHz, CDCl3, 293 K): d=7.49 (d, JH,H=7.32 Hz, 3H, Ph), 7.41 (t,
JH,H=7.36 Hz, 3H, Ph), 7.32 (t, JH,H=7.36 Hz, 2H, Ph), 7.22–7.17 (m,
5H, Ph), 7.11–6.99 (m, 17H, Ph), 6.84–6.78 (m, 13H, Ph), 5.22 (s, 1H,
CH), 1.31 ppm (s, 9H, CH3);


13C NMR (125 MHz, CDCl3, 293 K): d=
151.66, 140.17, 132.40, 129.93, 129.60, 129.49, 129.33, 129.02, 128.83,
128.21, 127.61, 125.94, 118.87, 30.80 ppm.


Preparation of [Al(OC6H3Ph2)3(4-CH3OC6H4CHO)] (5): Complex 5 was
synthesized by following the procedure used for the preparation of [Al-
(OC6H3Ph2)3(p-CH3C6H4CHO)] (3), but by using 4-anisaldehyde (81 mg,
0.50 mmol) instead of 4-tolualdehyde. Yellow single crystals of X-ray
quality were formed. Yield: 0.37 g, 82%.


Preparation of [Al(OC6H3Ph2)3(2-CH3OC6H4CHO)]·(CH2Cl2)1.5 (6):
Complex 6 was synthesized by following the procedure used for the prep-
aration of [Al(OC6H3Ph2)3(p-CH3C6H4CHO)] (3), but by using 2-anisal-
dehyde (81 mg, 0.50 mmol) instead of 4-tolualdehyde. Yellow single crys-
tals of X-ray quality were deposited. Yield: 0.39 g, 87%. 1H NMR
(400 MHz, CDCl3, 293 K): d=7.48 (d, JH,H=8.44 Hz, 3H, Ph), 7.40 (t,
JH,H=7.32 Hz, 3H, Ph), 7.31 (t, JH,H=7.92 Hz, 2H, Ph), 7.20–7.16 (m,
5H, Ph), 7.10–7.00 (m, 13H, Ph), 6.9–6.8 (m, 10H, Ph), 6.82 (t, JH,H=


7.32 Hz, 7H, Ph), 5.33 (s, 1H, CH), 3.74 ppm (s, 3H, CH3);
13C NMR


(125 MHz, CDCl3, 293 K): d=151.78, 140.14, 137.85, 132.47, 129.86,
129.44, 129.33, 129.02, 128.83, 128.21, 127.44, 125.77, 125.28, 118.77,
21.46 ppm.


Solid-state CD spectroscopy : Solid-state CD spectra were recorded using
thin (100 mg) KBr disks of 13 mm diameter. No spectral changes caused
by rotation of the disk in the beam could be discerned. Controlled dilu-
tion was accomplished by selecting a crystalline sample (approximately
1 mg) under a microscope and then manually mixing and grinding it with
KBr (approximately 1 g). The best result was obtained by adding KBr in
four smaller portions, each addition being followed by careful manual
grinding, until a homogeneous mixture was obtained. Approximately
100 mg of the mixture was collected and pressed into a disk for 2 min at
8 ton. This resulted in a thin disk containing approximately 0.1 mg crystal
mass. All complexes will eventually lose aldehyde upon grinding, but 2 in
particular loses benzaldehyde upon extensive grinding, which made it dif-
ficult to obtain high quality spectra for the enantiomers of 2.


Solution CD spectroscopy : Solutions were prepared by dissolving enan-
tiopure (and homochiral) single crystals in dichloromethane and CD
spectra were recorded immediately. No CD signal from the complex
could be detected indicating rapid racemization had occurred.


General procedure for solid-state alkylation reactions of 1–5 : Crystals of
the relevant ATPH–aldehyde complex (approximately 30 mg, 0.03 mmol)
were added to an excess of the solid organometallic reagent (approxi-
mately 3 mmol) in a Schlenk tube and the resulting mixture was ground
with a magnetic stirring bar for 24 h. The Schlenk tube was then lowered
into a dry-ice bath and a saturated NH4Cl solution was added very
slowly. (In a blind test, quenching and work up was performed directly
after mixing the solid substrate and reagent. No adduct could be identi-
fied showing that the reaction occurs between the solid reagents and not
in solution during quenching.) Diethyl ether (2 mL) was added to the
quenched reaction and the organic phase was dried with NaSO4 and
transferred to a vial. Conversions and enantiomeric excesses were deter-
mined by chiral GC. The data in Table 3 are typically mean values from
five separate reactions.


Preparation of [LiMe(dee)x]: A solution of 1.6m MeLi in DEE was
evaporated to dryness under vacuum. The remaining white solid must be
handled with care since it is pyrophoric.


Preparation of [MgEt2(dioxane)]: Magnesium turnings (4.0 g, 164 mmol)
and ethyl bromide (14.0 g, 130 mmol) were stirred for 10 h at ambient
temperature in DEE (100 mL). 1,4-Dioxane (14.3 g, 0.16 mmol) was then
added to the greyish suspension. The resulting mixture was centrifuged
to give a white precipitate and a clear solution. The solution was transfer-
red, using a syringe, to a Schlenk tube and allowed to cool to �30 8C.
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Colorless single crystals, suitable for X-ray determination, were formed
after 6 h. The identity of the crystals was determined from the unit cell
dimensions.[37] Yield: 7.00 g, 65%.


X-ray crystallography : Crystal and experimental data for 2–6 are sum-
marized in Table 1. Crystals were selected and mounted under nitrogen
or at low temperature and transferred to a Rigaku AFC6 diffractometer
equipped with an evacuated beam tunnel. The beam tunnel and the low-
temperature equipment prohibited collection of data at 2q angles larger
than 1208. Diffracted intensities were measured at a low temperature
using graphite-monochromated CuKa (l=1.54178 O) radiation from a
RU200 rotating anode operated at 50 kV and 180 mA. Stationary back-
ground counts were recorded on each side of the reflection, the ratio of
peak counting time to background counting time being 2:1. Weak reflec-
tions (I<10.0s(I)) were rescanned up to three times and counts accumu-
lated to improve counting statistics. For complexes 2 and 3, as many Frie-
del pairs as possible were collected in order to obtain a low standard de-
viation in the Flack parameter determination.[30] The intensities of three
reflections were monitored regularly after measurement of 150 reflec-
tions and indicated crystal stability during the diffraction experiment.
Cell constants were obtained by least-squares refinement from the setting
angles of at least 20 reflections. An empirical correction for the effects of
absorption was made based on several y-scans. All structures were
solved using SHELXS-97[38] or SIR97[39] and refined using SHELXL-97[38]


(full-matrix least-squares calculations on F2) operating in the WinGX
program package.[40] Anisotropic thermal displacement parameters were
refined for all non-hydrogen atoms. Hydrogen atoms were included in
calculated positions and refined using a riding model except for the disor-
dered carbon atoms in 4, for which the hydrogen atoms were not located.
Structural illustrations have been drawn with ORTEP-3 for Windows[41]


and PLATON[42] under WinGX.


CCDC-261279 (D-2), CCDC-261280 (L-3), CCDC-261281 (D-4), CCDC-
261282 (L-5), and CCDC-261283 (6) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data request/cif.
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High-Affinity Chelator Thiols for Switchable and Oriented Immobilization of
Histidine-Tagged Proteins: A Generic Platform for Protein Chip
Technologies


Ali Tinazli,[a] Jilin Tang,[a] Ram%nas Valiokas,[a, c] Srdjan Picuric,[a] Suman Lata,[a]


Jacob Piehler,[a] Bo Liedberg,[b] and Robert Tamp,*[a]


Introduction


Protein arrays and biosensors are playing increasingly im-
portant roles in the postgenomic era for study of protein
function and mapping of protein interaction networks.[1–8]


Solid-phase-based assays are becoming more and more im-
portant in functional proteomics and medical diagnostics.
These solid-phase techniques require the immobilization of
proteins in their native states. Most importantly, protein
function should not be distressed by the immobilization.
Functional and structural studies often require uniformly
oriented immobilization of proteins. Physisorption is usually
unspecific and can result in protein unfolding and inactiva-
tion. Covalent binding of the protein to a reactive surface
through surface-accessible residues often lacks regiospecific-
ity and hence correct orientation of the immobilized protein.
Additionally, the reactive site of a protein can be blocked
by the immobilization procedure, resulting in reduced activi-
ty of the protein.[9]


To circumvent these problems, surface capture agents,
modified with a tag for specific interaction with the surface,
can be used to immobilize proteins. This strategy is based
on the established capture agent/fusion protein pairs that
have been developed for purification in affinity chromatog-
raphy. Many fusion proteins with popular tags—such as glu-


Abstract: Protein micro-/nanoarrays
are becoming increasingly important in
systematic approaches for the explora-
tion of protein–protein interactions and
dynamic protein networks, so there is a
high demand for specific, generic,
stable, uniform, and locally addressable
protein immobilization on solid sup-
ports. Here we present multivalent
metal-chelating thiols that are suitable
for stable binding of histidine-tagged
proteins on biocompatible self-assem-
bled monolayers (SAMs). The architec-
tures and physicochemical properties
of these SAMs have been probed by
various surface-sensitive techniques


such as contact angle goniometry, el-
lipsometry, and infrared reflection–ab-
sorption spectroscopy. The specific mo-
lecular organization of proteins and
protein complexes was demonstrated
by surface plasmon resonance, confocal
laser scanning, and atomic force micro-
scopy. In contrast to the mono-NTA/
His6 tag interaction, which has major


drawbacks because of its low affinity
and fast dissociation, drastically im-
proved stability of protein binding by
these multivalent chelator surfaces was
observed. The immobilized histidine-
tagged proteins are uniformly oriented
and retain their function. At the same
time, proteins can be removed from
the chip surface under mild conditions
(switchability). This new platform for
switchable and oriented immobilization
should assist proteome-wide wide anal-
yses of protein–protein interactions as
well as structural and single-molecule
studies.
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tathione S-transferase,[10–12] maltose-binding protein,[13,14] the
FLAG peptide,[15,16] and the well known oligohisti-
dine[17–20]—are available, whilst other techniques for selec-
tive and covalent immobilization of fusion proteins have
been reported recently.[21–23] These approaches have the
common feature that the protein of interest is fused to a
protein trapped irreversibly by its pseudosubstrate (suicide
substrate) on the chip surface.
Over the last decade, the N-nitrilotriacetic acid (NTA)/


His6-tag chelator system[24] has become a powerful and uni-
versal tool for the one-step isolation and purification of
gene products.[20,25] The small and flexible tag allows the
function of the protein to be preserved. Additionally, the
binding is reversible, with dissociation inducible at low pH
or by addition of imidazole or EDTA. While such affinity
capturing is suitable for protein purification, applications re-
quiring long-term stability on geometrically defined surfaces
such as protein arrays and biosensors have been compro-
mised by problems with metal leaching and rapid protein
dissociation.[26,27] The chelator lipid concept with NTA-func-
tionalized lipids[28,29] gave insights into functional aspects of
immobilized proteins.[30–32] Evidence for multivalent interac-
tions between the His6 tag and the NTA groups was found
in experiments involving immobilization of His6-tagged pro-
teins on chelating lipid membranes with chelators at differ-
ent surface concentrations.[30,31] It was concluded that stable
binding of His6-tagged proteins takes place at a specific sur-
face concentration threshold value of NTA lipid. Cumulated
NTA clusters with multivalent interaction sites to His6 tags
may thus overcome the limitation of protein dissociation in
the conventional NTA/His6 tag interaction.
An ideal protein chip possesses docking sites that interact


stably, specifically, and stoichiometrically (1:1) with proteins.
The immobilized proteins should be uniformly oriented, pre-
serving their function. Furthermore, proteins should be de-
tachable under mild conditions, allowing further analyses
and regeneration of the chip. Here we present surfaces with
switchable multivalent chelators for stable, specific, func-
tional, and reversible immobilization of His6-tagged pro-
teins. We have combined the stability, robustness, and broad
range of application of self-assembled monolayers (SAMs)
on gold[33–36] with these novel multivalent metal-chelating
thiols. Surface and protein binding properties of multi- and
monovalent chelator thiols mixed with various ratios of a
protein-repellent matrix thiol[34,37,38] were investigated. The
application of different proteins in surface plasmon reso-
nance (SPR), fluorescence microscopy, and atomic force mi-
croscopy (AFM) experiments demonstrated—in contrast
with the conventional NTA/His6 tag interaction—stable and
switchable binding of the immobilized protein on the chelat-
ing surfaces.


Results and Discussion


Synthesis of mono- and multivalent chelator thiols : Surfaces
of gold allow more flexible and convenient chemical, almost


defect-free, modification than their silicon (oxide) counter-
parts in the formation of self-assembled monolayers
(SAMs). The antiadsorptive properties of oligoethylene
glycol (OEG) thiols have been optimized to minimize un-
specific protein adsorption.[34–38] The triethylene glycol
matrix thiol 6 (Scheme 1) operates as a protein-repellent
matrix that can be doped with functionalized thiols to form
a mixed SAM. In addition to the mono-NTA thiol 9, we
also introduced a multivalent chelator thiol 12 (bis-NTA
thiol) for stable and switchable immobilization of histidine-
tagged proteins.
The synthesis of all the thiols is modular and based on 16-


mercaptohexadecanoic acid linked to a triethylene glycol
(EG3) moiety. The question of the optimal alkyl chain
length, which determines the chemisorption rate on gold
and thus SAM formation, is still controversial,[39] but for our
synthesis we chose a hexadecane alkyl unit. The synthesis
was optimized so that a single precursor 3 would enable
easy and economic assembly of different compounds, such
as the matrix thiol 6, the mono-NTA thiol 9, and the bis-
NTA thiol 12, as outlined in Scheme 1. The thiol group in
the initial compound 16-mercaptohexadecanoic acid (1) was
protected by treatment with zinc acetate to yield 16-acetyl-
sulfanyl-hexadecanoic acid (2). This intermediate was cou-
pled to the triethylene glycol (EG3) moiety through an ester
bond to afford the precursor 3. Matrix thiol 6 was synthe-
sized from the precursor 3 by deprotection of the sulfur
group with hydrazinium acetate. Coupling of tert-butyl-pro-
tected mono-NTA 4 or bis-NTA 5 through carbamate link-
ages and subsequent deprotection of the thiol and carboxyl
groups yielded mono-NTA thiol 9 and bis-NTA thiol 12, re-
spectively.
The deprotection strategy was a critical aspect of the syn-


thesis. At first the thiol groups in 7 and 10 were deprotected
with hydrazinium acetate to yield 8 and 11. Because of the
possibility that free thiol groups might become butylated by
the liberated tert-butyl moieties from the deprotected NTA
groups an efficient strategy for capturing of these tert-butyl
groups was needed. Deprotection of the thioether bond
might require harsh reaction conditions and probably de-
grade the intermediates and thus lower the yields of the
final products. Trifluoroacetic acid (TFA) was therefore
used for deprotection and ethanedithiol (EDT) as a scav-
enger for the released tert-butyl groups, yielding the final
products 9 and 12. In contrast to other described functional-
ized thiols, the metal-chelating group was coupled by
ester—rather than by ether or amide—chemistry, giving
higher efficiency and highly flexible synthesis. The final
products (6, 9, 12) were analyzed by mass spectrometry for
their long-term stability in solution and within self-assem-
bled monolayers; no hydrolysis of the ester bond was ob-
served even after five days. Details on the synthesis and
analyses of all products are given in the Supporting Informa-
tion.


Formation of self-assembled monolayers with multivalent
chelator thiols : SAMs formed from one-component solu-
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Scheme 1. Modular synthesis of mono- and multivalent chelator thiols (9 and 12).
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tions of matrix thiol 6, mono-NTA thiol 9, or multivalent
bis-NTA thiol 12 in acetonitrile (hereafter referred as
SAM 6, SAM 9, and SAM 12, respectively) were analyzed
by contact angle goniometry and ellipsometry (Figure 1).


The contact angles of SAM 6 indicate that the alkyl portion
of the molecules is attached to gold, and that the triethylene
glycol (EG3)


[40] and NTA portions are exposed to the ambi-
ent. The thickness (d) of SAM 6 suggests that the all-trans
alkyl chains are tilted at approximately 308 to the surface
normal, corresponding to a theoretical alkyl layer thickness
of around 18 L. Since the average incremental thickness per
EG unit is 3 L,[41,42] the total expected d for SAM 6 would
be 27 L, a value in good agreement with the experimental
results. SAMs 9 and 12 display qa values that significantly
differ from SAMs terminated by carboxy groups (typically
below 108[43]). The contact angle hysteresis is also large, sug-
gesting that the surface is heterogeneous (that is, the pure
mono-NTA and bis-NTA SAMs appear to be disordered).
Infrared reflection–absorption spectroscopy (IRAS) was


used to provide information about the molecular packing
and the orientations of different groups in the SAMs under
investigation. The CH stretching region indicates that
SAM 6 consists of a layer of densely packed, crystalline
alkyl chains, as evidenced by the asymmetric (na) and sym-
metric (ns) CH2 stretches of the alkyl chains at 2918 and
2850 cm�1, respectively (Figure 2a). The CH2 na and ns
modes appear as a shoulder near 2950 cm�1 and as broad
features between the sharp alkyl peaks originating from the
ethylene glycol tails. A distinctive na peak close to 2890 cm�1


is indicative of ethylene glycol tails adopting the helical con-


formation. The absence of this peak suggests that the EG3


tails do not adopt a helical conformation. Instead they more
likely adopt an amorphous-like conformation.[44,45] The low-
frequency region of SAM 6 (Figure 2b), which is nearly
identical to that of the previously reported EG4-terminated
SAM,[40,44] contains the ester n(C=O) mode at 1740 cm�1


and the CH2 scissors modes at 1468/1455 cm�1,[40,46] together
with other ester and EG3 related peaks below 1300 cm�1


(not shown). For SAM 9, the alkyl na(CH2) peak is broad-
ened and shifted upwards to 2920 cm�1, a consequence of an
increasing population of gauche defects. Moreover, for
SAM 12, the na and ns modes appear at 2925 and 2856 cm�1,
respectively, indicating liquid-like alkyl chains (that is, the
alkyl layer seems to collapse due to the space-demanding
bis-NTA group). The specific IR signature of the tethered
NTA groups[47,48] can be found in the fingerprint region (Fig-
ure 2b). First of all, a strong carboxyl n(C=O) peak is found
at 1723 cm�1.[49] Second, significant proportions of the termi-
nal carboxylic groups are deprotonated, as evidenced by
strong peaks at 1672 cm�1 (1662 cm�1 for 12) and 1404 cm�1


due to carboxyl na and ns modes, respectively. The amide II
band at 1542 cm�1 can also be found in the fingerprint
region, while the amide I band overlaps with the much
stronger carboxyl na peak discussed above.
From the above findings it is clear that, for specific pro-


tein immobilization through the His6 tag, the chelator
groups should be dispersed in an inert two-dimensional
“matrix” provided by 6. In the previous studies on His6-tag
protein immobilization on planar lipid bilayers, 3 mol%
concentrations of NTA-lipids gave good results.[26] Details
on the mixing behavior and on how different mixing ratios
and solvents affect the structure and surface concentration
in mixed SAMs of 6, 9, and 12 are to be published elsewhere
(manuscript in preparation). Because of their superb proper-
ties we discuss here only SAMs formed from 3 mol% mix-
tures of 9 or 12 with 6 in acetonitrile and THF, which pro-
vided an optimal platform for the specific immobilization of
histidine-tagged proteins.
Mixed SAMs 9 a and 12 a formed from acetonitrile solu-


tions of either 9 or 12 (3 mol%) and 6 (97 mol%) are thick-
er than SAM 6 (Figure 1). They have smaller contact angles
with higher hysteresis than SAM 6, but most importantly
the hysteresis—and thereby the heterogeneity—is less than
in the single-component SAMs of 9 and 12. Moreover, the
stable position of the alkyl na and ns peaks confirm that the
alkyl chains are densely packed in a crystalline, all-trans
conformation (Figure 2a). The terminal NTA groups can be
easily recognized in the fingerprint region: the na(COO�)
peak appears at 1677 and 1664 cm�1 for 9 a and 12 a, respec-
tively. If a similar random orientation of the NTA groups in
SAMs 9 a and 12 a is assumed, the diagnostic NTA peaks
can be used to compare the fraction of NTA moieties in the
SAMs. For this purpose, the ester n(C=O) peak is subtracted
from the spectra of the mixed SAMs, and the remaining
peaks are integrated in the region from 1745 to 1577 cm�1.
The integrated peak intensities indicate that the total
amount of NTA in SAM 12 a is 3.3 times higher than in


Figure 1. Ellipsometric thickness (d) and water contact angles (advancing
qa and receding qr) of the investigated self-assembled monolayers
(SAMs). Compounds 6, 9, and 12 were used to form SAMs 6, 9, and 12,
respectively. Mixed SAMs 9a, 12a, and 12 b were formed from mixtures
of compound 9 (3 mol%) and 6 (9 a), or 12 (3 mol%) and 6 (12a and
12b). Acetonitrile was used as a solvent for all the SAMs except for 12b,
which was formed in THF. The value “0” is used to denote contact
angles <108.
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SAM 9 a, a significant deviation from the expected factor of
2. To reduce the amount of compound 12 in the mixed
SAMs, we changed the solvent from acetonitrile to THF.
This effect is confirmed by the reduced thickness values
(Figure 1) for SAM 12 b as compared to SAM 12 a (�2 L
difference) and by an increase in qa. Importantly, the IRAS
data show that the change of solvent does not affect the
structure of the alkyl layer (Figure 2a). A slight red shift of
the na(COO�) mode (Figure 2b) can be explained by the
presence of different counter-ions in the samples after
drying. The peak integration procedure for SAM 12 b sug-
gests that the total amount of the NTA moieties is now 1.5
times higher than in the case of SAM 9 a. We would like to
stress, however, that the IR peak analysis yields only an ap-
proximate estimation of the amount of mono- and bis-NTA
groups in the SAMs under investigation because of possible
differences in peak intensity due to electrostatic interaction
and/or orientation effects. Nevertheless, the employed set of
surface analysis techniques clearly shows that SAMs 9 a and
12 b each consist of a highly ordered alkyl layer, which is in
turn covered by an amorphous-like EG3 layer with sparsely
distributed mono- or bis-NTA moieties. The stoichiometric
ratios of the constituent functional thiol molecules in these
SAMs are very similar and each functional thiol molecule
corresponds to one docking site for one His6 tag. The well


defined SAMs 9 a and 12 b were therefore used for further
investigation.


Protein immobilization proofing specificity, activity, and re-
versibility : As a model system with which to evaluate the
developed sensor surface we chose the His6-tagged extracel-
lular domain of the human interferon receptor ifnar2 (His6
ifnar2) and its ligand IFNa2. This protein has been shown to
be highly sensitive to immobilization procedures,[50] and so is
well suited for study of functional immobilization. Here, re-
ceptor immobilization and subsequent ligand binding was
monitored in real-time by surface plasmon resonance.
First, protein immobilization on a bis-NTA chip surface


(SAM 12 b) was monitored by injection of His6 ifnar2
(300 nm). After monitoring of receptor association and dis-
sociation, the chip surface was regenerated by use of imida-
zole (1m) and EDTA (200 mm) and used again. Figure 3a
shows three overlaid sensorgrams of repeated His6 ifnar2
immobilization on an individual chip. The signal response,
which is proportional to the amount of immobilized protein,
remains almost constant at approximately 850 resonant units
(RUs), demonstrating efficient regeneration and high repro-
ducibility of protein immobilization on the chip surface. For
the sake of simplicity the regeneration steps are omitted in
the sensorgrams. Hence, the same chip can be reused for


Figure 2. a) Infrared reflection–absorption spectra of one-component SAMs 6, 9, and 12 and mixed SAMs 9 a, 12 a, and 12b, showing the CH stretching
region (see Figure 1 or text for the description). b) The fingerprint region.
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protein immobilization many times with the same binding
capacity.
We next performed ligand–receptor interaction assays


with His6 ifnar2 and its ligand IFNa2 on multivalent chela-


tor SAMs. Figure 3b shows the sensorgram of receptor im-
mobilization on a bis-NTA SAM. After activation of the
bis-NTA chips with nickel ions, followed by washing with
buffer, the injection of His6 ifnar2 (300 nm) yielded a stable
signal of approximately 750 RU (step 1). Subsequent bind-
ing of IFNa2 demonstrated that approximately 90% of im-
mobilized His6 ifnar2 remained functional (step 2). IFNa2
dissociates from His6 ifnar2 with its typical dissociation rate
constant of around 0.01 s�1[50] and thus confirms the specific-
ity of the interaction to the immobilized His6-tagged recep-
tor. After injection of imidazole (1m) and EDTA (200 mm)
(steps 3 and 4) immobilized His6 ifnar2 is almost completely
removed and the metal-chelating surface is recovered. In
contrast to this specific binding assay, nonspecific binding of
the receptor to the functionalized surface was negligibly low
in the absence of nickel ions (ca. 40 RU; dashed line). In
the absence of immobilized receptor under identical condi-
tions, only 1% nonspecific binding of IFNa2 was observed
(data not shown).
Both types of chelating SAMs, with mono-NTA thiols and


also with bis-NTA thiols, show similar protein binding be-
havior with respect to specificity and functionality of the im-
mobilized protein. The key difference between mono- and
multivalent chelator SAMs becomes evident in imidazole
competition assays. We systematically compared the effect
of dissociation of His6 ifnar2 from mono-NTA and bis-NTA
SAMs at increasing imidazole concentrations (0–20 mm)
(Figure 4a and b). The strongly decreased dissociation rate
of the His6-tagged protein from the bis-NTA group in rela-
tion to the conventional mono-NTA group is evident.
Unlike the conventional mono-NTA, multivalent chelator
chips exhibit a decreased dissociation rate of His6 ifnar2
(Figure 4c). The desorption kinetics of His6 ifnar2 from the
mono- and multivalent chelator surface as a function of the
imidazole concentration are compared in Figure 4d. A clear
shift of the imidazole-induced complex dissociation to
higher imidazole concentrations from mono-NTA to bis-
NTA complexes was observed. The half-life of protein bind-
ing in the bis-NTA/His6 tag complex was prolonged in rela-
tion to that in the mono-NTA/His6 tag complex due to mul-
tivalent interactions. These different dissociation properties
enable orthogonal protein immobilization with use of the
same tag but various (mono- or multivalent) chelators. Fur-
thermore, chip-to-chip variations are negligible, as demon-
strated by the remarkably high reproducibility of the SPR
experiments. The introduction of the bis-NTA unit enables
quasi-irreversible, highly specific, and switchable immobili-
zation of functional His6-tagged proteins.


Patterned protein arrays on multivalent chelator SAMs :
Since the multivalent chelator chip proved superior in terms
of specificity, stability, and reversibility in the non-label de-
tection (SPR) set-up, it would also be interesting to explore
its compatibility by fluorescence techniques. In addition, the
multivalent chelating surfaces arranged in the microarray
format should be useful for protein chip applications. We
therefore microfabricated a surface consisting of 100 mmP


Figure 3. Specific receptor binding and ligand interaction followed by sur-
face plasmon resonance. a) A bis-NTA chip was used for immobilization
of His6-tagged receptor His6 ifnar2 and regenerated completely three
times, demonstrating the high reproducibility of the protein immobiliza-
tion. Regeneration of the chip surface was achieved by injection of imi-
dazole and EDTA. The sensorgrams of the first, second, and third cycles
of immobilization are overlaid; the regeneration steps are not shown.
Resonance units (RUs) are plotted in arbitrary units (a.u.). b) Typical
sensorgrams of immobilized His6 ifnar2 and subsequent binding of its
ligand IFNa2 on a functionalized multivalent bis-NTA surface with
(solid) and without (dashed) loaded nickel ions. Injection of His6 ifnar2
(1), followed by IFNa2 (2). After the binding experiment, the chip sur-
face was regenerated with imidazole (3) and EDTA (4).
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100 mm functional areas of bis-NTA SAMs with passivated
separations of 45 mm. First, microcontact printing was em-
ployed to generate a hydrophobic eicosane thiol SAM on
gold, to form a grid separating the square-shaped areas,
which were left available for subsequent filling with multiva-
lent bis-NTA SAM 12 b. Such chips were activated with
nickel ions, and were then sequentially exposed to fluores-
cence-labeled or nonlabeled proteins. In general, visualiza-
tion of fluorescent species on gold surfaces is complicated
because of strong fluorescence quenching.[51] However, the
separation between the fluorescent probes and the gold sur-
face by the bis-NTA SAM layer, together with a high laser


power, enabled us to record
fluorescence images by laser
scanning microscopy
(Figure 5). We observed that
BSA efficiently blocks the im-
printed hydrophobic grid (dark
areas, Figure 5a). The Oregon
Green-labeled, His6-tagged
maltose-binding protein (OG
His6 MBP) binds specifically
only to the microarrays func-
tionalized by multivalent che-
lator SAMs (green squares).
An additional test of the selec-
tivity of the patterned multiva-
lent sensor surface can be per-
formed by adsorbing Texas
Red-labeled bovine serum al-
bumin (TR-BSA) to the chip
structured in the same way as
before (Figure 5b). Two-color
imaging confirms that the un-
specific binding of TR-BSA to
the pattern of bis-NTA SAM is
extremely low and does not in-
terfere with the binding of
OG His6 MBP. Such orthogo-
nal protein microstructures re-
mained on the chip surface for
at least 24 h under buffer flow
at room temperature (not
shown). Moreover, as can be
seen in Figure 5c and d, the
chip could easily be regenerat-
ed by addition of imidazole. It
is worth mentioning that the
slight variation in fluorescence
intensities is due to inhomoge-
neous laser illumination and to
a certain spectral cross-talk be-
tween the employed fluores-
cent probes. The latter instru-
mental factor can be easily
minimized when only one la-
beled protein is used (see Fig-


ure 5a). In summary, the high selectivity, stability, and rever-
sibility of these multivalent NTA SAMs open the possibility
to construct novel protein chip architectures for high-
throughput screening of ligand–receptor and protein–protein
interactions.


Uniform orientation of protein complexes monitored at
single-molecule level : Observation of the chip surface at the
molecular scale gives insights into the orientations and
structures of immobilized proteins. AFM is the method of
choice with which to investigate surface topography and
properties at molecular scales. SAMs of multivalent chelator


Figure 4. Different stabilities of the mono-NTA and bis-NTA chips. a) Increasing concentrations of imidazole
induce dissociation of immobilized His6 ifnar2 on the mono-NTA and b) on the bis-NTA surface with different
rates. c) Imidazole (10 mm) affects dissociation of immobilized His6 ifnar2 on two individual bis-NTA chip sur-
faces (dashed, upper) and two individual mono-NTA surfaces (solid, lower) with different efficiency. d) Bis-
NTA/His6 tag complexes dissociate only at higher imidazole concentrations. Bis-NTA SAMs (square) exhibit
an increased stability of the complex in comparison to mono-NTA SAMs (circle). Imidazole-induced complex
dissociation is shifted to higher concentrations.
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thiols were prepared on ultra-flat, template-stripped gold
(TSG) and studied during the process of protein immobiliza-
tion. The model system for these AFM-based studies was
the 20S proteasome from Ther-
moplasma acidophilum.[52] This
barrel-shaped multicatalytic
protease complex (700 kDa) is
fundamental in protein degra-
dation in the cytosol and there-
fore essential for many cellular
processes.[53–55] Because of its
molecular dimensions of 11P
15 nm,[56] the proteasome is
ideal for single-molecule stud-
ies by AFM. For specific bind-
ing to chelator SAMs, we used
His6-tagged proteasomes (bC-
His6 proteasome) enabling a
well-defined and uniform im-
mobilization in the “side-on”
orientation. Previous studies
using metal-chelating lipid
layers have demonstrated ab-
solute control of the orienta-
tion of immobilized protea-
somes.[31,32] Figure 6a shows a
representative topographic
AFM image of a bis-NTA
SAM formed on TSG before
addition of protein. The image


was obtained in Tapping Mode under buffer and is largely
featureless (RMS value �5 L), which is due to the high
quality of the ultraflat gold surface (RMS value �2 L).
After activation with nickel ions and immobilization of His6-
tagged proteasome, a homogenous distribution of protea-
some molecules becomes visible (Figure 6b). After subse-
quent washing with imidazole and EDTA, the surface was
largely recovered and only a few isolated traces of unspecif-
ic adsorbed proteins are visible (Figure 6c).
The AFM experiments demonstrate that immobilization


is uniform even at a single-molecule level. The height of the
immobilized molecules determined by image analyses
amounts to 10–11 nm, which is in accordance with the diam-
eter of the 20S proteasome (11 nm).[56] A very straightfor-
ward method to determine the height of the immobilized
protein monolayer, and hence the molecular orientation, is
local nano-shaving of the proteins, which yields a value of
10–11 nm. The corresponding data and experimental de-
scription are presented in the Supporting Information (see
Figure S1). The lateral dimensions, however, are 15–20 nm.
This value, slightly larger than the proteasomeQs dimension
(15 nm), can be explained by the tip-broadening effect in
AFM.[57] Because of the location of the His6-tag, immobi-
lized proteasome molecules are entirely oriented in this
“side-on” orientation, as can be seen in Figure 6d/e. Barrel-
shaped or oval molecules are visible at scans of 415P415 nm
(Figure 6d). The homogenous orientation and distribution
of immobilized protein complexes on this chelating surface
allows almost absolute control over the orientation and
function of the protein and thus represents an optimal plat-


Figure 5. Laser scanning microscopy images of two patterned bis-NTA
chips exposed to different fluorescent-labeled and nonlabeled proteins.
a) Green fluorescence image of a chip loaded first with BSA and then
with Oregon Green-labeled (OG-labeled) His6 MBP. b) An overlay
image of red and green fluorescence channels of another chip loaded
first with Texas Red-labeled BSA and then with OG His6-MBP. c) The
same chip as in b), but recorded with green fluorescence channel after in-
jection of imidazole. d) The same experiment as in c), red fluorescence
channel. The scale bar is 100 mm. Details are given in Experimental Sec-
tion.


Figure 6. AFM study of protein immobilization on chelating SAMs. a) SAM of bis-NTA thiol on template-
stripped gold before and b) after immobilization of bC-His6 proteasomes, and c) after regeneration with imida-
zole and EDTA. The scan size was always 1 mm and the scale bar is 0.2 mm. d) In this 415 nm AFM scan the
so-called “side-on” orientation of the proteasome is obvious. The scale bar is 50 nm. e) The cartoon illustrates
the sites of the His6-tags on this proteasome variant and the orientation of the proteasome in the immobilized
state on the multivalent chelating SAM. The z-data scale in all AFM images represents the height from 0 to
15 nm.
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form for single-molecule studies, force spectroscopy experi-
ments, and quantitative protein–protein interaction studies
in which control of ligand-binding site is desirable. High-
density packing of immobilized proteins allows tailoring of
protein chip architectures in nano-dimensions.


Conclusion


The conventional NTA/His6 tag technique has been success-
fully extended to self-assembling, multivalent chelator thiols
both for high-affinity recognition and for stable and uniform
immobilization of His6-tagged proteins on chip surfaces. Bis-
NTA was linked through an oligoethylene glycol to alkyl
thiols by an efficient modular synthesis strategy to yield a
novel, multivalent compound for formation of mixed SAMs
on gold. These multivalent chelator chips allow specific,
high-affinity, reversible, long-term immobilization of His6-
tagged proteins. SPR experiments with receptors successful-
ly demonstrated the suitability of this format for delicate
biophysical assays with high reproducibility. Microstructured
chip surfaces allow the generation of protein microarrays
for high-throughput screening by fluorescence techniques. In
AFM studies the reversibility of the specific protein immo-
bilization process was visualized at single-molecule levels.
The total control over the orientation of the immobilized
protein promotes this chip surface as an optimal platform
for studies focusing on research targets at single-molecule
levels and for nanobiotechnology. The homogeneous orien-
tation and distribution of immobilized proteins demonstrate
the high quality of the designed surface and qualify its appli-
cation in nano-scaled protein chip architectures.


Experimental Section


Materials : The synthesis of the chelators and thiol compounds is de-
scribed in detail in the Supporting Information. All solvents were p. a.
purity grade. TLC was performed on Merck 60 F-254 layers, and results
were viewed by use of UV light and/or AMC reagent (5 g ammonium
molybdate and 1 g cerium sulfate in 1 L 10% H2SO4) followed by heat-
ing, or with iodine vapor. Amines were stained by ninhydrin (0.3% in
ethanol). Column chromatography was performed on silica gel (Merck).
Solvents were evaporated on a rotary evaporator under reduced pressure
and temperatures <50 8C. NMR spectra were recorded on a Bruker
spectrometer in CDCl3 (Aldrich) as solvent and with TMS (0.05%, d =


0.00 ppm) as internal standard. Proteins were produced and purified ac-
cording to the given references in the methods section or were obtained
commercially.


Preparation of gold surfaces : Gold surfaces were prepared by evapora-
tion of thin gold films on standard (100)-silicon wafers, glass, or mica
(muscovite mica V-1 or V-2). Wafer and glass substrates were cleaned
before and after evaporation in a 5:1:1 mixture of MilliQ water, hydro-
gen peroxide (25%), and ammonia (30%) for 5 minutes at 85 8C, fol-
lowed by rinsing in MilliQ water. Wafer substrates were prepared as pub-
lished previously[42] and used for contact angle goniometry, ellipsometry,
infrared reflection–absorption spectroscopy, and fluorescence microscopy.
To perform surface plasmon resonance experiments glass substrates were
coated with a 2.5 nm layer of chromium followed by deposition of a
40 nm thick gold layer in a Bal-Tec Med020 system (Bal-Tec AG, Liech-
tenstein). For atomic force microscopy, mica substrates were prepared by


the template-stripped gold protocol as previously described.[58] Mixed
SAMs were formed from solutions of matrix thiol and either mono-NTA
thiol or bis-NTA thiol (20 mm final concentration in acetonitrile or THF).
After chemisorption (for 24 h), the SAMs were sonified in acetonitrile or
THF and in MilliQ water, and were stored in MilliQ water if not immedi-
ately used.


Contact angle goniometry : Contact angles were measured with a Ram9-
Hart NRL 100 goniometer (Ram9-Hart, Mountain Lakes, USA) without
control of the humidity in the ambient, with use of MilliQ water. Taking
the high surface energy of the hydrophilic surfaces into account, only one
measurement of the advancing and the receding contact angle was per-
formed per sample.


Ellipsometry : For single-wavelength ellipsometry (AutoEL, Rudolph Re-
search, Flanders, USA), average values of the refractive index of the
clean gold sample, analyzed prior to the incubation, were used. The re-
fractive index of the substrate and the results of the ellipsometric meas-
urements on the SAMs were taken into an “ambient/organic film/gold”
model, with the assumption of an isotropic, transparent organic film[59]


with a refractive index of n=1.5.[43,60, 61] The film thickness was calculated
as an average at three different spots on at least four samples for each
SAM.


Infrared reflection-absorption spectroscopy (IRAS): The reflection-ab-
sorption spectra were recorded at room temperature on a Bruker IFS 66
system (Bruker Optik GmbH, Bremen, Germany), equipped with a graz-
ing angle (858) infrared reflection accessory and a liquid nitrogen-cooled
MCT detector. The measurement chamber was continuously purged with
nitrogen gas during the measurements. The acquisition time was around
10 minutes at 2 cm�1 resolution, and a three-term Blackmann–Harris
apodization function was applied to the interferograms before Fourier
transformation. SAMs of deuterated hexadecane thiolate (HS-
(CD2)15CD3) were used as reference.


Surface plasmon resonance (SPR): SAM surfaces were prepared in solu-
tions of matrix thiol 6 (97 mol%) and either mono-NTA 9 or bis-NTA
thiol 12 (3 mol%). SPR measurements were performed on a BIAcore X
system (BIAcore AB, Uppsala, Sweden) at 25 8C, with a flow rate of
10 mLmin�1, if not stated otherwise. HBS buffer (10 mm HEPES, 150 mm


NaCl, pH 7.5) was used as running buffer and for all dilutions. Protein
immobilization on the chelating SAM surface was carried out by sequen-
tial injections of NiSO4 (100 mm, 35 mL), followed by injection of HBS
buffer supplemented with imidazole (200 mm, 35 mL), and then followed
by addition of His6-tagged interferon receptor (His6 ifnar2, 300 nm).


[62] To
study the activity of His6 ifnar2 after immobilization, its ligand IFNa2
(200 nm, 35 mL)[62] was injected. To determine the amount of unspecific
binding, the immobilization protocol was carried out identically, but with-
out addition of nickel ions. In imidazole competition experiments, in-
creasing concentrations of imidazole were injected after specific immobi-
lization of His6 ifnar2 at flow rates of 40 mLmin�1. The surface was rinsed
with HBS buffer after each injection. Imidazole (1m) and EDTA
(200 mm) diluted in HBS buffer were used to remove the protein and the
Ni2+ ions, respectively. Data evaluation was performed with standard
analysis software. The equilibrium surface loading Req was normalized to
the initial surface loading R0.


Microcontact-printed bis-NTA chips : The PDMS stamps were prepared
on the same master as described by Zhou et al., and under similar condi-
tions.[63] For microcontact printing (mCP) we used the general protocol
developed by Delamarche and co-workers.[64] Briefly, the prepolymer was
cured in an oven at 65 8C for around 2 h. Before the imprinting, the
stamps were rinsed with ethanol, blown dry with nitrogen gas, and inked
by application of a droplet (1 mLmm�2 area of the stamp) of ethanolic so-
lution of eicosane thiol (200 mm) for 30 s. The excess liquid was blown
away from a stamp with the nitrogen gas and the stamp was further dried
under stream for another 30 s. The stamp was then immediately brought
into contact with a gold chip for 3–10 s. Afterwards the chip was soaked
in a 20 mm solution of 6 (97 mol%) and 12 (3 mol%) in acetonitrile. The
adsorption time ranged from 3 to 48 h. The prepared chips were washed
and loaded with Ni2+ ions as described above.


Fluorescence microscopy : The binding of the fluorescent proteins to the
patterned bis-NTA chips was followed by confocal laser scanning micro-
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scopy (LSM 510, Carl Zeiss, Jena, Germany). Firstly, the chip was placed
in a disposable Petri dish and incubated with either unlabeled or Texas
Red-labeled (TR-labeled) bovine serum albumin (100 mgmL�1 protein;
Molecular Probes) for 10 min. After protein adsorption, the chip was
thoroughly rinsed with the buffer, such that the surface remained wet all
the time. Subsequently, the chip was exposed for 10 min to a mixed solu-
tion of unlabeled (2.5 mm) or Oregon Green-labeled (OG-labeled;
125 nm) His6-tagged maltose-binding protein. His6-tagged maltose-bind-
ing protein was purified by the standard IMAC procedure. After rinsing,
the wet chips were immediately mounted into a custom-built flow cham-
ber and were imaged by use of a Plan-Neofluor 40P oil-immersion objec-
tive (NA 1.3) and an inverted microscope setup (Axiovert 200M, Carl
Zeiss, Jena, Germany). Argon (488 nm, 25 mW) and HeNe (543 nm,
1 mW) lasers were used for the excitation of Oregon Green and Texas
Red, respectively. The image size was 2048P2048 pixels, corresponding
to an area of 326P326 mm.


Atomic force microscopy (AFM): AFM experiments were performed
with a Digital Instruments NanoScope IIIa SPM MultiMode atomic force
microscope (Veeco Instruments, Santa Barbara, CA) in a commercial
quartz fluid cell. NP-S cantilevers with a force constant of 0.06 Nm�1


(Veeco Instruments) were used for all experiments. Imaging was per-
formed in tapping mode at resonance frequencies of around 9 kHz in
HBS buffer and at drive amplitudes of 100 to 150 mV. All solutions were
prepared or diluted in HBS buffer. The chelating SAMs were activated
with NiSO4 solution (5 mm) for 20 min, rinsed with HBS buffer, and incu-
bated for 30 min at 4 8C with bC-His6-tagged proteasomes (30 nm).[32,52]


Specifically immobilized proteins were detached in HBS buffer supple-
mented with imidazole (1m) and EDTA (500 mm). Imaging of the surface
was always performed in HBS buffer between these steps.
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Palladium Pincer Complex Catalyzed Cross-Coupling of Vinyl Epoxides and
Aziridines with Organoboronic Acids


Johan Kjellgren, Juhanes Aydin, Olov A. Wallner, Irina V. Saltanova, and
K'lm'n J. Szab(*[a]


Introduction


Palladium catalysis has become one of the most successful
areas of organic synthesis due to its remarkable capacity for
continuous renewal.[1–4] An important current challenge in
palladium chemistry is the development of new redox reac-
tion free catalytic systems.[5–12] In these catalytic reactions
the oxidation state of palladium is usually restricted to +2;
and therefore formation of palladium(0) intermediates can
be avoided. It is well known that palladium(0) complexes
with weakly coordinating ligands easily decompose forming
amorphous palladium metal (palladium black), which is usu-
ally catalytically inactive. Furthermore, palladium(0) com-
plexes readily undergo oxidative addition to aromatic car-
bon�halogen bonds, which might be undesired limiting the
synthetic scope of the corresponding reaction.[1–4] We have
recently found[13–18] that palladium pincer complexes,[5,6,19–22]


such as 1a–d[23–25] (Scheme 1), are particularly useful species
to catalyze redox free synthesis and transformation of


organo stannanes and silanes. Thus, we have shown that al-
lylic and propargylic substrates undergo substitution reac-
tions with dimetallic reagents (such as distannane and silyl-
stannane reagents) to give allyl and propargyl stannanes and
silanes.[15,16,18] In these reactions, we exploited three impor-
tant features of the palladium-pincer complex catalysts:
i) high redox stability of the palladium(ii) central atom;
ii) very strong terdentate ligand–metal bonding; and
iii) presence of a s-donating aryl ligand. Because of these
features application of pincer-complex catalysts have a great
potential to open new synthetic routes in palladium-cata-
lyzed transformations.


Recently, our interest turned to the application of pincer-
complex catalysts in organoboron chemistry.[17] We have
shown that potassium(allyl)trifluoroborates undergo pincer
complex catalyzed allylation of sulfonyl imines under mild
reaction conditions.[17] In this study we report our recent re-
sults on the palladium-pincer complex catalyzed ring open-
ing of vinyl epoxides and aziridines (Scheme 2) with organo-
boronic acids. Although, palladium-catalyzed coupling of or-


Abstract: Palladium-catalyzed cross-
coupling of vinyl epoxides and aziri-
dines with organoboronic acids was
performed by using 0.5–2.5 mol%
pincer-complex catalyst. The reactions
proceed under mild conditions afford-
ing allyl alcohols and amines with high
regioselectivity and in good to excel-
lent yields. Under the applied reaction
conditions aromatic chloro-, bromo-


and iodo substituents are tolerated.
Our results indicate that the mecha-
nism of the pincer complex catalyzed
and the corresponding palladium(0)
catalyzed process is substantially differ-


ent. It was concluded that the transfor-
mations proceed via transmetalation of
the organoboronic acids to the pincer-
complex catalyst followed by an SN2’-
type opening of the vinyl epoxide or
aziridine substrate. In this process the
palladium atom is kept in oxidation
state +2 under the entire catalytic pro-
cess, and therefore oxidative side reac-
tions can be avoided.
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boron · homogeneous catalysis ·
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Scheme 1. Pincer-complex catalysts employed in this study.
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ganoboronic acids with various unsaturated substrates
(Suzuki–Miyaura cross-coupling) has become one of the
most important processes in synthetic organic chemistry,[26–31]


the literature of palladium-catalyzed cross-coupling reac-
tions of organoboranes with vinyl epoxides and aziridines is
surprisingly scarce. Suzuki and Miyaura reported[32] a suc-
cessful palladium(0)-catalyzed carbon–carbon coupling reac-
tion of vinyl epoxides with alkenylboranes. Interestingly, by
using [Pd(PPh3)4] as catalyst source vinyl epoxides undergo
carbon-oxygen coupling with arylboronic acids via (h3-allyl)-
palladium intermediates.[33] In this reaction the boronic acid
derivatives react as oxygen nucleophiles instead of as
carbon nucleophiles.[33,34] However, palladium-catalyzed
carbon–carbon coupling of vinyl epoxides with aryl- and al-
kenylboronic acids has not been reported in the literature.
Besides, there is a remarkable lack in the literature concern-
ing palladium-catalyzed ring opening reactions of vinyl aziri-
dines with organoboranes. In this study we like to demon-
strate that palladium-pincer complexes 1a–c are efficient
catalysts in cross-coupling of vinyl epoxides and aziridines
with organoboronic acids. In particular, we have studied the
tolerance of the pincer-complex catalysts toward aromatic
halogenide functionalities (chloride, bromide and iodide),
which are often incompatible with palladium(0) catalysts.
Furthermore, we have briefly studied the mechanistic differ-
ences between the palladium(0) and pincer-complex cataly-
sis in ring opening of vinyl aziridines and epoxides with or-
ganoboronic acids.


Results and Discussion


Catalytic ring-opening of vinyl epoxides with organoboronic
acids : Our studies have shown that vinyl epoxides 2a–e can
be efficiently coupled with arylboronic acids 3a–d using cat-
alytic amounts of 1a. In these processes we have employed
the typical reaction conditions of the Suzuki–Miyaura cou-
pling reactions including the use of base and water as addi-
tives. Accordingly, in a typical procedure the appropriate ep-
oxide (2a–e), the organoboronic acid derivative 3a–d
(1.2 equiv), Cs2CO3 (2 equiv) and catalyst 1a (2.5 mol%) in
THF/water 10:1 were stirred at 20 8C for 4–9 h. Subsequent-
ly the solvent was evaporated and the product was purified
by chromatography. This reaction does not require use of inert
gas atmosphere or employment of carefully dried THF. It is


also important to add that the elegant synthesis of catalyst
1a reported by Yao and co-workers[23] is about as simple as
the preparation of commonly employed palladium catalysts,
such as [Pd(PPh3)4], or [Pd2(dba)3]. Furthermore, in our ex-
perience catalyst 1a is more stable than these classical palla-
dium(0) catalysts, as it can be stored at ambient temperature
and atmosphere without any loss of the catalytic activity.


Because of the mild reaction conditions and the redox sta-
bility of the catalyst (feature i) above) halogenide (Cl and
Br) substituents on the vinyl epoxide substrate (2c) and on
the arylboronic acid component (3c) are tolerated. We did
not observe any carbon�halogen bond cleavage in the cross-
coupling reactions involving 2c or 3c (entries 9, 11–14 and
18). It was found that the reactivity of the acyclic epoxides
2a–d is lower than that of cyclic epoxide 2e, and that the
parent epoxide 2a reacted faster than its substituted ana-
logues 2b–d. We have briefly studied the substituent effects
on the reactivity of the vinyl epoxide component. These
studies indicate that phenyl- (2b) and cyclohexyl- (2d) sub-
stituted epoxides react similarly, while in the presence of an
electron-withdrawing chloro substituent (2c) the reactivity is
increased leading to about 50% faster cross-coupling reac-
tions (compare entries 6 and 11, 8 and 13, or 9 and 14,
Table 1).


The reaction of 2b–d with phenyl boronic acid 3a can
also be carried out under mild conditions by using only
0.5 mol% catalyst 1a (entries 7, 12 and 16). In these proc-
esses somewhat longer reaction times are required than with
2.5 mol% catalyst, nevertheless the high yields can be main-
tained. The reaction rates also depend on the substituents of
the organoboronic acid component. Alkenylboronic acid 3b
reacts much faster than arylboronic acids 3a and 3c–d. Me-
thoxy substitution of the arylboronic acid (3d) has a rela-
tively weak effect on the rate of reaction (compare entries 6
and 10, or 15 and 19 in Table1); however, bromo substitu-
tion of the arylboronic acid component (3c) clearly acceler-
ate the cross-coupling process (see entries 6 and 9, 11 and 14
or 15 and 18).


The regioselectivity of the cross-coupling reactions involv-
ing acyclic vinyl epoxides (2a–d) is excellent. The reaction
of the parent epoxide 2a results in mainly 1,4-coupling prod-
ucts 4a and 4b, and traces of the 1,2-coupling products 5a
and 5b (entries 1 and 3). The catalytic transformation of the
substituted acyclic vinyl epoxides (2b–d) provide exclusively
the 1,4-coupling products, allyl alcohols 4c–m (entries 6–19).
Cyclic epoxide 2e reacts with a poor regioselectivity provid-
ing 4n and 5c in 2:1 ratio even at low temperatures
(entry 20). Interestingly, however, only trans isomers (4n
and 5c) were obtained in this reaction indicating a trans
mechanism for the epoxide opening. The related palladi-
um(0)-catalyzed opening of 2e with phenyltrimethylstan-
nane reported[35] by Echavarren and Stille also proceeds
with trans mechanism and with a relatively poor regioselec-
tivity.


We have also tried other pincer complexes as catalysts in
the cross-coupling reactions. Complex 1b[24] displayed a high
catalytic activity, however it required higher reaction tem-


Scheme 2. Ring opening of a) vinyl epoxides and b) vinyl aziridines with
organoboronic acids in the presence of catalytic amounts (0.5–2.5 mol%)
of pincer complexes.
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perature than 1a (entry 4). Furthermore, the regioselectivity
of the cross-coupling reaction between 2a and 3b is much
lower with 1b than with 1a as catalyst (entries 3 and 4).
Bedford and co-workers[25] successfully employed the tri-
fluoroacetate salt of PCP complex 1d for Suzuki coupling of
aryl boronic acid 3a with various aryl halogenides at elevat-
ed reaction temperature (130 8C). However, we found that


complex 1d[18, 25] does not dis-
play any catalytic activity
under the applied mild reac-
tion conditions. We have also
attempted coupling reactions
of 2a with organoboronic acids
employing commonly used pal-
ladium(0) catalysts. Catalyst
[Pd2(dba)3] displayed a high
catalytic activity using 2a with
phenyl and vinyl boronic acid
derivatives 3a and 3b. Howev-
er, the regioselectivity of the
[Pd2(dba)3]-catalyzed reaction
is considerably lower than the
corresponding process with 1a
(compare entries 1 and 2 or en-
tries 3 and 5). Under the same
reaction conditions [Pd(PPh3)4]
proved to be ineffective as the
corresponding cross-coupling
products 4a and 5a could not
be observed in the reaction
mixture.


Cross-coupling of vinyl aziri-
dines with organoboronic
acids : The above successful
studies on pincer complex cat-
alyzed ring-opening of vinyl
epoxides (2a–e) led us to
extend the synthetic scope of
the reaction to vinyl aziridine
based substrates (6a–d) (Sche-
me 2b). Although the reaction
conditions used for ring open-
ing of vinyl epoxides were also
suitable for aziridines, the cata-
lytic process was rather slug-
gish. However, it was found
that application of CsF in place
of Cs2CO3 gave a fast reaction
and high yields at 20 8C
(Table 2). In these cross-cou-
pling reactions diastereomeric
mixtures of cis- and trans-aziri-
dines (6a–d) were employed,
which were easily prepared by
the method reported by Dai
and co-workers.[36] The cross-


coupling reaction of 6a–d with organoboronic acids 3a–h
gave the corresponding trans-products 7a–p together with
trace amounts (typically 5%) of their cis isomers.


Most of the reactions could be carried out using pincer-
complex catalyst 1a under mild conditions with excellent
yields. Similarly to the epoxide opening reactions the func-
tional group tolerance of the reaction is very high, as aro-


Table 1. Pincer complex catalyzed cross-coupling reaction of vinyl epoxides with organoboronic acids.[a]


Substrate Cat.[b] R-B(OH)2 Cond.[c] Product Ratio[d] Yield
[8C]/[h] [%][e]


1 1a 0/16 11:1 94


2 2a [Pd2(dba)3] 3a 0/16 4a 5a 7:3 95


3 2a 1a 0/3 9:1 95


4 2a 1b 3b 20/4 4b 5b 7:3 95
5 2a [Pd2(dba)3] 3b 0/3 4b 5b 3:2 94


6 1a 3a 20/9 >20:1 86


7 2b 1a (0.5%) 3a 20/17 4c >20:1 85


8 2b 1a 3b 0/3 >20:1 95


9 2b 1a 20/6 >20:1 88


10 2b 1a 20/7 >20:1 86


11 1a 3a 20/5 >20:1 95


12 2c 1a (0.5%) 3a 20/17 4g >20:1 81


13 2c 1a 3b 0/1.5 >20:1 95


14 2c 1a 3c 20/4 >20:1 76


15 1a 3a 20/9 >20:1 95


16 2d 1a (0.5%) 3a 20/17 4j >20:1 91


17 2d 1a 3b 0/3 >20:1 90


18 2d 1a 3c 20/6 >20:1 75


19 2d 1a 3d 20/6 >20:1 76


20 1a 3a �20/2 2:1 88


[a] The reactions were carried out by using 0.5–2.5 mol% catalyst in the presence of Cs2CO3 in THF/H2O
10:1. [b] Typically 2.5 mol% catalyst was employed. The use of 0.5 mol% catalyst is indicated in parentheses.
[c] Reaction temperature/reaction time. [d] Isomer ratio 4 :5. The >20:1 ratio indicates that isomer 5 was not
detected in the crude or in the isolated product by 1H NMR spectroscopy. [e] Isolated yield.
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matic halogenides (fluoro,
bromo and iodo substituents,
entries 5–7 and 12–16) and
nitro group (entry 17) are tol-
erated. Catalyst 1a reacted
slowly with iodo-derivative 3g,
and therefore the more active
trifluoroacetate complex 1c
was employed to achieve a
high yield (entry 7). Remarka-
bly, product 7g could be isolat-
ed with an intact iodo func-
tionality. It is well known that
aryliodides are usually incom-
patible with palladium(0) cata-
lysts because of the rapid oxi-
dative addition of the catalyst
to the carbon-iodine bond.[1]


Indeed, the reaction of 6a and
3g with [Pd2(dba)3] as catalyst
(entry 8) proceeds with a con-
siderably lower yield than the
corresponding reaction cata-
lyzed by pincer complex 1c
(entry 7). The pincer complex
catalyzed reactions also toler-
ate ortho substituents in the ar-
omatic substrates (3 f and 3h).
In these processes trifluoroace-
tate complex 1c was employed
as catalyst to provide high
yields (entries 6 and 9). The
cross-coupling reaction of 6a
and 3h was also attempted
with [Pd2(dba)3] as catalyst.
The crude reaction mixture in-
dicated formation of 7h to-
gether with several unidenti-
fied by-products. Unfortunate-
ly, the isolated yield could not
be determined for this reac-
tion, since we were unable to
separate 7h from the by-prod-
ucts even after repeated silica-
gel chromatographies.


Mechanistic Aspects


In order to explore the mecha-
nistic differences between the
pincer complex (1a or 1c) cat-
alyzed and [Pd2(dba)3]-cata-
lyzed reactions we carried out
stoichiometric reactions with
arylboronic acid 3 f and epox-
ide substrate 2a, which was fol-


Table 2. Catalytic ring opening of vinyl aziridines with organoboronic acids.[a]


Substrate[b] Cat. R-B(OH)2 Cond.[c] Product trans/cis[d] Yield
[8C]/[h] [%][e]


1 1a 3a 20/18 19:1 95


2 6a 1a 3b 20/3 19:1 95


3 6a 1a 3c 20/15 14:1 95


4 6a 1a 3d 20/15 19:1 95


5 6a 1a 20/15 14:1 93


6 6a 1c 20/18 17:1 95


7 6a 1c[f] 20/16 8:1 93


8 6a [Pd2(dba)3]
[f] 3g 20/18 7g 8:1 50


9 6a 1c 20/18 25:1 95


10 1a 3a 20/17 17:1 82


11 6b 1a 3e 20/17 17:1 95


12 1a 3a 20/16 10:1 86


13 6c 1a 3b 20/3 19:1 95


14 6c 1a 3c 20/17 10:1 95


15 6c 1a 3d 20/17 14:1 95


16 6c 1a 3e 20/16 10:1 95


17 1a 3a 20/16 19:1 95


[a] The reactions were carried out by using 2.5 mol% catalyst in the presence of CsF in THF/H2O 10:1.
[b] trans/cis (about 2:1) mixture was used as substrate. Bs=benzenesulfonyl; Ts= toluenesulfonyl. [c] Reaction
temperature/reaction time. [d] trans/cis ratio of the double bond geometry in the products. [e] Isolated yield.
[f] 5 mol% catalyst was employed.
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lowed by 19F and 1H NMR spectroscopy. It was found that
1c reacted readily with 3 f in the presence of CsF and water
in THF (Scheme 3). Monitoring the reaction at 20 8C with
19F NMR spectroscopy revealed formation of fluorobenzene


8 after 20 min. Under the same reaction conditions using
[Pd2(dba)3] instead of 1c the fluoroboronic acid 3 f remained
unchanged and formation of 8 was not observed even after
several hours of reaction time. The same result was obtained
without employment of any palladium sources.


We have also carried out stoichiometric experiments with
the palladium catalyst and epoxide 2a in the absence of or-
ganoboronic acids (Scheme 4). When [Pd2(dba)3] was mixed
with 2a in [D8]THF in the presence of LiCl the color of the
solution rapidly turned from purple to yellow and the
1H NMR spectrum showed formation of (h3-allyl)palladium
complex 9, which could also be isolated. This reaction was
also carried out with CsF in the presence of water. Although
this reaction mixture also showed the above described color
change, analogues of complex 9 could not be observed, only
unidentified decomposition products of 2a. This observation
indicated that the application of chloride salts is necessary
to form a stable complex, such as 9, otherwise the (h3-allyl)-
palladium complex formed from 2a and [Pd2(dba)3] easily
decomposes. Pincer complexes with chloride and triflouroa-
cetate counterions (1a and 1c) do not react with epoxide 2a
at all. This reaction mixture remained unchanged after sev-
eral days.


According to the above stoichiometric studies there are
important mechanistic differences between the pincer com-
plex catalyzed cross-coupling reaction and the correspond-
ing [Pd2(dba)3]-catalyzed process. Vinyl epoxides (such as
2a) and a palladium(0) complex readily form an (h3-allyl)-
palladium(ii) complex by opening of the epoxide ring
(Scheme 4).[32–34] However, in 1a and 1c there is only a
single free coordination site available on the metal atom;
and the oxidation state of palladium is restricted to +2 (fea-
tures i) and ii) above), and therefore formation of an (h3-al-
lyl)palladium complex with a vinyl epoxide is unlikely. On
the other hand 1c reacts directly with boronic acid 3 f
(Scheme 3). The relatively fast appearance of fluorobenzene
8 in this reaction mixture can be explained by transmetala-


tion of 3 f with the pincer complex 1c to give 10, which un-
dergo hydrolysis providing 8 (Scheme 5). Unfortunately, in
the presence of water direct observation or isolation of 10 is
prevented by this hydrolysis process. Intermediary formation


of complex 10 is also in line with our previous mechanistic
results[15] on the trimethyltin transfer reactions catalyzed by
1b. In this reaction the active catalyst is formed by transme-
talation of hexamethylditin with the pincer-complex catalyst.


Considering the above, we assume that the initial step of
the catalytic cycle (Scheme 6) is transmetalation of 1a or 1c
with the corresponding organoboronic acid derivative 3.
Prior to this step the B(OH)2 group is converted to a better
leaving group by application of Cs2CO3/CsF and water.[26,29]


Transmetalation of 1 with 3 results in complex 11, from
which the aryl or vinyl functionality (R) is subsequently
transferred to the vinyl epoxide substrate in an SN2’ (or SN2)
type of reaction. A fast SN2’ process requires a high elec-
tron-density on the organic functionality ensured by the
electron-donating SeCSe and NCN ligands, when 1a–c are
employed as catalysts. On the other hand the low catalytic
activity of 1d can be explained by the presence of p-accept-
or phosphorous ligands, which decrease the electron density
on the organic group. The reaction rate also depends on the
electronic properties of the epoxide substrate 2. An elec-
tron-withdrawing group on the epoxide substrate, such as a
chloro functionality in 2c, increases the electrophilicity of
this substrate leading to a fast transfer of the organic group.


Concluding Remarks


We have shown that palladium-pincer complexes catalyze
the carbon–carbon cross-coupling reaction of vinyl epoxides
and aziridines with organoboronic acids. These catalytic


Scheme 3. Stoichiometric reactions with fluoro boronic acid 3 f.


Scheme 4. Stoichiometric reaction with epoxide 2a.


Scheme 5. Rationalization of the formation of fluorobenzene 8 in the sto-
ichiometric reactions.


Scheme 6. Proposed catalytic cycle for the pincer complex (1a, 1c) cata-
lyzed reaction.
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transformations proceed with high regioselectivity affording
allyl alcohols and amines in good to excellent yields. Be-
cause of the high redox stability of the palladium(ii)-pincer
complex catalyst aromatic chloro-, bromo- and iodo sub-
stituents are tolerated. The applied catalysts 1a and 1c are
easily available and the catalytic reaction does not require
the use of inert gas atmosphere or application of dry sol-
vents. It was found that [Pd2(dba)3] also show a high catalyt-
ic activity in the presented cross-coupling reactions. Howev-
er, the pincer complex catalyzed reactions proceed with
higher regio- and chemoselectivity than the corresponding
[Pd2(dba)3]-catalyzed processes. Our mechanistic studies in-
dicate that the pincer complex catalyst does not undergo
redox reactions; and that the oxidation state of the palladi-
um atom is +2 under the catalytic process. It was concluded
that the initial step of the reaction is transmetalation of the
organoboronic acid to the pincer complex followed by an
SN2’ type transfer process. The presented pincer complex
catalyzed process allows cross-coupling reactions of easily
accessible organoboronic acids[26–28,30] with vinyl epoxides
and aziridines broadening the synthetic scope of selective
palladium catalysis.


Experimental Section


The NMR spectra were recorded on Varian spectrometers. 1H NMR
spectra were recorded at either 300 or 400 MHz, 13C NMR spectra were
recorded at either 75.4 or 100.5 MHz. In these measurements CHCl3 was
used as internal standard (d[1H]=7.26 ppm), d[13C]=77.0 ppm).
19F NMR spectra were recorded at either 282.2 or 376.3 MHz, by using
a,a,a-trifluorotoluene as standard. For column chromatography silica gel
(230–400 mesh) was used. MALDI-TOF spectra were recorded on a
Bruker Biflex III instrument by using 2’,4’,6’-trihydroxy acetophenone
(THAP) as matrix. Complex 1a was prepared according to Yao and co-
workers[23] except that the complex was purified by column chromatogra-
phy by using CH2Cl2/Et2O 20:1. Complex 1b was prepared according to
the procedure published by van Koten and co-workers[24] except that the
final product was purified by column chromatography with CH2Cl2/Et2O
20:1. Preparation of the trifluoroacetate salt of complex 1d was first re-
ported by Bedford and co-workers;[25] however we prepared complex 1d
by a modified procedure.[18] The vinyl epoxides and aziridines were pre-
pared according to literature procedures.[36, 37] The boronic acids are com-
mercially available and were used as received.


General procedure for palladium-pincer complex catalyzed coupling of
organoboronic acids with vinyl epoxides : Palladium-pincer complex 1a
(0.004 mmol, 2.5 mol%), vinyl epoxide (0.16 mmol), organoboronic acid
(0.192 mmol, 1.2 equiv), and Cs2CO3 (0.32 mmol, 2 equiv) were dissolved
in THF/water (10:1, 0.33 mL). This reaction mixture was stirred for the
allotted reaction times and temperatures given below (see also Table 1).
After completion of the reaction, the crude reaction mixture was purified
by column chromatography.


General procedure for palladium-pincer complex catalyzed coupling of
organoboronic acids with vinyl aziridines : Palladium-pincer complex 1a
(0.004 mmol, 2.5 mol%), vinyl aziridine (0.16 mmol), organoboronic acid
(0.192 mmol, 1.2 equiv), and CsF (0.32 mmol, 2 equiv) were dissolved in
THF/water (10:1, 0.33 mL). This reaction mixture was stirred for the al-
lotted reaction times and temperatures given below (see also Table 2).
After completion of the reaction, the crude reaction mixture was purified
by column chromatography.


Exchange of the counterion in complex 1a to obtain TFA-complex 1c :
Chloro-complex 1a was added to AgOCOCF3 (2 equiv) suspended in
CHCl3 at 0 8C. This mixture was stirred for 1 h at 0 8C and then an addi-


tional hour at 25 8C in a dark reaction vessel. The AgBr precipitation was
separated by centrifugation and the solvent was evaporated to yield com-
plex 1c, which was used without further purification. According to
1H NMR, complex 1c was formed in a diastereomeric ratio of 3:1.
1H NMR: d = 4.20 (d, 3J(H,H)=16.0 Hz, 2H, major diastereomer), 4.54
(d, 3J(H,H)=14.1 Hz, 2H, minor diastereomer), 4.66 (d, 3J(H,H)=
14.1 Hz, 2H, minor diastereomer), 4.92 (d, 3J(H,H)=16.0 Hz, 2H, major
diastereomer), 7.07 (d, 3J(H,H)=7.5 Hz, 2H), 7.18 (m, 1H), 7.30 (m,
3H), 7.41 (m, 3H), 7.56 (d, 3J(H,H)=7.9 Hz, 3H), 7.80 (d, 3J(H,H)=
7.0 Hz, 1H); 19F NMR: d = �73.55 (br s).


(E)-4-Phenyl-2-buten-1-ol (4a): The reaction mixture was stirred at 0 8C
for 16 h. For column chromatography pentane/Et2O 3:2 was used, yield-
ing 4a (22 mg, 94%). The obtained NMR data were in agreement with
the published literature values.[35]


(2E,5E)-6-Phenyl-2,5-hexadien-1-ol (4b): The reaction mixture was stir-
red at 0 8C for 3 h. For column chromatography pentane/Et2O 3:2 were
used, yielding 4b (27 mg, 95%). The obtained NMR data were in agree-
ment with the published literature values.[35]


(E)-1,4-Diphenyl-2-buten-1-ol (4c): The reaction mixture was stirred at
20 8C for 9 h. For column chromatography pentane/Et2O 3:2 was used,
yielding 4c (33 mg, 86%). This reaction was also performed with
0.5 mol% of 1a. In this case the reaction mixture was stirred at 20 8C for
17 h yielding 4c (32 mg, 85%). The obtained NMR data were in agree-
ment with the published literature values.[35]


(2E,5E)-1,6-Diphenyl-2,5-hexadien-1-ol (4d): The reaction mixture was
stirred at 0 8C for 3 h. For column chromatography pentane/Et2O 2:1 was
used, yielding 4d (37 mg, 92%). The obtained NMR data were in agree-
ment with the published literature values.[35]


(E)-4-(4-Bromophenyl)-1-phenyl-2-buten-1-ol (4e): The reaction mixture
was stirred at 20 8C for 6 h. For column chromatography pentane/EtOAc
3:1 was used, yielding 4e (45 mg, 88%). 1H NMR: d = 1.99 (br s, OH),
3.35 (d, 3J(H,H)=6.5 Hz, 2H), 5.2 (d, 3J(H,H)=6.5 Hz, 1H), 5.74 (ddt,
3J(H,H)=6.6, 15.3 Hz, 4J(H,H)=1.3 Hz, 1H), 5.88 (dt, 3J(H,H)=6.6,
15.2 Hz, 1H), 7.05 (d, 3J(H,H)=8.4 Hz, 2H), 7.25–7.43 (m, 7H);
13C NMR: d = 37.88, 74.84, 117.19, 119.94, 126.16, 127.69, 128.55, 130.14,
130.31, 131.49, 132.35, 134.01, 138.81, 142.92.


(E)-4-(4-Methoxyphenyl)-1-phenyl-2-buten-1-ol (4 f): The reaction mix-
ture was stirred at 20 8C for 7 h. For column chromatography pentane/
Et2O 2:1 was used, yielding 4 f (36 mg, 86%). 1H NMR: d = 2.0 (br s,
1H), 3.35 (d, 3J(H,H)=6.5 Hz, 2H), 3.79 (s, 3H), 5.2 (d, 3J(H,H)=
6.6 Hz, 1H), 5.74 (ddt, 3J(H,H)=6.6, 15.3 Hz, 4J(H,H)=1.3 Hz, 1H), 5.91
(dt, 3J(H,H)=6.6, 15.3 Hz, 1H), 6.84 (d, 3J(H,H)=8.5 Hz, 2H), 7.10 (d,
3J(H,H)=8.5 Hz, 2H), 7.25–7.40 (m, 5H); 13C NMR: d = 37.66, 55.23,
74.92, 113.86, 126.17, 127.54, 128.47, 129.47, 131.38, 131.91, 133.30, 143.13,
158.00.


(E)-1-(4-Chlorophenyl)-4-phenyl-2-buten-1-ol (4g): The reaction mixture
was stirred at 20 8C for 5 h. For column chromatography pentane/EtOAc
4:1 was used, yielding 4g (41 mg, 95%). This reaction was also per-
formed by using 0.5 mol% of 1a. In this case the reaction mixture was
stirred at 20 8C for 17 h yielding 4g (34 mg, 81%). 1H NMR: d = 1.96 (s,
1H), 3.40 (d, 3J(H,H)=6.7 Hz, 2H), 5.18 (d, J=6.8, 1H), 5.70 (dd, 3J
(H,H)=6.6, 15.1 Hz, 1H), 5.86–5.98 (m, 1H), 7.14–7.36 (m, 9H);
13C NMR: d = 38.53, 74.25, 126.21, 127.55, 128.49, 128.53, 128.58, 131.50,
133.26, 139.66, 141.47.


(2E,5E)-1-(4-Chlorophenyl)-6-phenyl-2,5-hexadien-1-ol (4h): The reac-
tion mixture was stirred at 0 8C for 1.5 h. For column chromatography
pentane/EtOAc 5:1 was used, yielding 4h (44 mg, 95%). 1H NMR: d =


1.97 (br s, 1H), 2.98 (t, 3J(H,H)=6.5 Hz, 2H), 5.19 (d, 3J(H,H)=6.5 Hz,
1H), 5.73 (dd, 3J(H,H)=6.8, 14.9 Hz, 1H), 5.79–5.90 (m, 1H), 6.14–6.25
(m, 1H), 6.41 (d, 3J(H,H)=16.0 Hz, 1H), 7.17–7.39 (m, 9H); 13C NMR:
d = 35.39, 74,37, 126.03, 127.15, 127.35, 127.55, 127.59, 128.50 128.59,
130.50 131.20, 133.19, 133.25, 137.36, 141.51.


(E)-4-(3-Bromophenyl)-1-(4-chlorophenyl)-2-buten-1-ol (4 i): The reac-
tion mixture was stirred at 20 8C for 4 h. For column chromatography
pentane/EtOAc 5:1 was used, yielding 4I (42 mg, 76%). 1H NMR: d =


1.95 (apps, 1H), 3.34 (d, 3J(H,H)=6.6 Hz, 2H), 5.17 (d, 3J(H,H)=6.6 Hz,
1H), 5.67 (dt, 3J(H,H)=6.5, 15.2 Hz, 1H), 5.81–5.93 (m, 1H), 6.98–7.46
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(m, 8H); 13C NMR: d = 37.87, 74.15, 120.04, 127.53, 128.65, 130.30,
130.67, 131.55, 133.35, 133.70, 138.61, 141.36.


1-[(E)-3-Phenyl-1-propenyl]-1-cyclohexanol (4 j): The reaction mixture
was stirred at 20 8C for 9 h. For column chromatography pentane/Et2O
2:1 was used, yielding 4j (33 mg, 95%). This reaction was also performed
by using 0.5 mol% of 1a. In this case the reaction mixture was stirred at
20 8C for 17 h also yielding 4j (32 mg, 91%). The obtained NMR data
were in agreement with the literature values.[38]


1-[(1E,4E)-5-Phenyl-1,4-pentadienyl]-1-cyclohexanol (4k): The reaction
mixture was stirred at 0 8C for 3 h. For column chromatography pentane/
Et2O 2:1 was used, yielding 4k (35 mg, 95%). 1H NMR: d = 1.37 (m,
11H), 2.96 (d, 3J(H,H)=6.2 Hz, 2H), 5.62–5.82 (m, 2H), 6.22 (dt, 3J
(H,H)=7.0, 15.9 Hz, 1H), 6.41 (d, 3J(H,H)=15.9 Hz, 1H), 7.17–7.38 (m,
5H); 13C NMR: d = 22.15, 25.53, 35.60, 37.99, 71.31, 125.55, 125.99,
126.97, 128.45, 128.58, 130.62, 137.56, 139.10.


1-[(E)-3-(4-Bromophenyl)-1-propenyl]-1-cyclohexanol (4 l): The reaction
mixture was stirred at 20 8C for 6 h. For column chromatography pen-
tane/EtOAc 2:1 was used, yielding 4 l (37 mg, 75%). 1H NMR: d = 1.23–
1.68 (m, 11H), 3.31 (d, 3J(H,H)=7.1 Hz, 2H), 5.68 (dt, 3J(H,H)=1.3,
15.7, 1H), 5.78 (dt, 3J(H,H)=6.6, 15.6 Hz, 1H), 7.04 (d, 3J(H,H)=8.8 Hz,
2H), 7.40 (d, 3J(H,H)=8.8 Hz, 2H); 13C NMR: d = 22.10, 25.48, 37.96,
38.05, 71.30, 119.78, 126.00, 130.25, 131.41, 139.39, 139.71.


1-[(E)-3-(4-Methoxyphenyl)-1-propenyl]-1-cyclohexanol (4m): The reac-
tion mixture was stirred at 20 8C for 6 h. For column chromatography
pentane/Et2O 3:2 was used, yielding 4m (30 mg, 76%). 1H NMR: d =


1.22–1.72 (m, 11H), 3.31 (d, 3J(H,H)=6.9 Hz, 2H), 3.79 (s, 3H), 5.63 (dt,
3J(H,H)=1.4, 15.7 Hz, 1H), 5.80 (dt, 3J(H,H)=6.8, 15.5 Hz, 1H), 6.84 (d,
3J(H,H)=9.1 Hz, 2H), 7.09 (d, 3J(H,H)=9.1 Hz, 2H); 13C NMR: d =


22.18, 25.54, 37.82, 38.00, 55.24, 71.30, 113.81, 127.08, 129.40, 132.49,
138.91, 157.92.


Reaction of 2e with 3a to obtain 4n and 5c : The reaction mixture was
stirred at �20 8C for 2 h. For column chromatography pentane/EtOAc
2:1 were used to separate the regioisomers 4n and 5c to yield 4-phenyl-
2-cyclohexen-1-ol (4n ; 39 mg, 78%) and 2-phenyl-3-cyclohexen-1-ol (5c ;
8.4 mg, 10%). The NMR data obtained were in agreement with the liter-
ature values.[35]


N 1-[(E)-1,4-Diphenyl-2-butenyl]-1-benzenesulfonamide (7a): The reac-
tion mixture was stirred at 20 8C for 15 h. For column chromatography
pentane/EtOAc 4:1 was used, yielding 7a (56 mg, 95%). 1H NMR: d =


3.25 (d, 3J(H,H)=6.6 Hz, 2H), 4.97 (t, 3J(H,H)=7.1 Hz, 1H), 5.03 (d, 3J
(H,H)=7.3 Hz, 1H), 5.51 (dd, 3J(H,H)=6.3, 15.1 Hz, 1H), 5.63 (dt, 3J
(H,H)=6.5, 15.2 Hz, 1H), 7.04 (d, 3J(H,H)=7.0 Hz, 2H), 7.1–7.3 (m,
8H), 7.34 (t, 3J(H,H)=7.8 Hz, 2H), 7.46 (t, 3J(H,H)=7.5 Hz, 1H), 7.72
(d, 3J(H,H)=7.4 Hz, 2H); 13C NMR: d = 38.36, 59.41, 126.16, 126.94,
127.1, 127.68, 128.42, 128.49, 128.58, 128.73, 130.15, 132.29, 132.32, 139.35,
139.77, 140.66; MS (MALDI-TOF): m/z : 386.1 [M+Na]+ , 402.08
[M+K]+ .


N 1-[(2E,5E)-1,6-Diphenyl-2,5-hexadienyl]-1-benzenesulfonamide (7b):
The reaction mixture was stirred at 20 8C for 3 h. For column chromatog-
raphy pentane/EtOAc 5:1 was used, yielding 7b (59 mg, 95%). 1H NMR:
d = 2.81 (t, J=6.0 Hz, 2H), 5.00 (br t, J=6.6 Hz, 1H), 5.27 (brd, J=
7.4 Hz, 1H), 5.54 (m, 2H), 6.01 (dt, J=15.9 Hz, 6.8 Hz, 1H), 6.30 (dt, J=
15.9 Hz, 1.3 Hz, 1H), 7.13–7.39 (m, 12H), 7.41–7.47 (m, 1H), 7.75–7.78
(m, 2H); 13C NMR: d = 35.2, 59.5, 126.0, 126.9, 127.1, 127.1, 127.3,
127.6, 128.4, 128.5, 128.7, 130.0, 131.1, 131.3, 132.3, 137.3, 139.8, 140.7;
MS (MALDI-TOF): m/z : 389.07 [M+H]+ , 413.25 [M+Na]+ , 428.23
[M+K]+ .


N 1-[(E)-4-(4-Bromophenyl)-1-phenyl-2-butenyl]-1-benzenesulfonamide
(7c): The reaction mixture was stirred at 20 8C for 15 h. For column chro-
matography pentane/EtOAc 4:1 was used, yielding 7c (67 mg, 95%).
1H NMR: d = 3.18 (d, 3J(H,H)=6.3 Hz, 2H), 4.96 (t, 3J(H,H)=6.7 Hz,
1H), 5.18 (d, 3J(H,H)=7.3 Hz, 1H), 5.49 (dd, 3J(H,H)=6.0, 15.1 Hz,
1H), 5.6 (dt, 3J(H,H)=6.3, 15.4 Hz, 1H), 6.9 (d, 3J(H,H)=8.3 Hz, 2H),
7.07–7.24 (m, 5H), 7.31–7.38 (m, 4H), 7.47 (t, 3J(H,H)=7.4 Hz, 1H), 7.72
(d, 3J(H,H)=7.5 Hz, 2H); 13C NMR: d = 37.68, 59.34, 119.95, 126.91,
127.05, 127.74, 128.61, 128.74, 130.25, 130.69, 131.45, 131.47, 132.35,


138.32, 139.61, 140.63; MS (MALDI-TOF): m/z : 465.09/467.08 [M+Na]+ ,
481.09/483.08 [M+K]+ .


N 1-[(E)-4-(4-Methoxyphenyl)-1-phenyl-2-butenyl]-1-benzenesulfonamide
(7d): The reaction mixture was stirred at 20 8C for 15 h. For column chro-
matography pentane/EtOAc 4:1 was used, yielding 7d (58 mg, 95%).
1H NMR: d = 3.17 (d, 3J(H,H)=6.5 Hz, 2H), 3.78 (s, 3H), 4.97 (t, 3J
(H,H)=6.8 Hz, 1H), 5.35 (d, 3J(H,H)=7.3 Hz, 1H), 5.48 (dd, 3J(H,H)=
6.4, 15.2 Hz, 1H), 5.61 (dt, 3J(H,H)=6.6, 15.3 Hz, 1H), 6.8 (d, 3J(H,H)=
8.5 Hz, 2H), 6.95 (d, 3J(H,H)=8.5 Hz, 2H), 7.11–7.23 (m, 5H), 7.34 (t, 3J
(H,H)=7.9 Hz, 2H), 7.46 (t, 3J(H,H)=7.5 Hz, 1H), 7.74 (d, 3J(H,H)=
7.9 Hz, 2H); 13C NMR: d = 37.39, 55.17, 59.38, 113.78, 126.9, 127.04,
127.53, 128.47, 128.66, 129.38, 129.81, 131.36, 132.21, 132.57, 139.81,
140.65, 157.92; MS (MALDI-TOF): m/z : 416.18 [M+Na]+ , 432.17
[M+K]+ .


N 1-[(E)-4-(4-Fluorophenyl)-1-phenyl-2-butenyl]-1-benzenesulfonamide
(7e): The reaction mixture was stirred at 20 8C for 15 h. For column chro-
matography pentane/EtOAc 4:1 was used, yielding 7e (57 mg, 93%).
1H NMR: d = 3.21 (d, 3J(H,H)=6.45 Hz, 2H), 4.96 (t, 3J(H,H)=6.9 Hz,
1H), 5.1 (d, 3J(H,H)=7.3 Hz, 1H), 5.49 (dd, 3J(H,H)=6.3, 15.2 Hz, 1H),
5.63 (dt, 3J(H,H)=6.6, 15.4 Hz, 1H), 6.9–7.24 (m, 9H), 7.35 (t, 3J(H,H)=
7.5 Hz, 2H), 7.47 (t, 3J(H,H)=7.4 Hz, 1H), 7.72 (d, 3J(H,H)=7.5 Hz,
2H); 13C NMR: d = 37.5, 59.38, 115.28, 115.06, 127.0 (d, J(C,F)=
16.4 Hz), 127.74, 128.68 (d, J(C,F)=12.7 Hz), 129.88 (d, J(C,F)=8.4 Hz),
130.4, 132.04, 132.35, 134.97 (d, J(C,F)=3.8 Hz), 139.7, 140.67, 160.21,
162.63; MS (MALDI-TOF): m/z : 404.13 [M+Na]+ , 420.12 [M+K]+ .


N 1-[(E)-4-(2-Fluorophenyl)-1-phenyl-2-butenyl]-1-benzenesulfonamide
(7 f): In this reaction 2.5 mol% of complex 1c was used as catalyst. The
reaction mixture was stirred at 0 8C for 1 h and an additional 15 h at
20 8C. For column chromatography pentane/EtOAc 5:1 was used, yielding
7 f (58 mg, 95%). 1H NMR: d = 3.25 (d, 3J(H,H)=6.1 Hz, 2H), 4.97 (t,
3J(H,H)=7.0 Hz, 1H), 5.13 (d, 3J(H,H)=7.5 Hz, 1H), 5.50 (dd, 3J
(H,H)=6.3, 15.5 Hz, 1H), 5.60 (dt, 3J(H,H)=6.3, 15.2 Hz, 1H), 6.95–7.06
(m, 3H), 7.10–7.24 (m, 6H), 7.33 (t, 3J(H,H)=7.7 Hz, 2H), 7.45 (t, 3J
(H,H)=7.3 Hz, 1H), 7.72 (d, 3J(H,H)=7.6 Hz, 2H); 13C NMR: d =


31.38 (d, J(C,F)=3.1 Hz), 59.25, 115.20 (d, J(C,F)=21.8 Hz), 124.03 (d, J
(C,F)=3.8 Hz), 126.27 (d, J(C,F)=16 Hz), 126.76, 127.01 (d, J(C,F)=
11.8 Hz), 127.14, 127.67, 127.95 (d, J(C,F)=7.9 Hz), 128.63 (d, J(C,F)=
14.4 Hz), 130.39, 130.53 (d, J(C,F)=4.7 Hz), 130.64, 132.31, 139.7, 140.62,
159.58, 162.02; MS (MALDI-TOF): m/z : 404.1 [M+Na]+ , 420.08
[M+K]+ .


1-[(E)-4-(4-Iodophenyl)-1-phenyl-2-butenyl]-1-benzenesulfonamide (7g):
In this reaction three equivalents of 4-iodo phenyl boronic acid (3g) and
CsF was employed in the presence of 5 mol% of complex 1c. The reac-
tion mixture was stirred at 20 8C for 16 h. For column chromatography
pentane/EtOAc 5:1 was used, yielding 7g (75 mg, 93%). 1H NMR: d =


3.17 (d, 3J(H,H)=6.5 Hz, 2H), 4.96 (t, 3J(H,H)=7.0 Hz, 1H), 5.27 (d, 3J
(H,H)=7.0 Hz, 1H), 5.49 (dd, 3J(H,H)=6.3, 15.6 Hz, 1H), 5.60 (dt, 3J
(H,H)=6.3, 15.6 Hz, 1H), 6.75–7.82 (m, 14H); 13C NMR: d = 37.77,
59.32, 91.29, 126.89, 127.03, 127.07, 127.70, 128.59, 128.73, 128.78, 130.59,
130.69, 131.38, 132.33, 137.41, 139.00, 139.60, 140.60; MS (MALDI-TOF):
m/z : 512.33 [M+Na]+ , 528.32 [M+K]+ .


N 1-[(E)-4-(2,6-Dimethylphenyl)-1-phenyl-2-butenyl]-1-benzenesulfon-
amide (7h): In this reaction 2.5 mol% of complex 1c was used as cata-
lyst. The reaction mixture was stirred at 0 8C for 1 h and an additional
17 h at 20 8C. For column chromatography pentane/CH2Cl2 1:1 was used,
yielding 7h (59 mg, 95%). 1H NMR: d = 2.17 (s, 6H), 3.24 (d, 3J(H,H)=
5.7 Hz, 2H), 4.93 (t, 3J(H,H)=7 Hz, 1H), 5.11 (d, 3J(H,H)=7.7 Hz, 1H),
5.30 (dd, 3J(H,H)=6.3, 15.4 Hz, 1H), 5.53 (dt, 3J(H,H)=5.7, 15.3 Hz,
1H), 6.95–7.24 (m, 8H), 7.31 (t, 3J(H,H)=7.2 Hz, 2H), 7.44 (t, 3J(H,H)=
7.5 Hz, 1H), 7.71 (d, 3J(H,H)=7.4 Hz, 2H); 13C NMR: d = 19.78, 32.01,
59.24, 126.10, 126.88, 126.97, 127.54, 128.01, 128.47, 128.65, 129.01, 130.17,
132.26, 135.54, 136.42, 139.90, 140.61; MS (MALDI-TOF): m/z : 414.13
[M+Na]+ , 430.11 [M+K]+ .


N 1-[(E)-1-(4-Methylphenyl)-4-phenyl-2-butenyl]-4-methyl-1-benzenesul-
fonamide (7 i): The reaction mixture was stirred at 20 8C for 17 h. For
column chromatography pentane/EtOAc 5:1 was used, yielding 7 i
(51 mg, 82%). 1H NMR: d = 2.29 (s, 3H), 2.39 (s, 3H), 3.25 (d, 3J
(H,H)=6.3 Hz, 2H), 4.90 (t, 3J(H,H)=6.8 Hz, 1H), 4.99 (d, 3J(H,H)=


E 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 5260 – 52685266


K. J. Szab? et al.



www.chemeurj.org





6.8 Hz, 1H), 5.50 (dd, 3J(H,H)=6.2, 15.4 Hz, 1H), 5.64 (dt, 3J(H,H)=6.1,
15.1 Hz, 1H), 7.00–7.32 (m, 11H), 7.62 (d, 3J(H,H)=8.3 Hz, 2H);
13C NMR: d = 20.97, 21.44, 38.35, 59.14, 126.08, 126.86, 127.20, 128.36,
128.48, 129.19, 129.28, 129.35, 130.46, 131.80, 137.02, 137.32, 137.75,
139.47, 142.96; MS (MALDI-TOF): m/z : 414.35 [M+Na]+ , 430.36
[M+K]+ .


N 1-[(E)-4-(4-Fluorophenyl)-1-(4-methylphenyl)-2-butenyl]-4-methyl-1-
benzenesulfonamide (7 j): The reaction mixture was stirred at 20 8C for
17 h. For column chromatography pentane/EtOAc 5:1 was used, yielding
7j (65 mg, 95%). 1H NMR: d = 2.29 (s, 3H), 2.38 (s, 3H), 3.21 (d, 3J
(H,H)=6.3 Hz, 2H), 4.88 (t, 3J(H,H)=6.4 Hz, 1H), 5.09 (d, 3J(H,H)=
6.4 Hz, 1H), 5.49 (dd, 3J(H,H)=5.7, 15.6 Hz, 1H), 5.62 (dt, 3J(H,H)=6.2,
15.6 Hz, 1H), 6.87–7.06 (m, 8H), 7.14 (d, 3J(H,H)=8.0 Hz, 2H), 7.61 (d,
3J(H,H)=7.7 Hz, 2H); 13C NMR: d = 20.97, 21.42, 37.45, 59.11, 115.07
(d, J(C,F)=21.5 Hz), 126.84, 127.18, 129.22, 129.28, 129.92, 130.71,
131.59, 135.09 (d, J(C,F)=3.2 Hz), 136.94, 137.74, 143.01, 159.75, 162.99;
19F NMR: d = �117.59 (m); MS (MALDI-TOF): m/z : 432.36 [M+Na]+ ,
448.36 [M+K]+ .


N 1-[(E)-1-(4-Bromophenyl)-4-phenyl-2-butenyl]-4-methyl-1-benzenesul-
fonamide (7k): The reaction mixture was stirred at 20 8C for 15 h. For
column chromatography pentane/EtOAc 4:1 was used, yielding 7k
(68 mg, 93%). 1H NMR: d = 2.39 (s, 3H), 3.23 (d, 3J(H,H)=6.5 Hz,
2H), 4.89 (t, 3J(H,H)=6.6 Hz, 1H), 5.34 (d, 3J(H,H)=7.9 Hz, 1H), 5.45
(dd, 3J(H,H)=6.1, 16.0 Hz, 1H), 5.60 (dt, 3J(H,H)=6.6, 15.1 Hz, 1H),
6.97–7.61 (m, 13H); 13C NMR: d = 21.46, 38.32, 58.74, 121.46, 126.18,
127.11, 128.41, 128.44, 128.77, 129.35, 129.56, 131.50, 132.71, 137.46,
138.92, 139.15, 143.26; MS (MALDI-TOF): m/z : 478.30/480.30 [M+Na]+ ,
494.30/496.29 [M+K]+ .


N 1-[(2E,5E)-1-(4-Bromophenyl)-6-phenyl-2,5-hexadienyl]-4-methyl-1-
benzenesulfonamide (7 l): The reaction mixture was stirred at 20 8C for
3 h. For column chromatography pentane/EtOAc 5:1 was used, yielding
7 l (73 mg, 95%). 1H NMR: d = 2.35 (s, 3H), 2.81 (t, J=6.2 Hz, 2H),
4.91 (br t, J=6.8 Hz, 1H), 5.18 (brd, J=7.1 Hz, 1H), 5.42–5.59 (m, 2H),
6.01 (dt, J=15.7 Hz, 6.7 Hz, 1H), 6.29 (d, J=15.7 Hz, 1H), 7.01 (d, J=
8.2 Hz, 2H), 7.16 (d, J=8.2 Hz, 2H), 7.19–7.35 (m, 7H), 7.59 (d, J=
8.2 Hz, 2H); 13C NMR: d = 21.4, 35.2, 58.9, 121.5, 126.0, 127.1, 127.2,
128.5, 128.8, 129.4, 129.6, 131.3, 131.6, 131.9, 137.3, 137.6, 138.9, 143.3;
MS (MALDI-TOF): m/z : 504.05/506.04 [M+Na]+ , 520.06/522.05 [M+K]+.


N 1-[(E)-1,4-di(4-Bromophenyl)-2-butenyl]-4-methyl-1-benzenesulfon-
amide (7m): The reaction mixture was stirred at 20 8C for 15 h. For
column chromatography pentane/EtOAc 4:1 was used, yielding 7m
(82 mg, 95%). 1H NMR: d = 2.39 (s, 3H), 3.18 (d, 3J(H,H)=6.2 Hz,
2H), 4.88 (t, 3J(H,H)=6.8 Hz, 1H), 5.22 (d, 3J(H,H)=7.3 Hz, 1H), 5.44
(dd, 3J(H,H)=6.2, 15.6 Hz, 1H), 5.57 (dt, 3J(H,H)=6.7, 15.3 Hz, 1H),
6.89 (d, 3J(H,H)=8.1 Hz, 2H), 6.97 (d, 3J(H,H)=8.7 Hz, 2H), 7.13 (d, 3J
(H,H)=8.7 Hz, 2H), 7.30 (d, 3J(H,H)=8.4 Hz, 2H), 7.35 (d, 3J(H,H)=
8.4 Hz, 2H), 7.55 (d, 3J(H,H)=8.2 Hz, 2H); 13C NMR: d = 21.45, 37.47,
58.76, 115.03, 115.11, 115.31, 121.54, 127.11. 128.53, 128.75, 129.37, 129.44,
129.59, 129.80, 129.91, 131.56, 131.68, 132.51, 134.75, 134.79, 137.48,
138.82, 143.34, 159.79, 163.03; MS (MALDI-TOF): m/z : 556.40, 558.40,
560.38 [M+Na]+ , 572.39, 574.40, 576.38 [M+K]+ .


N 1-[(E)-1-(4-Bromophenyl)-4-(4-methoxyphenyl)-2-butenyl]-4-methyl-1-
benzenesulfonamide (7n): The reaction mixture was stirred at 20 8C for
16 h. For column chromatography pentane/EtOAc 5:1 was used, yielding
7n (75 mg, 95%). 1H NMR: d = 2.39 (s, 3H), 3.17 (d, 3J(H,H)=6.8 Hz,
2H), 3.78 (s, 3H), 4.88 (t, 3J(H,H)=8.4 Hz, 1H), 5.18 (d, 3J(H,H)=
8.7 Hz, 1H), 5.42 (dd, 3J(H,H)=6.5, 15.6 Hz, 1H), 5.57 (dt, 3J(H,H)=6.3,
15.3 Hz, 1H), 6.75–7.64 (m, 12H); 13C NMR: d = 21.46, 37.44, 55.22,
58.81, 113.85, 121.48, 127.13, 128.77, 129.36, 129.39, 131.15, 131.51, 133.25,
137.49, 138.94, 143.28, 158.03; MS (MALDI-TOF): m/z : 484.35/486.35
[M+H]+ , 508.37/509.37 [M+Na]+ , 524.36/526.36 [M+K]+ .


N 1-[(E)-1-(4-Bromophenyl)-4-(4-fluorophenyl)-2-butenyl]-4-methyl-1-
benzenesulfonamide (7o): The reaction mixture was stirred at 20 8C for
15 h. For column chromatography pentane/EtOAc 4:1 was used, yielding
7o (73 mg, 95%). 1H NMR: d = 2.39 (s, 3H), 3.20 (d, 3J(H,H)=6.5 Hz,
2H), 4.88 (t, 3J(H,H)=6.8 Hz, 1H), 5.33 (d, 3J(H,H)=8.2 Hz, 1H), 5.43
(dd, 3J(H,H)=6.5, 15.3 Hz, 1H), 5.58 (dt, 3J(H,H)=6.3, 15.8 Hz, 1H),
6.87–7.01 (m, 5H), 7.13 (d, 3J(H,H)=8.4 Hz, 2H), 7.30 (d, 3J(H,H)=


8.4 Hz, 2H), 7.56 (d, 3J(H,H)=8.3 Hz, 2H); 13C NMR: d = 21.45, 37.47,
58.76, 115.16 (d, J(C,F)=22.2 Hz), 121.54, 127.11, 128.75, 129.37, 129.91,
131.56, 132.51, 134.77 (d, J(C,F)=3.2 Hz), 137.47, 138.82, 143.34, 159.79,
163.03; 19F NMR: d = �117.43 (m); MS (MALDI-TOF): m/z : 496.34/
498.34 [M+Na]+ , 512.35/514.36 [M+K]+ .


N 1-[(E)-1-(4-Nitrophenyl)-4-phenyl-2-butenyl]-4-methyl-1-benzenesulfon-
amide (7p): The reaction mixture was stirred at 20 8C for 16 h. For
column chromatography pentane/EtOAc 4:1 was used, yielding 7p
(64 mg, 95%). 1H NMR: d = 2.37 (s, 3H), 3.23 (d, 3J(H,H)=6.6 Hz,
2H), 5.0 (t, 3J(H,H)=6.8 Hz, 1H), 5.44 (dd, 3J(H,H)=6.8, 13.7 Hz, 2H),
5.6 (dt, 3J(H,H)=7.3, 15.7 Hz, 1H), 7.01 (d, 3J(H,H)=7 Hz, 2H), 7.10–
7.36 (m, 7H), 7.59 (d, 3J(H,H)=8.4 Hz, 2H), 8.03 (d, 3J(H,H)=8.5 Hz,
2H); 13C NMR: d = 21.43, 38.34, 58.80, 123.63, 126.34, 127.11, 127.93,
128.42, 128.49, 128.75, 129.49, 133.95, 137.16, 138.77, 143.69, 147.12,
147.19; MS (MALDI-TOF): m/z : 445.07 [M+Na]+ , 461.06 [M+K]+ .


Stoichiometric reaction of complex 1c and boronic acid 3 f : Complex 1c
(prepared from 2.2 mg chloro complex 1a, 0.004 mmol) was mixed with
2-fluorophenyl boronic acid 3 f (0.008 mmol, 1.1 mg, 2 equiv) in [D8]THF
(0.5 mL) and water (0.05 mL). To this mixture was added CsF
(0.02 mmol, 3.0 mg, 5 equiv). The progress of the reaction was monitored
by an array experiment using 1H NMR spectroscopy.


Stoichiometric reaction of [Pd2dba3] and boronic acid 3 f : [Pd2(dba)3]
(3.7 mg, 0.004 mmol) was mixed with 2-fluorophenyl boronic acid 3 f
(0.008 mmol, 1.1 mg, 2 equiv) in [D8]THF (0.5 mL) and water (0.05 mL).
To this mixture was added CsF (0.020 mmol, 3.0 mg, 5 equiv). The prog-
ress of the reaction was monitored by an array experiment using
1H NMR spectroscopy.


Stoichiometric reaction of [Pd2(dba)3] and vinyl epoxide 2a affording
complex 9 : [Pd2dba3] (3.8 mg, 0.004 mmol) was mixed with vinyl epoxide
2a (0.008 mmol, 0.56 mg, 2 equiv) and LiCl (0.020 mmol, 0.56 mg,
5 equiv) in THF (0.5 mL). The progress of the reaction was followed by
1H NMR spectroscopy. After 60 min the product was purified by column
chromatography by using CH2Cl2 until all dibenzylidene acetone was
eluted and then CH2Cl2/Et2O 1:1 to get pure complex 9. 1H NMR: d =


3.00 (d, 3J(H,H)=12 Hz, 1H), 3.57 (ddd, J(H,H)=4.31 Hz, 7.0 Hz,
14.75 Hz, 1H), 3.81 (ddd, J(H,H)=3.4, 6.4, 14.8 Hz, 1H), 3.96 (dt, 3J
(H,H)=4.2, 10.9 Hz, 1H), 4.06 (d, 3J(H,H)=6.7 Hz, 1H), 5.59 (dt, 3J
(H,H)=6.7, 11.6 Hz, 1H); 13C NMR: d = 60.54, 61.79, 85.99, 107.67.
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Influence of HMPA on the Stereochemical Outcome of the Addition of a
Racemic Allenylzinc onto Enantiopure N-tert-Butanesulfinimines:
Stereoselective Access to Enantiopure cis-Ethynylaziridines**


Franck Ferreira,* Max Audouin, and Fabrice Chemla[a]


Introduction


Despite their great synthetic potential, relatively little inves-
tigation has been undertaken so far on both the synthesis
and the reactivity of alkynylaziridines. However, in the past
ten years, few syntheses have been reported in the litera-
ture.[1] Regarding enantiopure alkynylaziridines, only three
methods have been described. Dai!s group has first reported
the synthesis of enantiopure cis-alkynylaziridines by the
asymmetric aziridination of N-tosylimines with d-(+)-cam-
phor derived sulfonium ylides in moderate to good enantio-
selectivities (14–85% ee).[2] Shortly after, Ibuka and co-
workers disclosed two multi-step syntheses from (S)-a-
amino acids.[3] The key steps of these syntheses were a dehy-
drobromination reaction of 2-(1-bromovinyl)aziridine inter-
mediates and an aziridine ring closure of amino alcohols
bearing an ethynyl group under Mitsunobu conditions, re-
spectively. More recently, Tanaka and co-workers have de-


veloped a highly stereoselective synthesis of ethynylaziri-
dines from (S)-a-amino acids via the intramolecular amina-
tion of chiral bromoallene intermediates.[4] In both Ibuka!s
and Tanaka!s works, trans- and cis-alkynylaziridines could
be obtained in enantiomerically pure forms (ee >98%).
However, neither trans- nor cis-alkynylaziridines could be
prepared selectively since both had to be isolated from ster-
eoisomeric mixtures (at different steps of the syntheses) by
chromatographic separations. Moreover, the field of applica-
tion of this method still remains quite restricted because of
the limitation in the starting materials available, that is (S)-
a-amino acids.
As part of our general interest to prepare ethynylaziri-


dines,[5] we have very recently disclosed a straightforward
access to enantiopure trans-N-tert-butanesulfinylaziridines
through the condensation of the racemic allenylzinc 1, de-
rived from 1-chloro-3-trimethylsilylpropyne, onto the corre-
sponding enantiopure E sulfinimines (RS)-2 (Scheme 1).
In all cases, the high stereoselectivity was assumed to be


due to a good kinetic resolution of racemic allenylzinc 1
(which could be regarded as partially configurationally
stable at the time scale defined by the rate of the reaction),
the matched pair (aS)-1/(RS)-2 reacting much faster than the
mismatched pair (aR)-1/(RS)-2. This resolution was reasona-
bly postulated to result from the chelate type transition
state TS-1 in which the zinc atom of racemic allenylzinc 1 is
coordinated by both the nitrogen and the oxygen atoms of
the imine in a four-membered metallacycle.[6]


Abstract: In the presence of 60 equiva-
lents of HMPA, the condensation of
the racemic allenylzinc derived from
1-chloro-3-trimethylsilylpropyne onto
enantiopure non-a-branched N-tert-bu-
tanesulfinimines was proven to give
access to the corresponding cis-ethyny-
laziridines as the major products. The
good cis selectivity observed presuma-
bly resulted from a high kinetic resolu-


tion with the allenylzinc being partially
configurationally labile with respect to
the time scale defined by the rate of
the reaction. Both single crystal X-ray
analysis and semiempirical calculations


conducted at the MM2 and AM1 levels
of theory proved that the reaction cer-
tainly occurred through a preferred
synclinal transition state in a supra- or
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silica gel allowed the cis-ethynyl-N-tert-
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Thus, our method was proven to be valuable for the ster-
eoselective synthesis of enantiopure trans-ethynyl-N-tert-bu-
tanesulfinylaziridines. We then decided to expand its field of
application to the synthesis of the enantiopure cis com-
pounds, and we report herein our recent results about this
topic.


Results and Discussion


Reaction of racemic allenylzinc
1 in the presence of HMPA
(eight equivalents): Under the
assumption that the coordina-
tion of the zinc was responsible
for the formation of the chelate
transition state TS-1, we first
reasoned that using a Lewis
acid could have some influence on the stereoselective out-
come of the reaction. Indeed, because of the coordination of
the Lewis acid by both the nitrogen and oxygen atoms of
the imine, the formation of the chelate transition state TS-1
could perhaps be prevented. Under these conditions, we
even envisioned the formation of cis-ethynylaziridines as
major products through an open transition state with refer-
ence to our previous works on the addition of racemic alle-
nylzinc 1 onto N-sulfonylimines or aromatic aldehydes.[5a–c]


Unfortunately, in preliminary works, the pre-coordination of
N-tert-butanesulfinimines by ZnBr2 or BF3·Et2O in CH2Cl2
or MAD [methylaluminium bis(2,6-di-tert-butyl-4-methyl-
phenoxide)][7] in toluene was proven to afford the trans azir-
idines as major products. These
results could be explained by a
decoordination of the Lewis
acid which allows the subse-
quent coordination of the alle-
nylzinc species to take place;
this leads to the trans isomer
through TS-1. On the other
hand, the use of TiCl4 in
CH2Cl2 only led to unindenti-
fied by-products.
We proceeded under the as-


sumption that HMPA (i.e., hexa-
methylphosphoric triamide)
would be able to coordinate the
zinc atom of reagent 1 as ob-


served for various metal ions[8]


and more particularly for lithi-
um.[9] We could then envisioned
a switching of the stereoselec-
tivity as previously observed in
the cyclopropanation reaction
of telluronium allylides with
a,b-unsaturated esters and
amides.[10] On this assumption,
we decided to examine the re-


action of enantiopure E (S)-N-tert-butanesulfinimines (RS)-
2a–i, readily prepared in good yields from enantiopure (S)-
(+)-N-tert-butanesulfinamide according to Ellman!s proce-
dure,[11] with racemic allenylzinc 1 in the presence of HMPA
(Scheme 2).


In a typical procedure, sulfinimines (RS)-2a–i were react-
ed in Et2O with six equivalents of racemic allenylzinc 1 in
the presence of HMPA. At first, eight equivalents of HMPA
were used, that is 1.3 equivalents with respect to reagent 1
(Table 1).
These conditions allowed the reaction with non-a-


branched imines (RS)-2a–h to be complete (Table 1, en-
tries 1–10). Although after 30 min of stirring at �15 8C no
starting imine was detected by TLC, the reaction mixture
needed to be stirred overnight at room temperature to
reach the end of the aziridine ring closure from the a-chloro
N-zincated sulfinamide intermediates. On the other hand,
no reaction occurred with the a-branched imine (RS)-2 i


Scheme 1. Synthesis of enantiopure trans N-tert-butanesulfinylaziridines.[6]


Scheme 2. Reaction of racemic allenylzinc 1 onto enantiopure N-tert-butanesulfinimines (RS)-2a–i in the pres-
ence of HMPA.


Table 1. Addition of racemic allenylzinc 1 onto enantiopure N-tert-butanesulfinimines (RS)-2a–i in the pres-
ence of 8 equiv HMPA (Scheme 2).


Imine R Equiv rac-1 Aziridine cis/trans[a] dr (cis)[a]


1 (RS)-2a Me 6.0 (RS)-4a 86:14 >98:2
2 (RS)-2b Pr 1.0 (RS)-4b 51:49[b] >98:2
3 rac-2b Pr 3.0 rac-4b 78:22 >98:2
4 (RS)-2b Pr 6.0 (RS)-4b 75:25 >98:2
5 (RS)-2c heptyl 6.0 (RS)-4c 57:43 >98:2
6 (RS)-2d (E)-crotyl[c] 6.0 (RS)-4d 79:21 >98:2
7 (RS)-2e (E)-1-heptenyl 6.0 (RS)-4e 56:44 >98:2
8 (RS)-2 f (E)-cinnamyl 6.0 (RS)-4 f 85:15 >98:2
9 (RS)-2g 2-phenylethyl 6.0 (RS)-4g 53:47 >98:2
10 (RS)-2h 1-heptynyl 6.0 (RS)-4h 62:38 >98:2
11 (RS)-2 i c-hex 6.0 (RS)-4 i –[d] –[d]


[a] Selectivities were measured by 1H NMR at 400 MHz on the crude reaction mixtures. [b] 36% of the start-
ing imine was recovered. [c] As a mixture of the E and Z isomers in a 95:5 ratio. [d] No reaction.
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(Table 1, entry 11). As expected, HMPA had a dramatic in-
fluence on the stereochemical outcome of the reaction since
the corresponding aziridines (RS)-4a–h were obtained as cis/
trans isomeric mixtures with fair to high selectivities in favor
of the cis isomers (Table 1, entries 1 and 4–10). Overall
these selectivites were assigned by 1H NMR at 400 MHz al-
lowing the differentiation of the trans and cis isomers on the
crude reaction mixtures. Moreover, single cis isomers were
observed, as seen by 1H NMR at 400 MHz, indicating that
the N-tert-butanesulfinyl auxiliary had fully played the role
of a good chiral directing group. However, to our great sur-
prise, the cis-aziridines (RS)-4a–h were different from those
obtained, as minor products, when performing the reaction
without HMPA.[6] The absolute stereochemistry of the cis-
aziridines (RS)-4a–h was unambiguously deduced to be
(RS,2R,3S) from the single-crystal X-ray analysis of aziridine
(RS)-4 f (Figure 1).


[12]


When running the reaction between imine (RS)-2b and
only one equivalent of racemic allenylzinc 1, 36% of the
starting imine were recovered while an equimolar mixture
of cis- and trans aziridines was obtained (Table 1, entry 2).
This result could be explained by the configurational stabili-
ty of allenylzinc 1 with respect to the time scale defined by
the reaction rate under these conditions and strongly sug-
gests that each enantiomer of 1 gave only one isomer (cis or
trans). Furthermore, since the reaction of six equivalents of
racemic allenylzinc with imine (RS)-2b led to a cis/trans
ratio very close to that obtained with racemic imine 2b
(Table 1, entries 3 versus 4), we could reasonably postulated
that almost the highest kinetic resolution was attained under
these conditions.[13]


Reaction of racemic allenylzinc 1 in the presence of HMPA
(60 equivalents): The amount of HMPA was also shown to
have an influence on the level of the stereoselectivity of the
addition of racemic allenylzinc 1 onto N-tert-butanesulfini-
mines (RS)-2a–h. Indeed, using larger amounts of HMPA al-
lowed the stereoselectivity to be improved in all cases. In
fact, the best results were obtained with 60 equivalents of
HMPA, that is 10 equivalents with respect to allenylzinc 1
(entries 1 and 3–9, Table 2).
All imines (RS)-2a–h gave the corresponding aziridines


(RS)-4a–h with better cis/trans
ratios, ranging from 71:29 to
89:11. Moreover, aziridines
(RS)-4a–h could be isolated in
good yields (50 to 64%) as dia-
stereo- and enantiopure com-
pounds (dr >98:2 and ee >


99%) by flash chromatography
on silica gel.
When carrying out the reac-


tion between imine (RS)-2b and
only one equivalent of racemic
allenylzinc 1, 55% of the start-
ing imine was recovered while a
66:34 cis/trans ratio was ob-


tained (Table 2, entry 2). This result, significantly different
from 50:50 (obtained in the presence of 8 equiv HMPA, see
above), could be explained by the partial configurational la-
bility of allenylzinc 1 with respect to the time scale defined
by the reaction rate under these conditions. Thus, everything
proceeded as planned though the rate of racemization of al-
lenylzinc 1 were higher in the presence of 60 equivalents of
HMPA than in the presence of eight equivalents. This appar-
ent faster racemization of 1 could well explained the in-


Figure 1. ORTEP drawing of cis-aziridine (RS)-4 f.


Table 2. Addition of six equivalents of racemic allenylzinc 1 onto enantiopure N-tert-butanesulfinimines (RS)-
2a–h in the presence of 60 equiv HMPA (Scheme 2).


Entry Imine R Aziridine cis/trans[a] dr (cis)[a] Yield [%][b]


1 (RS)-2a Me (RS)-4a 89:11 >98:2 64
2 (RS)-2b Pr (RS)-4b 66:34[c] >98:2 [d]


3 (RS)-2b Pr (RS)-4b 84:16 >98:2 54
4 (RS)-2c heptyl (RS)-4c 78:22 >98:2 56
5 (RS)-2d (E)-crotyl[e] (RS)-4d 84:16 >98:2 55
6 (RS)-2e (E)-1-heptenyl (RS)-4e 71:29 >98:2 62
7 (RS)-2 f (E)-cinnamyl (RS)-4 f 87:13 >98:2 56
8 (RS)-2g 2-phenylethyl (RS)-4g 71:29 >98:2 50
9 (RS)-2h 1-heptynyl (RS)-4h 73:27 >98:2 60


[a] Selectivities were measured by 1H NMR at 400 MHz on the crude reaction mixtures. [b] Yields in the puri-
fied major cis isomers. [c] Reaction carried out with 1 equiv racemic allenylzinc 1; 55% of the starting imine
was recovered. [d] Not determined. [e] As a mixture of the E and Z isomers in a 95:5 ratio.
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creasing of the cis/trans ratio when using 60 equivalents of
HMPA.[13]


Conformation of N-tert-butanesulfinimines and possible
transition states : The absolute stereochemistry (RS,2R,3S) of
the cis aziridines could be explained not only by an antiperi-
planar transition state TS-2, with reference to N-sulfonyli-
mines and aromatic aldehydes,[5a] but also by a synclinal
transition state TS-3 (Scheme 3). However, because of steric
interactions between the chlorine and the oxygen of the N-
tert-butanesulfinyl group in TS-2, the synclinal transition
state TS-3 would certainly be preferred. It is noteworthy
that TS-3, which corresponds to a suprafacial SE2’ process,
could alternatively be replaced with TS-3’ corresponding to
an antarafacial SE2’ process (Scheme 3).


The structures of these transition states were supported
by both semiempirical MM2 and AM1 calculations[14] which
clearly indicated that the conformation C-1 (Figure 2) is the
most stable conformation of the imine. For instance, in the
case of imine (RS)-4 f, MM2 calculations have shown that
the conformation C-1 is preferred by 5.23 kJmol�1 relative
to the C-2 one (Figure 2). A similar trend was observed by
AM1 calculations since the heat of formation of the C-1
conformation was determined to be lower by 24.34 kJmol�1


than the C-2 one. It is noteworthy that the C-2 conformation
has been previously assumed to be the reactive conforma-
tion through the coordination of the zinc, when performing
the reaction without HMPA, as depicted in Scheme 1.


These semiempirical calculations are fully in accordance
with previous theoretical works by Bharatam!s group.[15]


Indeed, this group has carried out calculations using ab
initio and density functional (DFT) methods at the MP2-
(full)/6-31+G* level to study the conformational preferences
of the simplest sulfinimine H(O)S-N=CH2. Then, it has been
shown that this sulfinimine prefers to adopt the conforma-
tion C-3, in which the S�O bond and the lone pair on the ni-
trogen atom are antiperiplanar, mainly as a result of an im-
portant nN ! s*S–O negative hyperconjugative interaction.
In addition, these theoretical calculations strongly suggested
that the conformation of sulfinimines is blocked because of
a high S–N rotational barrier (41.30 kJmol�1).
Like the major cis-aziridines (RS)-4a–h, the minor trans


isomers (RS)-4a–h were formed as single diastereomers. The
latter were different from those, that is (RS)-3, which had
been previously obtained as the major compounds in the ab-
sence of HMPA.[6] As a consequence, the stereochemistry of
the trans-aziridines (RS)-4a–h could be unambiguously as-
signed to (RS,2S,3S). By analogy with TS-3 and TS-3’, only
the synclinal transition states TS-4 and TS-4’ could reasona-
bly be evoked to explain the formation of trans-aziridines
(RS)-4a–h (Scheme 4).
Moreover, as each enantiomer of allenylzinc 1 gives only


one isomer (cis or trans), it could be assumed that trans- and
cis aziridines are obtained through the same supra- or antar-
afacial processes. In other words, two competitive synclinal
transition states TS-3/TS-4 or TS-3’/TS-4’ could be evoked
to explain our results (Figure 3).
Thus, the synclinal transition states TS-3/3’ and TS-4/4’, in


which allenylzinc 1 approaches onto the less hindered face
of the imine (the Re face), that is opposite to the very bulky
tert-butyl substituent at the sulfur center, correspond to the
matched and mismatched situations, respectively. These


Scheme 3. Postulated synclinal transition states TS-3 and TS-3’ for the
formation of cis-aziridines (RS)-4a–h.


Figure 2. MM2 calculations on the conformation of sulfinimine (RS)-4 f.
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competitive transition states allow the decreasing of the cis/
trans ratio to be explained when the substituent R on the
imine becomes bulkier and bulkier. Indeed, the bulkier is
the substituent R on the imine, the higher are the steric in-
teractions with the chlorine atom in the synclinal transition
states TS-3/3’. On the other hand, the bulkiness of R should


have only little influence on the synclinal transition states
TS-4/4’ since the allenyl moiety can be regarded as very
little hindered (see Figure 3). Then, making the substituent
R bulkier and bulkier should render TS-3/3’ less favored rel-
ative to TS-4/4’ leading to a drop in the cis selectivity. More-
over, with the very bulky a-branched sulfinimine (RS)-2 i
(Table 1, entry 11) no reaction occurred at all, neither
through TS-3/3’ nor TS-4/4’. This is in agreement with our
previously works which have shown that such an imine ex-
hibited a low reactivity towards allenylzinc 1 even through
the chelate transition state.


Variable temperature NMR experiments on trans aziridines :
Surprisingly, all trans-aziridines (RS)-4a–h exhibited many
broad signals by 1H NMR at 400 MHz at room temperature
in CDCl3 or C6D6. More striking, in all


13C NMR spectra,
several signals were missing. For instance, in the case of
trans-aziridine (RS)-4g, the two aziridinyl hydrogens and the
four hydrogens of the -(CH2)2- group were not distinguisha-


ble by 1H NMR at 20 8C in
CDCl3 giving two broad signals
between 2.90–2.63 and 2.15–
2.07 ppm, respectively (Fig-
ure 4a). For the same com-
pound, only four carbons, out
of the thirteen non-equivalent
carbons of the molecule, gave
signals by 13C NMR at 20 8C in
CDCl3 (Figure 5a)!
NMR experiments at low


temperature were then per-
formed. The 1H NMR spectrum
of trans-aziridine (RS)-4g ob-
tained at �20 8C in CDCl3 ex-
hibited two sets of signals
among which two trimethylsilyl
and two tert-butyl groups were
discernible. Moreover, two dou-
blets with coupling constants of
3.8 and 3.3 Hz were distinctly
observed at 2.93 and 2.70 ppm,
respectively. These two dou-
blets correspond to two differ-
ent propargylic aziridinyl hy-
drogens; this suggests the pres-
ence of two invertomers, with a
trans stereochemistry for the
aziridine ring, in a 64:36 ratio
(Figure 4b). This experiment
showed that the critical temper-
ature (Tc) was between 0 and


�10 8C and allowed a barrier of interconversion of about
54 kJmol�1 to be determined.
Similarly, in the 13C NMR spectrum of trans-aziridine


(RS)-4g recorded at �50 8C in CDCl3, twenty-five carbons
were observed and more particularly four acetylenic car-
bons. This was again in agreement with a mixture of two in-


Scheme 4. Postulated synclinal transition states TS-4 and TS-4’ for the
formation of trans-aziridines (RS)-4a–h.


Figure 3. Origin of the cis selectivity in the additon of racemic allenylzinc 1 onto enantiopure imines (RS)-2a–h
in the presence of HMPA.
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vertomers (Figure 5b). At last, when running the 13C NMR
experiment in CDCl3 at 40 8C, nine carbons were discernible.
At this temperature, the equilibrium between the two inver-
tomers was making faster so that only one set of signals was
observed. However, four carbons were still missing (Fig-
ure 5c).
Thus, we reasoned that all trans-aziridines (RS)-4a–h were


obtained as mixtures of the two possible (RN) and (SN) in-
vertomers in slow equilibrium with respect to the time scale
defined by the NMR rate at 20 8C in CDCl3 or C6D6
(Scheme 5).


Conclusion


In summary, HMPA was proven to have a dramatic influ-
ence on the stereochemical outcome of the condensation of
racemic allenylzinc 1 onto enantiopure non-a-branched N-
tert-butanesulfinimines (RS)-2. Performing the reaction in
the presence of 60 equivalents of HMPA in Et2O allowed
the corresponding cis-ethynylaziridines (RS)-4 to be formed
as the major compounds with good to high selectivities (cis/


trans ratios ranging from 71:29
to 89:11). The cis selectivity
was postulated to result from a
high kinetic resolution through
a synclinal transition state in a
supra- or antarafacial SE2’ pro-
cess which has been supported
by semiempirical AM1 and
MM2 calculations. Further-
more, after chromatographic
separation over silica gel,
(RS,2R,3S) cis-ethynyl-N-tert-
butanesulfinylaziridines (RS)-4
were obtained as diastereo- and
enantiomerically pure products
(>98:2 dr and >99% ee).


Experimental Section


General remarks : Experiments involv-
ing organometallic compounds were
carried out in dried glassware under a
positive pressure of dry nitrogen.
Liquid nitrogen was used as a cryo-
scopic fluid. A four neck round-
bottom flask equipped with an internal
thermometer, a septum cap, a nitrogen
or argon inlet and a mechanic stirring
was used. Et2O was freshly distilled
from sodium/benzophenone prior to
use. Zinc bromide (98%) was pur-
chased from Aldrich. It was melted
under dry nitrogen and, immediately
after cooling down to room tempera-
ture, was dissolved in anhydrous Et2O.
Commercial nBuLi was titrated with
an 1m solution of sBuOH in toluene


in the presence of 2,2’-dichinolyl. All other reagents and solvents were of
commercial quality and were used without purification. Flash column
chromatographic separations were carried out over Merck silica gel 60
(0.015–0.040 mm). 1H NMR and 13C NMR spectra were recorded on a
Bruker Avance 400 spectrometer. Chemical shifts are reported in ppm
relative to an internal standard of residual chloroform (7.27 ppm for
1H NMR and 77.1 ppm for 13C NMR) or benzene (7.15 ppm for 1H NMR
and 128.6 ppm for 13C NMR). IR spectra were recorded with a ATRD
Bruker Tensor 27 spectrophotometer. Melting points were not corrected
and were measured with a Stuart Scientific melting point apparatus
SMP3 (1C). MS and HRMS were performed by the Service de Spectro-
mCtrie de Masse de l!Ecole Normale SupCrieure (Paris).


General procedure 1—Synthesis of enantiopure N-tert-butanesulfini-
mines (RS)-2 : Ellman!s procedure


[11] was followed starting from enantio-
pure N-tert-butanesulfinamide (RS)-2 (>99% ee). The spectral data of
imines (RS)-2b,d were identical to those reported in the literature.


[6]


Under a nitrogen atmosphere, a stirred suspension of (RS)-(+)-tert-buta-
nesulfinamide (>99% ee, 605 mg, 5.00 mmol), aldehyde (1.5 to
7.0 equiv), PPTS (65 mg, 0.25 mmol) and anhydrous MgSO4 (3.00 g,
25.00 mmol) in CH2Cl2 (8 mL) was stirred 24 h at room temperature. The
mixture was filtered over a pad Celite and concentrated in vacuo. The re-
sidual oil was purified by flash chromatography over silica gel yielding
enantiopure E-sulfinimine (RS)-2.


(RS,E)-(�)-N-Ethylidene-tert-butanesulfinamide [(RS)-2a]: GP 1 was fol-
lowed with acetaldehyde (2.0 mL, 35.0 mmol). Flash chromatography
(CH2Cl2) over silica gel yielded enantiopure sulfinimine (RS)-2a as a


Figure 4. a) 1H NMR spectrum of trans-aziridine (RS)-4g in CDCl3 at 20 8C. b)
1H NMR spectrum of trans-azir-


idine (RS)-4g in CDCl3 at �20 8C.
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yellow oil (430 mg, 2.93 mmol, E/Z 97:3, 59%). [a]D = �207.1 (c = 1.20,
CHCl3, 20 8C);


1H NMR (CDCl3): d = 9.79 (q, J=3.0 Hz, 1H Z isomer),
8.09 (q, J=5.2 Hz, 1H E isomer), 2.24 (d, J=6.1 Hz, 3H E isomer), 2.21
(d, J=2.6 Hz, 3H Z isomer), 1.20 (s, 9H); 13C NMR (CDCl3): d = 166.3,


50.9, 22.8, 22.5; IR (ATR Diamand): ñ
= 2960 (w), 2925 (w), 2868 (w), 1626
(m), 1078 cm�1 (s); MS (CI, NH3): m/
z : 165 [M+NH4


+], 148 [M+H+].


(RS,E)-(�)-N-Octylidene-tert-butane-
sulfinamide [(RS)-2c]: GP 1 was fol-
lowed with octanal (1.20 mL,
7.50 mmol). Flash chromatography
over silica gel (5!25% Et2O/pentane)
yielded sulfinimine (RS)-2c (784 mg,
3.39 mmol, 68%) as a yellow oil. [a]D
= �180.9 (c = 0.96, CHCl3, 20 8C);
1H NMR (CDCl3): d = 8.07 (t, J=
4.8 Hz, 1H), 2.55–2.49 (m, 2H), 1.67–
1.59 (m, 2H), 1.40–1.24 (m, 8H), 1.20
(s, 9H), 089 (t, J=6.6 Hz, 3H);
13C NMR (CDCl3): d = 169.7, 56.4,
36.1, 31.7, 29.2, 29.0, 25.5, 22.6, 22.3,
14.1; IR (ATR Diamand): ñ = 2955
(w), 2925 (w), 2856 (w), 1621 (m),
1085 cm�1 (s); MS (CI, NH3): m/z : 232
[M+H+].


(RS,E,E)-(�)-N-(2-Octenyl)idene-tert-
butanesulfinamide [(RS)-2e]: GP 1
was followed with technical (E)-2-oc-
tenal (1.50 mL, 10.00 mmol). Flash
chromatography over silica gel (5!
20% Et2O/pentane) yielded sulfini-
mine (RS)-2e (933 mg, 4.07 mmol, E/Z
98:2, 82%) as a pale yellow oil. [a]D
= �428.3 (c = 0.92, CHCl3, 20 8C);
1H NMR (CDCl3): d = 8.62 (d, J=
8.8 Hz, 1H Z isomer), 8.20 (d, J=
9.1 Hz, 1H E isomer), 6.56 (td, J=6.6,
15.4 Hz, 1H), 6.44 (tdd, J=1.3, 9.1,
15.4 Hz, 1H), 2.30 (q, J=7.0 Hz, 2H),
1.55–1.49 (m, 2H), 1.36–1.32 (m, 4H),
1.22 (s, 9H), 0.92 (t, J=6.6 Hz, 3H);
13C NMR (CDCl3): d = 164.1, 151.7,
128.6, 57.0, 32.9, 31.2, 27.8, 22.3, 13.9;
IR (ATR Diamand): ñ = 2957 (w),
2926 (w), 2859 (w), 1639 (m), 1580 (s),
1080 cm�1 (s); MS (CI, NH3): m/z : 247
[M+NH4


+], 230 [M+H+].


(RS,E,E)-(�)-N-(3-Phenylpropenyl)-
idene-tert-butanesulfinamide [(RS)-2 f]:
GP 1 was followed with (E)-cinnamal-
dehyde (1.26 mL, 10.00 mmol). Flash
chromatography over silica gel (10!
40% Et2O/pentane) yielded sulfini-
mine (RS)-2 f (1.00 g, 4.26 mmol, 85%)
as a yellow solid. M.p. 56–58 8C; [a]D
= �344.1 (c = 0.92, CHCl3, 20 8C);
1H NMR (CDCl3): d = 8.40 (d, J=
9.1 Hz, 1H), 7.58–7.56 (m, 2H), 7.45–
7.40 (m, 3H), 7.26 (d, J=15.7 Hz,
1H), 7.11 (dd, J=9.1, 15.7 Hz, 1H),
1.26 (s, 9H); 13C NMR (CDCl3): d =


163.8, 146.4, 135.0, 130.2, 130.0, 127.9,
125.5, 57.6, 22.5; IR (ATR Diamand):
ñ = 3056 (w), 2963 (w), 2927 (w),
2866 (w), 1625 (m), 1597 (s), 1579 (s),
1099 cm�1 (s); MS (CI, NH3): m/z : 236
[M+H+].


(RS,E)-(�)-N-(3-Phenylpropyl)idene-
tert-butanesulfinamide [(RS)-2g]: GP 1 was followed with 3-phenylpro-
pionaldehyde (0.66 mL, 7.50 mmol). Flash chromatography over silica gel
(10!30% Et2O/pentane) yielded sulfinimine (RS)-2g (1.07 g, 4.51 mmol,


Figure 5. a) 13C NMR spectrum of trans-aziridine (RS)-4g in CDCl3 at a) 20 8C; b) �50 8C; c) 40 8C.
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90%) as a colorless oil. [a]D = �207.1 (c = 1.20, CHCl3, 20 8C);
1H NMR (CDCl3): d = 8.12 (t, J=4.2 Hz, 1H), 7.31–7.28 (m, 2H), 7.26–
7.19 (m, 3H), 3.00–2.97 (m, 2H), 2.90–2.85 (m, 2H), 1.14 (s, 9H);
13C NMR (CDCl3): d = 168.5, 140.3, 128.5, 128.3, 126.3, 56.5, 37.4, 31.4,
22.3; IR (ATR Diamand): ñ = 3061 (w), 3027 (w), 2958 (w), 2924 (w),
1621 (m), 1079 cm�1 (s); MS (CI, NH3): m/z : 255 [M+NH4


+], 238
[M+H+].


(RS,E)-(�)-N-(2-Octynyl)idene-tert-butanesulfinamide [(RS)-2h]: GP 1
was followed with 2-octynal (1.42 mL, 10.00 mmol). Flash chromatogra-
phy over silica gel (5!25% Et2O/pentane) yielded sulfinimine (RS)-2h
(969 mg, 4.27 mmol, 86%) as a yellow oil. [a]D = �260.8 (c = 1.03,
CHCl3, 20 8C);


1H NMR (CDCl3): d = 7.88 (t, J=1.8 Hz, 1H), 2.47 (td,
J=1.8, 7.0 Hz, 2H), 1.70–1.60 (m, 2H), 1.46–1.33 (m, 4H), 1.25 (s, 9H),
093 (t, J=7.0 Hz, 3H); 13C NMR (CDCl3): d = 148.3, 103.6, 77.7, 57.8,
31.0, 27.5, 22.4, 22.0, 19.7, 13.8; IR (ATR Diamand): ñ = 2929 (m), 2862
(w), 2216 (s), 1565 (s), 1086 cm�1 (s); MS (CI, NH3): m/z: 245 [M+NH4


+],
228 [M+H+].


General procedure 2—Addition of racemic allenylzinc 1 onto pure E
enantiopure N-tert-butanesulfinimines (RS)-2 : Under a nitrogen atmos-
phere, to a solution of 1-chloro-3-trimethylsilylpropyne (0.48 mL,
3.00 mmol) in anhydrous Et2O (24 mL) were successively added at
�95 8C, TMEDA (0.46 mL, 3.00 mmol) and nBuLi (2.15m solution in
hexanes, 1.20 mL, 3.00 mmol). After 5 min of stirring at �95 8C, to the
yellow mixture was added dropwise a solution of ZnBr2 (1.0m in Et2O,
3.00 mL, 3.00 mmol). The resulting white slurry mixture was warmed to
�15 8C at which temperature HMPA (5.25 mL, 30.00 mmol) and the sulfi-
nimine (RS)-2 (0.50 mmol) in anhydrous Et2O (2 mL) were successively
added. The mixture was stirred at �15 8C for 30 min and then warmed to
room temperature. After being stirred overnight at this temperature, the
solution was quenched by 1m HCl (25 mL). The layers were separated
and the aqueous one extracted with Et2O (3T25 mL). The combined or-
ganic layers were successively washed with 1m HCl (10 mL), saturated
aqueous NaHCO3 (10 mL), water (2T10 mL) and brine (10 mL). The re-
sulting organic layer was then dried over anhydrous MgSO4 and concen-
trated in vacuo. The residual oil was purified by flash chromatography
yielding enantiopure cis- and trans-aziridines (RS)-4.


Addition of 1 onto Sulfinimine (RS)-2a : GP 2 was followed with sulfini-
mine (RS)-2a (74 mg, 0.50 mmol). Flash chromatography over silica gel
(5!20% Et2O/pentane) yielded major cis- and minor trans-aziridines
(RS)-4a.


(RS,2R,3S)-(�)-N-tert-Butanesulfinyl-3-methyl-2-trimethylsilylethynyl-
aziridine [cis-(RS)-4a]: Obtained as a yellow solid (83 mg, 0.32 mmol,
64%). M.p. <20 8C; [a]D = �248.7 (c = 1.10, CHCl3, 20 8C);


1H NMR
(CDCl3, 20 8C): d = 2.87–2.81 (m, 1H), 2.72 (d, J=6.8 Hz, 1H), 1.37 (d,
J=5.8 Hz, 3H), 1.25 (s, 9H), 0.19 (s, 9H); 13C NMR (CDCl3, 20 8C): d =


100.6, 88.7, 56.9, 31.1, 28.3, 22.7, 13.2, �0.1; IR (ATR Diamand): ñ =


2960 (w), 2929 (w), 2901 (w), 2869 (w), 2176 (w), 1250 (m), 1081 (s), 835
(s), 759 cm�1 (m); HRMS: m/z : calcd for C12H24NOSSi: 258.1348; found:
258.1340 [M+H+].


(RS,2S,3S)-(�)-N-tert-Butanesulfinyl-3-methyl-2-trimethylsilylethynylazir-
idine [trans-(RS)-4a]: Obtained as a pale yellow solid (19 mg, 0.07 mmol,
14%). M.p. 54–56 8C; [a]D = �97.1 (c = 1.25, CHCl3, 20 8C);


1H NMR
(CDCl3, 20 8C): d = 2.95–2.60 (m, 2H), 1.42–1.27 (m, 3H), 1.25 (s, 9H),
0.17 (s, 9H); 13C NMR (CDCl3, 20 8C): d = 22.8, 0.0 (missing six car-
bons); IR (ATR Diamand): ñ = 3002 (w), 2960 (w), 2924 (w), 2899 (w),


2865 (w), 2184 (w), 2161 (w), 1247 (m), 1076 (s), 836 (s), 760 cm�1 (m);
HRMS: m/z : calcd for C12H24NOSSi: 258.1348; found: 258.1346 [M+H+].


Addition of 1 onto sulfinimine (RS)-2b : GP 2 was followed with sulfini-
mine (RS)-2b (88 mg, 0.50 mmol). Flash chromatography over silica gel
(5!20% Et2O/pentane) yielded major cis- and minor trans-aziridines
(RS)-4b.


(RS,2R,3S)-(�)-N-tert-Butanesulfinyl-3-propyl-2-trimethylsilylethynylazir-
idine [cis-(RS)-4b]: Obtained as a yellow oil (77 mg, 0.27 mmol, 54%).
[a]D = �206.3 (c = 1.16, CHCl3, 20 8C);


1H NMR (C6D6, 20 8C): d =


2.89–2.85 (m, 1H), 2.78 (d, J=6.8 Hz, 1H), 1.73–1.66 (m, 2H), 1.48–1.27
(m, 2H), 1.03 (s, 9H), 0.87 (t, J=7.3 Hz, 3H), 0.08 (s, 9H); 13C NMR
(C6D6, 20 8C): d = 102.4, 89.0, 57.0, 36.1, 31.4, 29.0, 23.1, 20.6, 14.7, 0.4;
IR (ATR Diamand): ñ = 2959 (m), 2174 (w), 1250 (m), 1082 (s), 839 (s),
759 cm�1 (m); HRMS: m/z : calcd for C14H28NOSSi: 286.1661; found:
286.1665 [M+H+].


(RS,2S,3S)-(�)-N-tert-Butanesulfinyl-3-propyl-2-trimethylsilylethynylazir-
idine [trans-(RS)-4b]: Obtained as a yellow oil (17 mg, 0.06 mmol, 12%).
[a]D = �115.5 (c = 1.16, CHCl3, 20 8C);


1H NMR (CDCl3, 20 8C): d =


2.80–2.72 (m, 2H), 1.81–1.74 (m, 1H), 1.57–1.40 (m, 3H), 1.26 (s, 9H),
0.98 (t, J=7.3 Hz, 3H), 0.19 (s, 9H); 13C NMR (CDCl3, 20 8C): d = 22.6,
13.8, �0.2 (missing seven carbons); IR (ATR Diamand): ñ = 2959 (m),
272 (w), 2175 (w), 1249 (m), 1080 (s), 840 (s), 759 cm�1 (m); HRMS: m/z :
calcd for C14H28NOSSi: 286.1661; found: 286.1667 [M+H+].


Addition of racemic allenylzinc 1 onto sulfinimine (RS)-2c : GP 2 was fol-
lowed with sulfinimine (RS)-2c (116 mg, 0.50 mmol). Flash chromatogra-
phy over silica gel (5!20% Et2O/pentane) yielded major cis- and minor
trans-aziridines (RS)-4c.


(RS,2R,3S)-(�)-N-tert-Butanesulfinyl-3-heptyl-2-trimethylsilylethynylazir-
idine [cis-(RS)-4c]: Obtained as a yellow oil (96 mg, 0.28 mmol, 56%).
[a]D = �136.6 (c = 1.06, CHCl3, 20 8C);


1H NMR (C6D6, 20 8C): d =


2.94–2.88 (m, 1H), 2.80 (d, J=6.6 Hz, 1H), 1.79–1.72 (m, 2H), 1.51–1.17
(m, 10H), 1.04 (s, 9H), 0.90 (t, J=6.8 Hz, 3H), 0.09 (s, 9H); 13C NMR
(CDCl3, 20 8C): d = 101.0, 88.7, 57.1, 35.9, 32.0, 29.7, 29.4, 28.6, 28.3,
26.5, 22.9, 20.6, 14.3, 0.0; IR (ATR Diamand): ñ = 2957 (m), 2925 (w),
2857 (w), 2173 (w), 1249 (m), 1083 (s), 840 (s), 759 cm�1 (m); HRMS: m/
z : calcd for C18H36NOSSi: 342.2287; found: 342.2281 [M+H+].


(RS,2S,3S)-(�)-N-tert-Butanesulfinyl-3-heptyl-2-trimethylsilylethynylazir-
idine [trans-(RS)-4 c]: Obtained as a yellow oil (27 mg, 0.08 mmol, 16%).
[a]D = �82.2 (c = 1.23, CHCl3, 20 8C);


1H NMR (CDCl3, 20 8C): d =


2.90–2.62 (m, 2H), 1.81–1.76 (m, 1H), 1.51–1.28 (m, 11H), 1.27 (s, 9H),
0.89 (t, J=6.9 Hz, 3H), 0.19 (s, 9H); 13C NMR (CDCl3, 20 8C): d = 32.0,
29.5, 29.4, 22.9, 22.8, 14.3, 0.1 (missing seven carbons); IR (ATR Dia-
mand): ñ = 2957 (m), 2926 (m), 2857 (m), 2176 (w), 1249 (m), 1081 (s),
840 (s), 759 cm�1 (m); HRMS: m/z : calcd for C18H36NOSSi: 342.2287;
found: 342.2288 [M+H+].


Addition of 1 onto sulfinimine (RS)-2d : GP 2 was followed with sulfini-
mine (RS)-2d (86 mg, 0.50 mmol). Flash chromatography over silica gel
(5!20% Et2O/pentane) yielded major cis- and minor trans-aziridines
(RS)-4d.


[(RS,2R,3S)-(E)]-(�)-N-tert-Butanesulfinyl-3-(1-propenyl)-2-trimethylsilyl-
ethynylaziridine [cis-(RS)-4d]: Obtained as a yellow oil (77 mg,
0.27 mmol, 55%). [a]D = �112.9 (c = 1.01, CHCl3, 20 8C);


1H NMR
(CDCl3, 20 8C): d = 5.93 (qd, J=6.6, 15.1 Hz, 1H), 5.42 (ddq, J=1.8, 8.8,
15.1 Hz, 1H), 3.24 (dd, J=6.8, 8.8 Hz, 1H), 2.86 (d, J=6.8 Hz, 1H), 1.81
(dd, J=1.8, 6.6 Hz, 3H), 1.23 (s, 9H), 0.20 (s, 9H); 13C NMR (CDCl3,
20 8C): d = 133.2, 124.5, 100.5, 89.1, 57.4, 36.4, 28.7, 22.9, 18.2, �0.2; IR
(ATR Diamand): ñ = 2959 (w), 2901 (w), 2868 (w), 2180 (w), 1250 (m),
1082 (s), 840 (s), 759 cm�1 (m); HRMS: m/z : calcd for C14H26NOSSi:
284.1504; found: 284.1500 [M+H+].


[(RS,2S,3S)-(E)]-(�)-N-tert-Butanesulfinyl-3-(1-propenyl)-2-trimethylsilyl-
ethynylaziridine [trans-(RS)-4d]: Obtained as a yellow solid as a mixture
of two invertomers in a 93:7 ratio (19 mg, 0.07 mmol, 13%). M.p. 41–
43 8C; [a]D = �131.9 (c = 1.23, CHCl3, 20 8C);


1H NMR (CDCl3, 20 8C):
d = 6.02–5.93 (m, 1H), 5.50–5.03 (m, 1H), 3.19–2.81 (m, 2H), 1.85 (dd,
J=1.8, 6.8 Hz, 3H minor invertomer), 1.76 (dd, J=1.5, 6.4 Hz, 3H for
the major invertomer), 1.27 (s, 9H), 0.19 (s, 9H); 13C NMR (CDCl3,
20 8C): d = 23.0, 18.3, 0.0 (missing seven carbons); IR (ATR Diamand):


Scheme 5. Slow equilibrium between the two trans invertomers.
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ñ = 2958 (w), 2173 (w), 1249 (m), 1078 (s), 840 (s), 759 cm�1 (m);
HRMS: m/z : calcd for C14H26NOSSi: 284.1504; found: 284.1507 [M+H+].


Addition of 1 onto sulfinimine (RS)-2e : GP 2 was followed with sulfini-
mine (RS)-2e (115 mg, 0.50 mmol). Flash chromatography over silica gel
(5!15% Et2O/pentane) yielded major cis- and minor trans-aziridines
(RS)-4e.


[(RS,2R,3S)-(E)]-(�)-N-tert-Butanesulfinyl-3-(1-heptenyl)-2-trimethylsilyl-
ethynylaziridine [cis-(RS)-4e]: Obtained as a yellow oil (105 mg,
0.31 mmol, 62%). [a]D = �60.9 (c = 1.08, CHCl3, 20 8C);


1H NMR
(CDCl3, 20 8C): d = 5.93 (td, J=6.8, 15.7 Hz, 1H), 5.38 (ddt, J=1.3, 8.9,
15.7 Hz, 1H), 3.24 (dd, J=6.6, 8.9 Hz, 1H), 2.86 (d, J=6.6 Hz, 1H), 2.11
(qd, J=1.3, 6.6 Hz, 2H), 1.45–1.37 (m, 2H), 1.33–1.26 (m, 4H), 1.22 (s,
9H), 0.90 (t, J=6.8 Hz, 3H), 0.19 (s, 9H); 13C NMR (CDCl3, 20 8C): d =


138.8, 123.2, 100.6, 89.0, 57.4, 36.6, 32.5, 31.3, 28.8, 28.6, 22.9, 22.5, 14.1,
�0.1; IR (ATR Diamand): ñ = 2957 (m), 2926 (m), 2858 (w), 2174 (w),
1731 (w), 1666 (w), 1250 (m), 1082 (s), 841 (s), 759 cm�1 (m); HRMS: m/
z : calcd for C18H34NOSSi: 340.2130; dound: 340.2134 [M+H+].


[(RS,2S,3S)-(E)]-(�)-N-tert-Butanesulfinyl-3-(1-heptenyl)-2-trimethylsilyl-
ethynylaziridine [trans-(RS)-4e]: Obtained as a yellow oil (35 mg,
0.11 mmol, 21%). [a]D = �95.7 (c = 1.05, CHCl3, 20 8C);


1H NMR
(CDCl3, 20 8C): d = 6.02–5.88 (m, 1H), 5.45–4.90 (m, 1H), 3.33–2.71 (m,
2H), 2.07 (q, J=6.8 Hz, 2H), 1.40–1.17 (m, 17H), 0.89 (t, J=6.8 Hz,
3H), 0.19 (s, 9H); 13C NMR (CDCl3, 20 8C): d = 31.3, 30.4, 28.7, 22.8,
22,5, 14.1, �0.1 (missing seven carbons); IR (ATR Diamand): ñ = 2957
(m), 2926 (m), 2858 (w), 2177 (w), 1730 (w), 1249 (m), 1078 (s), 841 (s),
760 cm�1 (m); HRMS: m/z : calcd for C18H34NOSSi: 340.2130; found:
340.2127 [M+H+].


Addition of 1 onto sulfinimine (RS)-2 f : GP 2 was followed with sulfini-
mine (RS)-2 f (118 mg, 0.50 mmol). Flash chromatography over silica gel
(5!20% Et2O/pentane) yielded major cis- and minor trans-aziridines
(RS)-4 f.


[(RS,2R,3S)-(E)]-(+)-N-tert-Butanesulfinyl-3-(2-phenylethenyl)-2-trimeth-
ylsilylethynylaziridine [cis-(RS)-4 f]: Obtained as a pale yellow solid
(96 mg, 0.28 mmol, 56%). M.p. 116–120 8C (decomp); [a]D = ++15.9
(c = 1.10, CHCl3, 20 8C);


1H NMR (CDCl3, 20 8C): d = 7.44–7.38 (m,
2H), 7.38–7.29 (m, 3H), 6.82 (d, J=16.2 Hz, 1H), 6.17 (dd, J=8.8,
16.2 Hz, 1H), 3.44 (dd, J=6.6, 8.8 Hz, 1H), 2.99 (d, J=6.6 Hz, 1H), 1.26
(s, 9H), 0.21 (s, 9H); 13C NMR (CDCl3, 20 8C): d = 136.3, 136.2, 128.7,
128.2, 126.5, 123.0, 100.3, 89.5, 57.6, 36.8, 29.3, 22.9, �0.1; IR (ATR Dia-
mand): ñ = 3034 (w), 2984 (w), 2954 (w), 2898 (w), 2867 (w), 2167 (w),
1655 (w), 1598 (w), 1578 (w), 1250 (m), 1077 (s), 841 (s), 758 cm�1 (m);
HRMS: m/z : calcd for C19H28NOSSi: 346.1661; found: 346.1667 [M+H+].


[(RS,2S,3S)-(E)]-(�)-N-tert-Butanesulfinyl-3-(2-phenylethenyl)-2-trime-
thylsilylethynylaziridine [trans-(RS)-4 f]: Obtained as a pale yellow solid
(26 mg, 0.08 mmol, 15%). M.p. 113–116 8C (decomp); [a]D = �231.3 (c
= 1.01, CHCl3, 20 8C);


1H NMR (C6D6, 20 8C): d = 7.40–7.28 (m, 5H),
6.83 (brd, J=15.7 Hz, 1H), 6.30–5.77 (m, 1H), 3.60–2.87 (m, 2H), 1.28
(s, 9H), 0.21 (s, 9H); 13C NMR (CDCl3, 20 8C): d = 136.2, 128.9, 128.4,
126.8, 23.0, 0.1 (missing seven carbons); IR (ATR Diamand): ñ = 3027
(w), 2957 (w), 2169 (w), 1598 (w), 1578 (w), 1250 (m), 1071 (s), 839 (s),
758 cm�1 (m); HRMS: m/z : calcd for C19H28NOSSi: 346.1661; found:
346.1663 [M+H+].


Addition of 1 onto sulfinimine (RS)-2g : GP 2 was followed with sulfini-
mine (RS)-2g (119 mg, 0.50 mmol). Flash chromatography over silica gel
(5!20% Et2O/pentane) yielded major cis- and minor trans-aziridines
(RS)-4g.


(RS,2R,3S)-(�)-N-tert-Butanesulfinyl-3-(2-phenylethyl)-2-trimethylsilyl-
ethynylaziridine [cis-(RS)-4g]: Obtained as a pale yellow solid (86 mg,
0.25 mmol, 50%). M.p. 54–56 8C; [a]D = �129.9 (c = 0.91, CHCl3,
20 8C); 1H NMR (C6D6, 20 8C): d = 7.19–7.05 (m, 5H), 2.95–2.89 (m,
1H), 2.78 (d, J=6.6 Hz, 1H), 2.76–2.70 (m, 1H), 2.53–2.46 (m, 1H),
2.07–1.95 (m, 2H), 0.99 (s, 9H), 0.09 (s, 9H); 13C NMR (CDCl3, 20 8C): d
= 141.2, 128.5, 128.3, 126.1, 100.5, 88.8, 57.0, 35.2, 32.6, 30.7, 28.1, 22.6,
�0.1; IR (ATR Diamand): ñ = 3028 (w), 2961 (w), 2927 (w), 2864 (w),
2171 (w), 1603 (w), 1249 (m), 1080 (s), 836 (s), 762 cm�1 (m); HRMS: m/
z : calcd for C19H30NOSSi: 348.1817; found: 348.1821 [M+H+].


(RS,2S,3S)-(�)-N-tert-Butanesulfinyl-3-(2-phenylethyl)-2-trimethylsilyl-
ethynylaziridine [trans-(RS)-4g]: Obtained as a white solid (35 mg,
0.10 mmol, 20%). M.p. 103–106 8C; [a]D = �118.7 (c = 0.90, CHCl3,
20 8C).
1H NMR (CDCl3):


at +20 8C : d = 7.33–7.27 (m, 2H), 7.27–7.18 (m, 3H), 2.90–2.63 (m, 5H),
2.15–2.07 (m, 1H), 1.26 (s, 9H), 0.18 (s, 9H);


at �20 8C (as a mixture of two invertomers 64:36): d = 7.33–7.27 (m,
2H, major and minor invertomers), 7.27–7.18 (m, 3H, major and minor
invertomers), 2.93 (d, J=3.8 Hz, 1H minor invertomer), 2.91–2.87 (m,
2H minor invertomer), 2.84–2.72 (m, 2H major invertomer), 2.70 (d, J=
3.3 Hz, 1H major invertomer), 2.69–2.60 (m, 1H, minor invertomer),
2.19–2.14 (m, 1H, major invertomer), 2.13–1.98 (m, 1H, major inverto-
mer), 1.58–1.43 (m, 1H, major invertomer), 1.45–1.40 (m, 1H minor in-
vertomer), 1.27(s, 9H, minor invertomer), 1.25 (s, 9H, major invertomer),
0.18 (s, 9H, major invertomer), 0.15 (s, 9H, minor invertomer);
13C NMR (CDCl3):


at +20 8C : d = 128.7, 128.6, 126.4, 28.8, 0.0 (missing eight carbons);


at +40 8C : d = 140.8, 128.4, 128.3, 126.1, 57.0, 33.0, 31.6, 22.6, �0.3 (miss-
ing four carbons);


at �50 8C (as a mixture of two invertomers): d = 141.2 (major inverto-
mer), 140.9 (minor invertomer), 128.9 (minor invertomer), 128.84 (major
invertomer), 128.81 (minor invertomer), 128.6 (major and minor inverto-
mers), 126.4 (major invertomer), 102.3 (minor invertomer), 99.3 (major
invertomer), 92.8 (major invertomer), 86.7 (minor invertomer), 58.2
(minor invertomer), 57.1 (major invertomer), 45.3 (minor invertomer),
38.2 (major invertomer), 34.0 (minor invertomer), 33.6 (major inverto-
mer), 32.5 (major invertomer), 31.5 (major invertomer), 30.0 (minor in-
vertomer), 23.9 (minor invertomer), 22.9 (minor invertomer), 22.7 (major
invertomer), 0.1 (minor invertomer), 0.0 (major invertomer);


IR (ATR Diamand): ñ = 3058 (w), 3025 (w), 3001 (w), 2959 (w), 2922
(w), 2860 (w), 2177 (w), 1601 (w), 1250 (m), 1080 (s), 836 (s), 758 cm�1


(m); HRMS: m/z : calcd for C19H30NOSSi: 348.1817; found: 348.1820
[M+H+].


Addition of 1 onto sulfinimine (RS)-2h : GP 2 was followed with sulfini-
mine (RS)-2h (114 mg, 0.50 mmol). Flash chromatography over silica gel
(5!10% Et2O/pentane) yielded major cis- and minor trans-aziridines
(RS)-4h.


(RS,2R,3S)-(�)-N-tert-Butanesulfinyl-3-(1-heptynyl)-2-trimethylsilylethy-
nylaziridine [cis-(RS)-4h]: Obtained as a pale yellow oil (101 mg,
0.30 mmol, 60%). [a]D = �129.7 (c = 1.03, CHCl3, 20 8C);


1H NMR
(C6D6, 20 8C): d = 3.51 (td, J=1.8, 6.3 Hz, 1H), 2.80 (d, J=6.3 Hz, 1H),
2.02 (dt, J=1.8, 7.1 Hz, 2H), 1.41–1.34 (m, J=6.6 Hz, 2H), 1.28–1.14 (m,
4H), 1.07 (s, 9H), 0.82 (t, J=7.1 Hz, 3H), 0.13 (s, 9H); 13C NMR (C6D6,
20 8C): d = 101.5, 89.7, 85.5, 75.2, 58.0, 31.7, 29.8, 29.2, 26.6, 23.2, 23.0,
19.6, 14.7, 0.4; IR (ATR Diamand): ñ = 2957 (m), 2931 (w), 2862 (w),
2240 (w), 2170 (w), 1250 (m), 840 (s), 760 (m) cm�1; HRMS: m/z : calcd
for C18H32NOSSi: 338.1974; found: 338.1975 [M+H+].


(RS,2S,3S)-(�)-N-tert-Butanesulfinyl-3-(1-heptynyl)-2-trimethylsilylethy-
nylaziridine [trans-(RS)-4h]: Obtained as a yellow oil (46 mg, 0.14 mmol,
27%). [a]D = �110.2 (c = 1.11, CHCl3, 20 8C);


1H NMR (C6D6, 20 8C):
d = 3.31–2.98 (m, 2H), 2.21–2.19 (m, 2H), 1.54–1.40 (m, 2H), 1.38–1.30
(m, 3H), 1.29 (s, 9H), 0.90 (t, J=7.1 Hz, 3H), 0.18 (s, 9H); 13C NMR
(C6D6, 20 8C): d = 66.6, 57.7, 30.9, 28.1, 22.7, 22.1, 18.7, 14.0, 0.0 (missing
five carbons); IR (ATR Diamand): ñ = 2957 (m), 2931 (w), 2862 (w),
2240 (w), 2170 (w), 1250 (m), 840 (s), 760 (m) cm�1; HRMS: m/z : calcd
for C18H32NOSSi: 338.1974; found: 338.1980 [M+H+].
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Silica-Gel-Confined Ionic Liquids: A New Attempt for the Development of
Supported Nanoliquid Catalysis


Feng Shi, Qinghua Zhang, Dongmei Li, and Youquan Deng*[a]


Introduction


Supported solid nanocatalysis has been the subject of enor-
mous interest in catalysis science and technology, because of
its potential and wide-ranging applications in the chemical
industry and environmental protection.[1,2] In previous stud-
ies and applications, supported solid nanocatalysts were ba-
sically metals, oxides, or zeolites; that is, the catalytically
active nanomaterials were all macroscopic solids. A typical


representation of supported solid nanocatalysts would be
metal oxides or polymer-supported Au nanocatalysts, which
have exhibited high catalytic activity for CO oxidation or
carbonylations.[3–5]


On the other hand, homogeneous or liquid-phase catalysts
offer a number of important advantages; for example, all
catalytically active sites are accessible and uniform. Usually,
solvents are indispensable as reaction media and have even
played an important role in efficient homogeneous catalysis.
Different or unexpected catalytic performance may occur if
a bulk homogeneous catalyst system, that is, a reaction
medium plus metal complex catalyst, is highly dispersed on
the nanoscale. Nanoliquid catalyst production has not yet
been reported in the literature, probably because of difficul-
ties in obtaining stable nanoliquid catalysts due to the vola-
tility of ordinary organic solvents as reaction media for the


Abstract: A new concept of designing
and synthesizing highly dispersed ionic-
liquid catalysts was developed through
physical confinement or encapsulation
of ionic liquids (with or without metal
complex) in a silica-gel matrix through
a sol–gel process. We studied ionic liq-
uids such as EMImBF4, BuMImBF4,
DMImBF4, CMImBF4, BuMImPF6,
either with or without [Pd(PPh3)2Cl2]
and [Rh(PPh3)3Cl], in a silica-gel
matrix (E=ethyl, Bu=butyl M=


methyl, D=decyl, C=cetyl and Im=


imidazolium). The contents of ionic liq-
uids and loadings of Pd or Rh were 8–
53 wt% and 0.1~0.15 wt%, respective-
ly. Analyses of FT-Raman spectra
showed that abnormal Raman spectra
of the confined ionic liquids were ob-
served in comparison with the bulk and
pure ionic liquids. EMImBF4 and Bu-
MImBF4 ionic liquids could be com-


pletely washed out from the silica-gel
matrix under vigorous reflux condi-
tions, but ionic liquids with larger mo-
lecular size, for example, DMImBF4 or
CMImBF4, could be confined into the
silica-gel nanopores relatively firmly.
These results suggested that the ionic
liquids were physically confined or en-
capsulated into the silica gel. The N2


adsorption measurements indicated
that the silica-gel skeleton was mesopo-
rous with 50–110 = pore size after the
BuMImBF4 ionic liquid was removed
completely. Transmission electron mi-
croscopy (TEM) and X-ray diffraction
(XRD) analysis showed that the silica-
gel matrix was amorphous and non-
uniformly mesoporous. Carbonylation


of aniline and nitrobenzene for synthe-
sis of diphenyl urea, carbonylation of
aniline for synthesis of carbamates, and
oxime transformation between cyclo-
hexanone oxime and acetone were
used as test reactions for these cata-
lysts. Catalytic activities were remarka-
bly enhanced with much lower
amounts of ionic liquids needed with
respect to bulk ionic-liquid catalysts or
silica-supported ionic-liquid catalysts
prepared with simple impregnation, in
which the ionic liquid may be deposit-
ed as a thin layer on the support. Such
unusual enhancement in catalytic activ-
ities may be attributed to the formation
of nanoscale and high-concentration
ionic liquids due to the confinement of
the ionic liquid in silica gel; this results
in unusual changes in the symmetry
and coordination geometry of the ionic
liquids.


Keywords: carbonylation · cataly-
sis · ionic liquids · nanotechnology ·
synthesis design
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metal complex catalyst. However, some studies on confined
nanoliquids have been reported recently.[6–8]


Though not new, room-temperature ionic liquids have re-
ceived much attention as being potentially environmentally
benign or as suitable reaction media for organic syntheses,
nanosolid catalysts,[9–16] and as novel liquid catalysts.[17–26]


Their favorable properties, such as thermal stability, negligi-
ble vapor pressure, peculiar ion environment, and diversity,
may provide good opportunities to develop new kinds of
supported nanoliquid catalyst systems. Here, an attempt has
been made to confine ionic liquids either with or without
metal complex, into the nanopores of solid silica gel with a
“one-pot assembly” of ionic liquid (or ionic liquid plus
metal complex) and silicate ester through a sol–gel process.
Under these conditions, a new kind of mesoporous silica-
gel-supported ionic-liquid nanocatalyst could be established,
since ionic liquids could also be used as appropriate tem-
plates to prepare nanostructured materials.[27,28] The key
concept of designing and synthesizing such a catalyst system
involves the physical confinement or encapsulation of ionic
liquid (either with or without metal complex) through a tra-
ditional sol–gel process, based on the hydrolysis of silicate
esters to produce a solid matrix with desired pore sizes or
cavities and channels. The ionic liquid acts as both catalyst
and reaction media, and the solid matrix acts as the nano-
scale reactor connected with inlets and outlets to contain
the ionic liquid and metal complex and to allow reactants
and products to be transported in or out. The pore size of
the nanoreactor should be large enough to contain ionic liq-
uids, while the channel size of the nanoreactor should be
small enough to prevent ionic liquids or metal complex from
leaching; however, the channel size must also be large
enough for free transportation of reactant and product,
(Figure 1). Therefore, they are intrinsically different from
previously reported supported or immobilized ionic-liquid
catalysts,[28–30] in which the ionic-liquid fragment, such as the
dialkyl imidazolium cation, was covalently bound to the


silica surface or immobilized by dipping the porous support
in the ionic liquid containing the metal complex. Chemical
bonding of the dialkyl imidazolium cation to a solid surface,
however, may limit the degrees of freedom of the dialkyl
imidazolium cation and even change the physicochemical
properties of the ionic liquids. Hence the leaching of the
ionic liquids and metal-complex catalyst was unavoidable
under rigorous reaction conditions if the supported ionic-
liquid catalyst was prepared by physical adsorption or by
having the ionic liquid as a thin layer on a support material.


Results and Discussion


FT-Raman characterization of silica-gel-confined ionic-
liquid catalysts : Since the concentration of metal complex in
the silica-gel-confined ionic-liquid catalysts was too low to
be detected in the FT-Raman spectrometer, only the sam-
ples of silica-gel-confined ionic liquid without the metal
complex are shown here. BuMImBF4/silica gel and
DMImBF4/silica gel (Scheme 1) with different ionic liquid


loadings were firstly characterized with FT-Raman spectros-
copy, Figures 2 and 3. The results revealed that the Raman
spectra at 8–53 wt%Bu(or D)MImBF4/silica gel samples
were different from pure bulk ionic liquids, that is, abnormal
FT-Raman spectra were observed. In comparison with cor-
responding bulk ionic liquids, the bands at 2967, 1421, and


766 cm�1 for BuMImBF4 (or
2898, 1421, 1025, and 766 cm�1


for DMImBF4), which may be
attributable to several skeletal
modes of the side alkyl chains
of imidazolium,[31–34] were re-
markably inhibited, or even
disappeared and then reap-
peared, with increasing loading
of the ionic liquids. At the
same time, bands at 2941,
1449, and 880 cm�1 for
BuMImBF4 (or 2930, 1453, and
879 cm�1 for DMImBF4),
which may be attributable to
several skeletal modes of the
imidazolium ring, appeared or
strengthened, and then disap-
peared or weakened again,
when the loadings of confined


Figure 1. Illustration of the synthesis of silica-gel-confined ionic liquids with and without the metal complex
(Mc).


Scheme 1. General structure for the ionic liquids. X=BF4: n=1
EMImBF4, n=3 BuMImBF4, n=9 DMImBF4, n=15 CMImBF4; X=


PF6: n=3 BuMImPF6. E=Ethyl; M=Methyl; Im= imidazolium; Bu=
Butyl; D=Decyl; C=Cetyl.
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ionic liquids were increased from 8 and 17 wt% and then to
35 and 53 wt%. It is worth noting that such unusual spectral
peaks were much stronger when the loadings of confined
ionic liquids ranged from 8 to 17 wt%, and such aberration
became small and then reverted back to the same or normal
spectral peaks as the bulk ionic liquids when the loadings of
confined ionic liquids were further increased to 53 wt%.
Unusual FT-Raman spectra similar to those for BuMImBF4/
silica gel were also observed for 17 wt%EMImBF4/silica
gel, 17 wt%CMImBF4/silica gel (Figure 4), and 17 wt%Bu-
MImPF6/silica gel samples (though not shown here; see


Scheme 1 for structures of these ionic liquids). This suggests
that such aberration in the Raman spectra may be mainly
related to skeletal-mode modification of the imidazolium
ring, since variations in side-chain length of imidazolium or
in anions have less impact on such phenomena.


To investigate the stability of the ionic liquids confined in
silica gel, the prepared samples in which the ionic liquids
had different lengths of side chain attached to the imidazoli-
um group were washed in acetone (30 mL) under vigorous
reflux at 60 8C for 3 h. This was done because BuMImBF4,
DMImBF4, CMImBF4, and BuMImPF6 ionic liquids are
completely soluble in acetone at this temperature. Then FT-
Raman analysis was conducted (Figure 5). It can be seen
that ionic liquids DMImBF4 and CMImBF4, which have
longer side chains, could be firmly confined into the silica
gel, while BuMImBF4 with shorter side chains was, since the
Raman spectral peaks of DMImBF4 and CMImBF4 re-


Figure 2. FT-Raman spectra of pure BuMImBF4 and BuMImBF4/silica
gel with different ionic liquid loadings: a) 8 wt%, b) 17 wt%, c) 35 wt%,
d) 53 wt%, and e) pure BuMImBF4.


Figure 3. FT-Raman spectra of pure DMImBF4 and DMImBF4/silica gel
with different ionic liquid loadings: a) 8 wt%, b) 17 wt%, c) 35 wt%,
d) 53 wt%, and e) pure DMImBF4.


Figure 4. FT-Raman spectra of a) 17 wt%EMImBF4/silica gel, b) pure
EMImBF4, c) 17 wt%CMImBF4/silica gel, and d) pure CMImBF4 .
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mained, while those of BuMImBF4 disappeared almost com-
pletely after these samples were washed under the above-
mentioned conditions. Since CMImBF4 and DMImBF4 ionic
liquids are completely soluble in acetone at 60 8C, the fact
that they could not be washed out from the silica gel should
not be attributed to their lower solubility in acetone. This
may also imply that there was no chemical bonding between
the silica-gel surface and ionic liquid fragments, that is, the
ionic liquids were physically confined or encapsulated into
the silica gel, and porous materials of silica gel may be pro-
duced if the confined ionic liquids or liquids acting as a
“template” were removed completely.


BET characterization of the silica-gel matrix : A porous
silica-gel matrix could be formed if the confined ionic liq-
uids with a smaller relative molecular size, such as Bu-
MImBF4, could be removed without destroying the remain-
ing skeleton of silica gel. N2 adsorption measurements,
which have been a powerful tool for nano- or mesoporous
material characterization,[35–37] were performed to attain
more insight of the porous silica gels prepared by using
ionic liquids as templates. Since DMImBF4 or CMImBF4


were confined into the pores of silica gel relatively firmly
and could not be washed out in acetone under vigorous re-
fluxing, the accurate data of average pore volume and diam-
eter of the silica-gel matrix containing DMImBF4 and
CMImBF4 are not available. We only measured the remain-
ing skeleton of silica gel in which BuMImBF4 and Bu-
MImPF6 ionic liquids were confined at different loadings
ranging from 0–53 wt%. For the skeletons of silica gel
which had originally contained confined BuMImBF4 ionic
liquid, the isotherm plots showed distinct hysteresis loops,
whereas isotherm plots of silica gel prepared without any


ionic liquid involvement indicated the formation of the typi-
cal structures of mesoporous materials (Figure 6). The BET
surface areas were decreased from 933 to 322 m2g�1, but the
average pore volume and average pore diameters increased
from 0.298 to 1.35 cm3g�1 and 29 to 109 =, respectively,
when amounts of confined ionic liquids were increased from
0 to 53 wt% (Table 1). Furthermore, it can be seen that the
pore-size distributions were quite narrow and then became
wider when the amounts of confined BuMImBF4 ionic
liquid was below 35 wt% or near to 53 wt%, respectively;
this suggests that ionic liquids may be well confined in the
pores of silica gel when the loadings of ionic liquids were
lower than 35 wt%. In the case of silica-gel-confined Bu-
MImPF6, mesoporous silica gel was also obtained when the
ionic liquid was removed (Figure 7), but the corresponding
average pore diameters were much larger (168 and 343 =)
and the pore-size distribution became quite wide relative to
that of BuMImBF4/silica gels (42 and 71 = and a relatively
narrow pore-size distribution) when the same amount of
ionic liquids by weight were confined.


TEM and XRD analysis : We analyzed pure silica gel
(that is 0 wt% ionic liquid loading) and 17 wt%DMImBF4/
silica gel by high-resolution transmission electron microsco-
py (HRTEM), see Figure 8. Uniform but amorphous tex-
tures were observed for both the pure silica gel and silica-
gel-confined ionic liquids. Unfortunately, the “particles” of
ionic liquid over or in the silica gel were not visible, since
the ionic liquid could not be distinguished from the silica
gel substrate. Although not shown here, XRD results
of pure silica gel, 17 wt%BuMImBF4/silica gel, and
17 wt%DMImBF4/silica gel showed that the structures of
silica gel and the ionic liquids were amorphous.


Based on the results of FT-Raman spectroscopy, N2 ad-
sorption measurements, TEM and XRD analysis, some in-
sight into the silica-gel-confined ionic liquids could be
gained.


1) the size of particles of ionic liquids confined in the silica-
gel matrix may range into the nanoscale; for example,
ionic-liquid particles 40–110 = in diameter may be
formed over 7–53 wt%BuMImBF4/silica gel.


2) The unusual FT-Raman spectra could be attributed to
the nanoeffect; that is, changes in the ionic liquid sym-
metry and unusual coordination geometry occurred
when ionic liquids were confined or encapsulated into
the nanopores of silica gel.[38–41] Also, unusual FT-Raman
spectra showing strong peaks occurred when the amount
of confined ionic liquids was about 17 wt%.


3) The fact that BuMIm cations could move in the channels
easily but DMIm and CMIm cations could not suggested
that the silica-gel matrices containing BuMImBF4 and
DMImBF4 may possess similar sizes of channels, al-
though the pore-size distributions of silica gel matrices
containing DMImBF4 were unknown.


4) The particle sizes of DMImBF4 and CMImBF4 in
DMIm(or CMIm)BF4/silica gels, though not derivable
through N2 adsorption measurement, should also be in


Figure 5. FT-Raman spectra of 17 wt%B(or D/C)MImBF4/silica gel
before and after washing. a),b) 17 wt%BuMImBF4/silica gel before and
after washing; c),d) 17 wt%DMImBF4/silica gel before and after wash-
ing; e), f) 17 wt%CMImBF4/silica gel before and after washing.
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Figure 6. Pore-size distribution and N2 adsorption–desorption isotherms of silica gel matrices after the confined BuMImBF4 was removed: a) silica gel
skeleton from 8 wt%BuMImBF4/silica gel, b) silica gel skeleton from 17 wt%BuMImBF4/silica gel, c) silica gel skeleton from 35 wt%BuMImBF4/silica
gel, and d) silica gel skeleton from 53 wt%BuMImBF4/silica gel.


Table 1. Results of N2 adsorption measurements of the remaining skeletons of silica gel after being washed to remove confined BuMImBF4 and
BuMImPF6 ionic liquids.


Original samples BET surface
area [m2g�1]


Single desorption
pore volume [cm3g�1]


BJH desorption
average pore
diameter [=]


pure silica gel 933 0.298 29
8%BuMImBF4/silica gel 634 0.878 42
17%BuMImBF4/silica gel 415 1.059 71
35%BuMImBF4/silica gel 360 1.044 81
53%BuMImBF4/silica gel 322 1.35 109
8%BuMImPF6/silica gel 212 1.32 168
17%BuMImPF6/silica gel 108 1.15 343
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the nanoscale range, since very similar unusual FT-
Raman spectra were exhibited.


5) Non-uniform mesoporous silica gels confined with nano-
scale ionic-liquid particles were formed.


Synthesis of diphenyl urea :
Carbonylation of aniline and
nitrobenzene for the synthesis
of diphenyl is an important
process that generally proceeds
in the presence of a suitable
noble-metal complex as cata-
lyst. For the purpose of com-
parison, [Rh(PPh3)3Cl] only,
physical mixtures of
DMImBF4/silica gel, and [Rh-
(PPh3)3Cl]/DMImBF4/silica gel
as catalysts were examined


first (Table 2, entries 1–3). Poor catalytic performances were
observed over these catalysts. However, the carbonylation
of aniline and nitrobenzene proceeded efficiently over Rh-
(or Pd)–D(or E)MImBF4/silica gel as catalysts with conver-
sions of 81–93% and selectivity >98% (Table 2, entries 4–
6). The best catalytic performance was achieved over Rh-
DMImBF4/silica gel, and the corresponding TOF exceeded
11000 molmol�1h�1. In comparison with the results shown
in Table 2 (entries 1–3), it is worth noting that although the
amount of ionic liquid used was much less, the catalytic per-
formances were much better for the metal complex/ionic
liquid/silica gel catalysts. This means that more enhanced
catalytic activity was exhibited through the confinement or
high concentration of an ionic liquid containing a metal
complex in the pores or cavities of the silica-gel matrix;
however, such an effect would disappear when the bulk
ionic liquid and metal complexes were completely diluted
with large amounts of the reactant molecules, thus resulting
in poor catalytic performance. For the catalyst regeneration,


Figure 7. Pore-size distribution and N2 adsorption–desorption isotherms
of silica gel matrices after the confined BuMImPF6 was removed: Top:
silica gel skeleton from 8 wt%BuMImPF6/silica. Bottom: silica gel skele-
ton from 17 wt%BuMImPF6/silica gel.


Figure 8. TEM pictures of a) pure silica gel and b) 17 wt%DMImBF4/
silica gel.


Table 2. Results of carbonylation of nitrobenzene and aniline to diphenyl urea.


Catalysts Ionic liquid/ Conversion [%] Sel TOF[a]


metal complex [mg] nitrobenzene aniline [%]


1 [Rh(PPh3)3Cl] 0/1 8 9 >95 1586
2 DMImBF4+ silica gel 200/0 – – – –
3 [Rh(PPh3)3Cl]+DMImBF4+pure silica gel 200/1 41 39 >98 7463
4 0.11 wt%Rh–35 wt%DMImBF4/silica gel ~35/~1 93 92 >98 11548
5 0.15 wt%Pd–35 wt%DMImBF4/silica gel ~35/~1 81 79 >98 7440
6 0.13 wt%Rh–35 wt%EMImBF4/silica gel ~35/~1 85 84 >98 10550
7[b] 0.11 wt%Rh–35 wt%DMImBF4/silica gel ~35/~1 83 81 >98 10800
8[b] 0.13 wt%Rh–35 wt%EMImBF4/silica gel ~35/~1 16 16 >98 9987
9 0.11 wt%Rh–35 wt%DMImBF4/SiO2 ~35/~1 3 4 >98 2180


[a] TOF=mol substrates converted per mol metal complexes per hour. [b] The catalyst system had been re-
covered and reused for the second time.


H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 5279 – 52885284


Y. Deng et al.



www.chemeurj.org





methanol (20 mL) was added to the resultant solid mixture
(if the conversion and selectivity was high enough) to dis-
solve the unreacted substrates from the catalyst and desired
product. The mixture was filtered to remove methanol con-
taining unreacted substrates, and water (20 mL) was added
to the remaining solid mixture containing diphenyl urea and
the catalyst. The diphenyl urea floats on the water surface
and the catalyst is deposited on the base of the reaction
vessel. Hence, they could be separated easily with a simple
dredge and filtration, and the catalyst could be reused after
drying. An aniline conversion of 81% and >98% selectivity
were maintained when 0.11 wt%Rh-35 wt%DMImBF4/
silica gel was reused for the second time (Table 2, entry 7).
The catalytic activity was greatly reduced when the used
Rh-EMImBF4/silica gel was reused for the second time
(Table 2, entry 8). Analyses of Rh content in 0.11 wt%Rh-
35 wt%DMImBF4/silica gel and 0.13 wt%Rh-35 wt%
EMImBF4/silica gel after being used for twice gave
results of 0.08 and 0.09 wt%, respectively. FT-Raman analy-
ses of the ionic liquids contents in 0.11 wt%Rh-
35 wt%DMImBF4/silica gel and 0.13 wt%Rh-35 wt%-
EMImBF4/silica gel before and after reaction showed that
the characteristic peaks of EMImBF4 had almost disap-
peared, whilst the characteristic peaks of DMImBF4 could
be observed clearly but were slightly weakened. These re-
sults suggested that the deactivation of 0.13 wt%Rh-
35 wt%EMImBF4/silica gel was mainly due to EMImBF4


leaching from silica gel, because of its smaller molecular
size rather than Rh complex leaching, while DMImBF4


could be confined into the pores of silica gel relatively
firmly due to its larger molecular size, thus maintaining a
more stable activity. Though not shown here, carbonylation
of aniline and nitrobenzene were also examined over Rh-D-
(or E)MImPF6/silica gels. It was found that BuMImPF6 was
liable to decompose in the presence of water or acid during
reaction.


For the purpose of comparison, a silica-supported ionic-
liquid catalyst containing Rh(PPh3)3Cl, that is, 0.11%Rh-
35 wt%DMImBF4/SiO2, in which the ionic liquid was de-
posited only as a thin layer on the support according to the
FT-Raman characterization (Figure 9), was also tested with
the carbonylation of nitroben-
zene and aniline to diphenyl
carbonate; however, the con-
versions were only 3 and 4%
respectively (Table 2, entry 9).


Syntheses of phenyl carba-
mates and oxime transforma-
tion : To examine the possible
universality of such a silica-gel-
confined ionic-liquid catalyst
system, oxidative carbonyla-
tion of aniline to afford carba-
mate, a key intermediate for
the nonphosgene synthesis
of 4,4’-dipheylmethyldiisocya-


nates,[42–44] and transformation between cyclohexanone
oxime and acetone were also conducted over the Rh(or Pd)-
DMImBF4/silica gel, DMImBF4/silica gel, and
17 wt%DMImBF4/SiO2 catalysts. For oxidative carbonyla-
tion of aniline, lower catalyst activities were obtained with
the bulk DMImBF4 ionic liquid+Pd(PPh3)2Cl2 or Rh-
(PPh3)3Cl catalyst system (Table 3, entries 1 and 2). Greatly
enhanced catalytic activities were observed with the
Pd(Rh)-35 wt%DMImBF4/silica gel although the amount of
ionic liquid used was greatly reduced (Table 3, entries 3 and
4).


The transformation reaction of cyclohexanone oxime and
acetone[45] can be catalyzed with ionic liquids. Only 22.5%
of conversion was achieved when the bulk ionic liquid
DMImBF4 was used as catalyst directly and similar results
were obtained if a physical mixture of pure silica gel and the
ionic liquid DMImBF4 was used (Table 4, entries 1 and 2).
Surprisingly, more than 90% of conversions with nearly
100% of selectivity were achieved when using
17 wt%DMImBF4/silica gel as catalyst (Table 4, entry 3),
for which the TOFs were 16–27 times higher than that of


Figure 9. FT-Raman spectra of a) 17 wt%DMImBF4/silica gel,
b) 17 wt%DMImBF4/SiO2, and c) pure DMImBF4 ionic liquid.


Table 3. Results of oxidative carbonylation of aniline to phenyl carbamate in methanol.


Catalyst Ionic liquid/
metal complex [mg]


Conv [%] Sel [%] TOF


1 [Pd(PPh3)2Cl2]–DMImBF4 2500/1 13 >99 494
2 [Rh(PPh3)3Cl]–DMImBF4 2500/1 15 96 752
3 0.15 wt%Pd–35 wt%DMImBF4/silica gel ~35/~1 63 >98 2650
4 0.11 wt%Rh–35 wt%DMImBF4/silica gel ~35/~1 89 >98 4960


Table 4. Results of C=N and C=O bond exchange between cyclohexanone oxime and acetone.


Catalyst Ionic liquid [mg] Conv [%] Sel [%] TOF


1 DMImBF4 10 22.5 >99 6
2 DMImBF4+ silica gel 10 22 >99 6
3 17 wt%DMImBF4/silica gel ~1.7 92.1 >99 100
4 17 wt%DMImBF4/SiO2 ~1.7 24.7 >99 27
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the bulk ionic-liquid catalyst. If 17 wt%DMImBF4/SiO2 was
used as the catalyst for the transformation reaction of cyclo-
hexanone oxime and acetone, only 24.7% of conversion was
obtained (Table 4, entry 4); this also showed the silica-gel-
confined ionic liquid was more effective than the bulk or
silica-supported ionic liquid as catalysts. Both the results of
the carbonylation reaction and oxime transformation also
confirmed that higher catalytic activities could be exhibited
with silica-gel-confined ionic-liquid nanocatalyst systems.
These results further confirmed that the enhancement in
catalytic activities may be derived from the formation of
nanoscale and high-concentration ionic liquids due to the
confinement in the nanopores of silica gel, in which the re-
strictive dimensions of the silica gel interior may force un-
usual compound symmetry, coordination geometry, and co-
ordinative unsaturation upon the entrapped ionic liquid and
metal complex, rather than being related to the use of a sup-
port to improve the possible transport restrictions occurring
in bulk ionic liquid. As a matter of fact, the problem of
mass transfer may indeed occur when the bulk ionic liquids
are immobilized into a porous support.


Conclusion


In summary, physically confined ionic liquids on the nano-
scale, with or without a metal complex, in silica gel were de-
veloped through a “one-pot” sol–gel method as a new kind
of supported nanoliquid catalyst. The confined ionic liquids
on the nanoscale exhibited abnormal Raman spectra, and
particularly important was that they exhibited greatly en-
hanced catalytic performance with less ionic liquid required
relative to the bulk and pure ionic liquids. The preliminary
investigations showed that such silica-gel-confined ionic-
liquid catalysts may be effective for a wider range of reac-
tions. The preparation of these supported nanoliquid cata-
lysts could be further optimized and modified, and their ap-
plication expanded to other reactions and processes.


Experimental Section


Ionic liquids and metal complex synthesis : All chemicals used were ana-
lytical grade and used without further purification. The ionic liquids used
in this work were synthesized according to the literature.[46, 47] Two kinds
of typical ionic liquids, in which the cations and anions were dialkyl imi-
dazolium and BF4


� and PF6
� , respectively, were employed for the synthe-


sis of silica-gel-confined ionic-liquid catalysts:


The two metal complexes employed, [Pd(PPh3)2Cl2] and [Rh(PPh3)3Cl],
were synthesized according to the literature.[48,49]


Synthesis of silica-gel-confined ionic-liquid catalysts : A mixture of tetrae-
thoxyorthosilicate (TEOS, 10 mL) and EtOH (7 mL) was heated to 60 8C
and then ionic liquids (0.2–4 g) or ionic-liquids (2 g) containing [Pd-
(PPh3)2Cl2] or [Rh(PPh3)3Cl] (50 mg) were immediately transferred into
the TEOS. After the formation of a clear and homogeneous liquid mix-
ture, hydrochloric acid (5m, 5 mL) was added and the mixture gradually
coagulated. After aging at 60 8C for 12 h, the resultant solid material was
dried in vacuum at 150 8C for 3 h and 3–7 g of solid sample was obtained.
It is worth noting that a dry solid sample of silica-gel-confined ionic


liquid was obtained even with ionic liquid loading of up to 53 wt%, indi-
cating that the ionic liquid added could be completely encapsulated into
sol–gel. Therefore, the loadings of confined ionic liquids could be calcu-
lated according to the weight of ionic liquids added originally. Solid sam-
ples exhibited different colors depending on the different ionic liquids,
their loadings, and on whether they contained metal complex or not
(Figure 10).


A series of samples of silica-gel-confined ionic liquids (either with or
without [Pd(PPh3)2Cl2] and [Rh(PPh3)3Cl]) and with various ionic liquid
or metal loadings were denoted as follows: BuMImBF4: 8 wt%Bu-
MImBF4/silica gel, 17 wt%BuMImBF4/silica gel, 35 wt%BuMImBF4/
silica gel, 53 wt%BuMImBF4/silica gel; DMImBF4: 8 wt%DMImBF4/
silica gel, 17 wt%DMImBF4/silica gel, 35 wt%DMImBF4/silica gel,
53 wt%DMImBF4/silica gel; EMImBF4: 17 wt%EMImBF4/silica gel;
CMImBF4: 17 wt%CMImBF4/silica gel; 0.15 wt%Pd-35 wt%DMImBF4/
silica gel, 0.11 wt%Rh-35 wt%DMImBF4/silica gel, 0.13 wt%Rh-
35 wt%EMImBF4/silica gel.
Synthesis of SiO2-supported ionic-liquid catalysts : For the purpose of
comparison, synthesis and catalytic performance of SiO2-supported ionic
liquid as catalysts, in which the ionic liquid was deposited as a thin layer
on the support, were also conducted. SiO2 pellets (4.9 g, 1 0.5–0.6 mm,
average pore diameter: 52 =, pore volume: 0.75 mLg�1, surface area:
578 m2g�1) calcined at 400 8C for 6 h, were charged into a 50 mL three-
necked round-bottomed flask. Under the conditions of vacuum (approxi-
mately 5 mmHg) and room temperature, solutions of DMImBF4 ionic
liquid (1 g, or 2.7 g DMImBF4 ionic liquid containing 70 mg [Rh-
(PPh3)3Cl]) and ethanol (6 mL) were transferred into the flask, and the
adsorption/absorption was conducted for 1 h. The resultant catalyst pre-
cursors were then dried under vacuum (approximately 5 mmHg) at
150 8C for another 4 h to remove the residual ethanol completely. Two
kinds of silica-supported ionic liquids (with and without [Rh(PPh)3Cl])
were denoted as follows: 17 wt%DMImBF4/SiO2; 0.11 wt%Rh-
35wt%DMImBF4/SiO2.


Catalyst sample characterization : FT-Raman analysis was conducted with
a Nicolet 910 Raman spectrometer. Only the samples of silica-gel-con-
fined ionic liquid without metal complexes were characterized, because
the loadings of metal complexes were too low to be observed in the FT-
Raman spectra.


BET surface areas (SBET) were obtained by physisorption of N2 at 77 K
by using a Micromeritics ASAP 2020. Prior to measurement, samples
were degassed to 0.1 Pa at 373 K.


Figure 10. Two kinds of typical silica-gel-confined ionic liquid samples:
53 wt%BuMImBF4/silica gel (top) and 0.11 wt%Rh-35wt%DMImBF4/
silica gel (bottom).
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TEM analysis was performed on a JEOL JEM-100CXII transmission
electron microscope. The specimens for electron microscopy were pre-
pared by gently grinding the powder samples suspended in ethanol in an
agate mortar, and then the resultant solution was dropped onto the
carbon film of the copper grid.


XRD was performed on a Philips XQPert Pro powder X-ray diffractome-
ter.


The metal Rh or Pd in the samples of silica-gel-confined ionic liquids
were analyzed with a 3520 ICT AES instrument (ARL Co. USA).


Synthesis of diphenyl urea :


The carbonylation of aniline and nitrobenzene for the synthesis of di-
phenyl urea was conducted as follows: Pd(or Rh)-EMImBF4/silica gel or
Pd(or Rh)-DMImBF4/silica gel (0.1 g, 50–60 mesh), or DMImBF4 ionic
liquid (2.5 g) containing Rh complex (1 mg), or 0.11 wt%Rh-
35 wt%DMImBF4/SiO2 (0.1 g, for the purpose of comparison), nitroben-
zene (10 mmol), aniline (10 mmol), and CO gas (5.0MPa, purity 99.99%)
were successively introduced into an autoclave (90 mL) without any addi-
tional organic solvent. The reaction proceeded at 180 8C for 1.5 h and
then was cooled to room temperature. Since the desired diphenyl urea
was insoluble in methanol and water, methanol (20 mL) was added to the
resultant solid mixture (if the conversion and selectivity was enough
high) to dissolve the unreacted substrates for analysis and, hence, obtain
the conversion of nitrobenzene and aniline by means of GC with an out-
standard method. Then, filtration was conducted to remove methanol,
and water (20 mL) was added to the solid mixture containing diphenyl
urea and the catalyst. The diphenyl urea floated on the water and the cat-
alyst deposited on the bottom. They could be easily separated with a
simple dredge and filtration method, and the isolated yield of diphenyl
urea was obtained. The catalyst could be reused after drying. The selec-
tivity was calculated as follows: selectivity (%)= isolated yield/conver-
sionR100%.


Synthesis of phenyl carbamate :


The carbonylation of aniline for synthesis of carbamates was conducted
as follows: Pd(or Rh)-DMImBF4/silica gel (0.1 g, 50–60 mesh), or
DMImBF4 ionic liquid (2.5 g) containing Pd(or Rh) complex (1 mg, for
the purpose of comparison), aniline (0.5 mL), methanol (5 mL) and a
CO/O2 gas mixture (5.0MPa: CO purity 99.99% 4.5MPa and O2 99.99%
purity 0.5MPa) were successively introduced into an autoclave (90 mL)
without any additional organic solvent. The reaction proceeded at 135 8C
for 1 h and the autoclave was then cooled to room temperature, and
methanol (20 mL) was added to dissolve the resultant mixture for analy-
ses.


Oxime transformation between cyclohexanone oxime and acetone :


The oxime transformation between cyclohexanone oxime and acetone
was carried out as follows: cyclohexanone oxime (0.2 g),
17 wt%DMImBF4/silica gel (0.01 g, 50–60 mesh) or pure DMImBF4


ionic liquid (0.01 g) or 17wt%DMImBF4/SiO2 (0.01 g, for the purpose of
comparison), acetone (2 mL) and water (6 mL) were successively added
into a 25 mL round-bottomed flask and the mixture was stirred magneti-
cally at room temperature (approximately 20 8C) for 2 h. Then, the resul-


tant solution containing reactants and products was directly analyzed
without further treatment.


Analyses : Qualitative analyses were conducted with a HP 6890/5973 GC-
MS with a 30 mR0.25 mmR0.33 mm capillary column and a chemstation
containing a NIST Mass Spectral Database. Quantitative analyses were
conducted with a Agilent (Shanghai) 1790 GC equipped with FID detec-
tor and 30 mR0.25 mmR0.33 mm capillary column.
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Dissociation of Alkaliated Alanine in the Gas Phase: The Role of the Metal
Cation


Seduraman Abirami,[a, b] Catherine Chiu Lan Wong,[c] Chun Wai Tsang,*[d] and
Ngai Ling Ma*[b]


Introduction


The rapid development of proteomics has placed a high
demand on the use of tandem mass spectrometry (MS/MS)
to determine the sequence of peptides generated by specific
proteolytic enzymes.[1] At present, peptide sequencing by
mass spectrometry is routinely carried out by interpreting
the low-energy (eV scale, laboratory frame) collision-in-
duced dissociation (CID) mass spectra of protonated (H+)
peptides, which generally reveal extensive fragmentation
due to the “mobility” of the added proton.[2] Na+ and K+


ions are ubiquitous in biological systems, and their adduct
ions with peptides are commonly observed in the mass spec-
tra of biological samples. The CID of alkaliated (M+ = Li+ ,
Na+ , K+) peptides in the gas phase has been investigated by
several research groups, and found to yield sequence infor-
mation complimentary to that obtained from protonated
peptides.[3–8] Despite the complementary use of CID-MS/MS
spectra of alkaliated peptides for sequence determination,
the mechanistic details of the dissociation processes remain
largely unknown. A better understanding of the dissociation
pathways and mechanisms, especially the role played by the


Abstract: The dissociation of prototypi-
cal metal-cationized amino acid com-
plexes, namely, alkaliated alanine
([Ala+M]+ , M+ = Li+ , Na+ , K+), was
studied by energy-resolved tandem
mass spectrometry with an ion-trap
mass analyzer and by density function-
al theory. Dissociation leads to forma-
tion of fragment ions arising from the
loss of small neutrals, such as H2O, CO,
NH3, (CO+ NH3), and the formation
of Na+/K+ . The order of appearance
threshold voltages for different dissoci-
ation pathways determined experimen-
tally is consistent with the order of crit-
ical energies (energy barriers) obtained


theoretically, and this provides the nec-
essary confidence in both experimental
and theoretical results. Although not
explicitly involved in the reaction, the
alkali metal cation plays novel and im-
portant roles in the dissociation of al-
kaliated alanine. The metal cation not
only catalyzes the dissociation (via the
formation of loosely bound ion–mole-
cule complexes and by stabilizing the


more polar intermediates and transi-
tion structures), but also affects the dis-
sociation mechanisms, as the cation can
alter the shape of the potential energy
surfaces. This compression/expansion
of the potential energy surface as a
function of the alkali metal cation is
discussed in detail, and how this affects
the competitive loss of H2O versus CO/
(CO+NH3) from [Ala+M]+ is illustrat-
ed. The present study provides new in-
sights into the origin of the competition
between various dissociation channels
of alkaliated amino acid complexes.
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alkali metal cation, is not only of fundamental interest, but
also has practical relevance to the future development of al-
ternative MS/MS techniques for peptide sequencing.


The simplest fragmentation models of peptides/proteins
are those of protonated/alkaliated amino acids, as the frag-
ment ions derived from the dissociation of amino acids are
often found in the CID-MS/MS spectra of small peptides. In
CID of protonated amino acids, which has been studied ex-
tensively, loss of stable small neutral molecules, such as
H2O, NH3, CO, and combination or consecutive loss of these
species, are common, and dissociation is believed to be initi-
ated by proton shifts.[9] In the present study, the loss of small
neutral molecules such as H2O, NH3, and (CO+ NH3), are
also found to be the major dissociation pathways of alkaliat-
ed amino acids. However, in comparison with the corre-
sponding protonated systems the alkaliated forms are
proton-deficient, so the dissociation mechanisms are very
likely to be different from those of the protonated ana-
logues.


Theoretical studies on the dissociation mechanisms of
metal-cationized amino acids have been reported in the lit-
erature, but these studies focused on transition-metal cations
such as Ni+


,
[10] Cu+ ,[11] Ag+ ,[12] and Zn2+ .[13] Because of the


strong cation–ligand interaction, transition-metal cations
often initiate dissociation by inserting into various covalent
bonds present in the ligand.[14] Such a “bond-insertion”
mechanism is not likely to be found in the case of alkaliated
amino acids, as the largely electrostatic alkali metal cation–
ligand interaction is too weak to overcome the energy pen-
alty of breaking the covalent bonds in the ligand.


The dissociation of alkaliated amino acids has not attract-
ed much attention. Even though many studies on stable M+


binding modes have been reported,[15] there are only a very
limited number of studies on the rearrangement/interconver-
sion between these M+ binding modes.[16] These studies
found that different modes of M+ binding show the same
order of relative binding affinities, that is, Li+>Na+>K+ ,
with little cation selectivity observed.[15e, f,h, l,n, 16] Recent com-
bined experiment and theoretical studies on Li+–glycylgly-
cine also suggest that Li+ does not have a direct role in the
dissociation of the dipeptide.[8] However, more in-depth
studies are desired to ascertain the roles played by different
alkali metal cations in the CID of alkaliated amino acids/
peptides.[17]


In this work, we have carried out a combined experimen-
tal and DFT study on the dissociation of a prototypical alka-
liated aliphatic amino acid, namely, alkaliated alanine
[Ala+M]+ (M+ =Li+ , Na+ , K+). The CID of [Ala+M]+


was investigated by energy-resolved tandem mass spectrom-
etry with an ion-trap mass analyzer, that is, recording the
appearance and % relative abundances of fragment ions as
a function of collision energy (eV scale, laboratory frame)
between the [Ala+M]+ precursor ions and the helium
buffer gas in the ion-trap mass analyzer. We found that the
order of appearance threshold voltages for fragment ions is
qualitatively consistent with the order of theoretical critical
energies of dissociation on the potential energy surface, and


this lends support to the validity of both the experimental
and theoretical results. We will show experimentally that,
contrary to what might have been expected, the fragment
ions arising from the dissociation of [Ala+M]+ complexes
are dependent on the nature of M+ . Based on the theoreti-
cal findings, the role of the alkali cation in the gas phase dis-
sociation of alkaliated alanine is elucidated.


Results and Discussion


Dissociation of [Ala+Li]+


CID-MS/MS spectra : The low-energy CID-MS/MS mass
spectrum of lithiated alanine [Ala+Li]+ (m/z 96), is shown
in Figure 1 a. As in the case of protonated alanine,[9] loss of
CO is also dominant in lithiated alanine, leading to the for-
mation of [Ala+Li�CO]+ (m/z 68). Other significant frag-
ment ions, [Ala+Li�NH3]


+ (m/z 79), [Ala+Li�H2O]+ (m/z
78) and [Ala+Li�(CO+NH3)]+ (m/z 51), not found in the
dissociation of protonated alanine, were also observed. The
CID-MS/MS spectra (not shown) of ESI-generated lithiated
[D3]alanine (ND2CH(CH3)COOD) and ([D3]methyl)alanine
(NH2CH(CD3)COOH) not only confirmed the loss of H2O
and NH3 as neutral molecules, they also indicated that H/D
of the amino (NH2/ND2) and carboxyl group (COOH/
COOD) are involved in these reactions.


The experimental breakdown graph for the dissociation of
[Ala+Li]+ , which consists of plots of percentage fragment/
total ion abundance versus RF activation voltage (collision
energy) applied to the end-cap electrodes of the ion trap
mass analyzer, is shown in Figure 2 a. For [Ala+Li]+ , plots
of percentage fragment ion intensity (the intensity of the
precursor ion [Ala+Li]+ is excluded from the calculation of
percentage ion intensities) instead of percentage total ion
intensity (the intensity of the precursor ion is included in
the calculation of percentage ion intensities) is used to am-
plify graphically the variation of fragment ion intensities in
the threshold voltage region. From these plots (curves), the
order of threshold RF voltages (in V) for observing the ap-
pearance of the various fragment ions (�neutral with
threshold voltages [V] in parentheses) can be estimated:
[Ala+Li]+ : �CO (0.25)<�H2O (0.29)��(CO+NH3)
(0.29)<�NH3 (0.41).


This order of threshold voltages was found to be reprodu-
cible and remain unchanged as the qz value of the ion trap
was varied from 0.2 to 0.3. The breakdown curves clearly
show that the loss of CO is the energetically preferred disso-
ciation pathway of [Ala+Li]+ , while the pathway leading to
the loss of NH3 is likely to have the highest energy barrier.


Overview of the potential energy surface : In the discussion
below, the notation 1, 2, etc., is used to denote the corre-
sponding species of alkaliated alanine [Ala+Li/Na/K]+ col-
lectively, while 1 Li, 1 Na, and 1 K, and so on, are reserved
for the species 1 of lithiated, sodiated, or potassiated ala-
nine, respectively.
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The potential energy surface for the loss of H2O, CO,
NH3, and (CO+NH3) from lithiated alanine, calculated at
the B3LYP/6-311 +G(3df,2p)//B3-LYP/6-31G(d) level, is
shown in Figure 3. The optimized structures of the various
species involved in the dissociation of [Ala+M]+ (M+ = Li+ ,
Na+ , K+) are summarized in Figure 4. The relative enthal-
pies at 0 K (DH0 relative to species 1) are summarized in
Table 1, and the relative enthalpies and Gibbs free energies
at 298 K can be found in Supporting Information, Table S1.


As summarized in Table 2, the order of theoretical critical
energy for the loss of H2O, CO, and NH3 pathways (in
kJ mol�1) is: [Ala+Li]+ : �CO (177)��(CO+NH3) (177)<
�H2O (182)<�NH3 (206).


This order is in qualitative agreement with the order of
observed ion-trap threshold voltages, as shown in the previ-
ous section. In this regard, we note that the multistep colli-
sional excitation conditions and extended time window (tens
of milliseconds) of an ion-trap mass analyzer have been
shown to favor the observation of dissociation pathways
with low critical energies.[18] Furthermore, kinetic shift ef-
fects, which shift the experimental threshold voltages to
higher values, are much smaller in the ion trap than in other
types of tandem mass spectrometer (e.g., B-E sector or
triple quadrupole) operated in the microsecond time
frame.[19] Mainly for these reasons, previous studies have
shown that the critical energies for dissociation of small mo-
lecular ions (with m/z values in the same range as
[Ala+M]+ in this study) can be correlated to the experimen-
tal collision energies, that is, the appearance threshold


Figure 1. Low-energy ion-trap CID mass spectra of a) lithiated alanine
[Ala+Li+] (m/z 96), RF activation voltage 0.45 V; b) sodiated alanine
[Ala+Na+] (m/z 112), RF activation voltage 0.44 V; and c) potassiated
alanine [Ala+K+] (m/z 128), RF activation voltage 0.58 V. (Ion-trap con-
ditions: low-mass scan mode with the main RF voltage of the ring elec-
trode adjusted and optimized as described in Experimental Details, ion-
activation time 5 ms, trap offset of �5 V and qz of 0.2).


Figure 2. Ion-trap energy-resolved MS/MS breakdown graph of a) lithi-
ated alanine [Ala+Li+] (m/z 96), b) sodiated alanine [Ala+Na+] (m/z
112), and c) potassiated alanine [Ala+K+] (m/z 128). Ion-trap conditions
were the same as in Figure 1.
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(onset) radio-frequency (RF) activation voltages for obser-
vation of the corresponding fragment ions in an ion-trap
mass analyzer.[20, 21] We stress that the qualitative correlation
between the order of theoretical critical energies and ion-
trap threshold voltages reported here is limited to fragment
ions derived from the same precursor ion (i.e., within col-


Figure 3. Potential energy surface of the dissociation of [Ala+Li]+ leading to the loss of H2O, NH3, CO, and (CO +NH3): all species are stable intermedi-
ates/products, except 2Li, 4Li, 6Li, 8Li, 11Li, 14Li, 16Li, and 21Li, which are transition structures.


Table 1. The [Ala+M]+ (M+ =Li+ , Na+ and K+) potential energy sur-
face: relative enthalpies at 0 K (DH0 [kJ mol�1]).[a]


Species DH0
[b]


Li+ Na+ K+


2 80 60 39
3 71 51 30
4 178 174 162
5 124 131 124
6 182 176 165
7 64 69 70
8 86 90 91
9 18 35 52
10+ H2O 117 108 102
11 169 181 183
12 86 89 89
13+ 2-iminopropanal 212 179 151
14 118 95 74
15 34 10 �6
16 32 11 0
17 16 6 1
18 177 155 136
19+ NH3 206 181 158
20 81 90 99
21 152 170 183
22 �6 9 25
23+ CO 21 31 39
24+ (CO +NH3) 148 123 99
25+ (CO +CH3CHO) 167 139 119


[a] Relative to 1 (Figures 3 and 4). [b] The electronic energies (corrected
by zero-point vibration energy) for 1 Li, 1Na, and 1K are �331.15073,
�485.92425, and �923.57586 Hartree, respectively.


Table 2. Theoretical critical energy [kJ mol�1] for the formation of M+


and loss of small neutrals on the [Ala+M]+ (M+ =Li+ , Na+ , K+) poten-
tial energy surface.[a]


M+ formation/neutral loss [Ala+Li]+ [Ala+Na]+ [Ala+K]+


M+ [b] 251 (–[c]) 174 (0.34[d]) 123 (0.26)
CO[e] 177 (0.25) 170 (0.32) 183 (–[c])
H2O


[f] 182 (0.29) 176 (0.34) 165 (0.42)
NH3


[g] 206 (0.41) 181 (0.39) 158 (–[c])
(CO+NH3)


[e] 177 (0.29) 170 (0.40) 183 (–[c])
[M+H2O]+ [h] 212 (–[c]) 181 (0.39) 183 (0.44)


[a] The appearance threshold energy [V] for these fragments ions under
ion-trap CID conditions is shown in parentheses. [b] This work; the theo-
retical binding affinity of alanine calculated at the B3LYP/6-311+G-
(3df,2p)//B3LYP/6-31G(d) level for Li+ , Na+ , and K+ , respectively.
[c] Not observed under ion-trap CID conditions. [d] Appearance thresh-
old voltage monitored with the main RF amplitude (voltage) of the ring
electrode optimized at m/z 23 (see Experimental Details and text).
[e] For Li+ : via intermediate species 18Li ; for Na+ and K+ : via transition
structures 21Na and 21K, respectively (Figures 3 and 4). [f] Via transition
structure 6 (Figures 3 and 4). [g] Formation of intermediate species 19
(Figures 3 and 4). [h] For Li+ : formation of product species 13Li+ 2-imi-
nopropanal; for Na+ and K+ : via transition structures 11 Na and 11K, re-
spectively (Figure 3 and Figure 4).
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umns of Table 2), but not between different alkaliated sys-
tems (i.e. , across a row of Table 2).


We noted that the pathways for loss of CO and (CO+


NH3) share the same barrier (via intermediate species 18 Li,
with critical energy of 177 kJ mol�1, Figure 3), yet the two
pathways show slightly different threshold voltages: �CO
(0.25 V)<�(CO+NH3) (0.29 V). As shown in the break-
down curves of Figure 2 a, in the threshold region, the per-
centage fragment ion abundance of [Ala+Li�(CO+NH3)]+


increases rapidly at the expense of corresponding decrease
in [Ala+Li�CO]+ fragment-ion abundance. This indicates
that the [Ala+Li�(CO+NH3)]+ fragment ion is very likely
to be formed from sequential loss of CO and NH3 (loss of
CO prior to loss of NH3), so that a slightly higher collisional


energy than for loss of CO is needed to drive the further
loss of NH3 to be detectable by the mass analyzer. In other
words, a kinetic-shift effect is probably at work here[19] that
causes the appearance of [Ala+Li�(CO+NH3)]+ to occur
at a slightly higher threshold voltage (ca. 0.04 V) than that
of [Ala+Li�CO]+ . Thus, the theoretical potential energy
surface (Figure 3) can be regarded as qualitatively consistent
with the experimental observations.


As shown in Figure 3, there are three major dissociation
pathways of [Ala+Li]+ from 1 Li, leading to the loss of:


H2O : 1 Li! 2 Li! 3 Li! 4 Li! 5 Li! 6 Li! 7 Li


! 8 Li! 9 Li! 10 LiþH2O


Figure 4. Optimized structures for the various species on the [Ala+M]+ (M+ =Li+ , Na+ , and K+) dissociation potential energy surface: all species are
stable intermediates/products, except 2Li, 4 Li, 6Li, 8 Li, 11Li, 14 Li, 16Li, and 21Li, which are transition structures. The parameters associated with Na+


and K+ are given in parentheses and brackets, respectively.
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NH3 : 1 Li ! 2 Li! 3 Li! 14 Li! 15 Li! 16 Li


! 17 Li! 18 Li! 19 LiþNH3


CO and ðCOþNH3Þ : 1 Li! 2 Li! 3 Li! 14 Li! 15 Li


! 16 Li! 17 Li! 18 Li! 20 Li


! 21 Li! 22 Li! 23 Liþ CO


! 24 Liþ ðCOþNH3Þ


We first present our proposed pathway for the loss of
H2O from [Ala+Li]+ (Figure 3).


Loss of H2O : It is agreed in the literature[15e, f, 16a] that the
most stable mode of Li+ binding to the Ala ligand is biden-
tate, with the cation binding to the carbonyl oxygen and
amino nitrogen atoms (in cis conformation, 1 Li). From this
species, via the transition structure 2 Li, a less stable con-
former 3 Li (carbonyl group trans to the amino group) is
formed. With a 1,2-hydrogen shift from Ca (via transition
structure 4 Li), dipolar species 5 Li is formed, in which the
N-terminal NH2 and C-terminal COOH groups are estimat-
ed to carry 0.25 and �0.95 a.u. of charge, respectively. A
1,4-hydrogen shift from the amino nitrogen to the hydroxyl
oxygen atom follows, via a late transition structure 6 Li,
which leads to formation of ion–molecule complex 7 Li. By
rotation about the C�C bond (via transition structure 8 Li),
a fairly stable ion–molecule complex, 9 Li, in which Li+ is
bound bidentately by 2-iminopropanal (NH=


(CH3)CHCHO) and monodentately by water, can be
formed. This species can dissociate further to yield either
H2O+10 Li (lithiated 2-iminopropanal), or via transition
structure 11 Li and intermediate 12 Li to yield 2-iminopropa-
nal+ 13 Li (lithiated water). In the case of [Ala+Li]+ , our
calculation suggests that H2O+ 10 Li is about 100 kJ mol�1


more stable than 2-iminopropanal+13 Li. Most importantly,
2-iminopropanal+13 Li (lithiated water) is higher in energy
than the barrier associated with the transition structure 6 Li,
which suggests that the pathway involving formation of lithi-
ated water is not competitive with that involving formation
of lithiated 2-iminopropanal (10 Li)+ H2O. This is in line
with the our experimental observation that the lithiated-
water fragment ion [Li+H2O]+ (m/z 25), was not found in
the CID-MS/MS spectrum of [Ala+Li]+ .


Previously, loss of H2O was also observed in other metal-
cationized amino acids ([Gly+Ni]+ [10] and [Phe+Ag]+ ,[12b, c])
and was proposed to be associated with the formation of a
Ag+/Ni+-bound a-lactam (aziridinone). Apart from this, the
loss of water, along with a Cu+-bound a-lactam or aminoke-
tene (NH2(CH3)CH=C=O) was also considered in the case
of [Gly+Cu]+ .[11b] We found that, in the case of [Ala+Li]+ ,
the energy barriers for the a-lactam and aminoketene path-
ways are 333 and 334 kJ mol�1, respectively (Scheme 1).
Both species are clearly higher in energy (by ca.
151 kJ mol�1) than the transition structure 6 Li, which leads
to the formation of 2-iminopropanal+13 Li (lithiated
water). Thus, for lithiated alanine (and sodiated and potassi-
ated alanine as well), loss of water should be associated with


the formation of a lithiated 2-iminopropanal (10 Li). On the
other hand, recent studies have suggested that loss of water
leading to formation of a metal-bound a-lactam is energeti-
cally competitive in the case of Ni+ ,[10] but not in the case of
Cu+ .[11b] Thus, it appears that the preferred product formed
along with the loss of water in metal-cationized amino acids
may be dependent on the nature of the metal cation.


Loss of NH3 : As mentioned briefly above, the pathways for
the loss of CO, NH3, and (CO+NH3) from [Ala+Li]+ are
related. From 1 Li, with minor conformation changes (via
2 Li, 3 Li, 14 Li, and 15 Li), a 1,4-hydrogen shift occurs via
transition structure 16 Li. The N···H distance is fairly long
(1.427 �, with an estimated bond order of 0.29), while the
O···H distance remains rather short (1.140 �, with a bond
order of 0.41), and this implies that 16 Li is an early transi-
tion structure. The transition structure 16 Li leads to zwitter-
ionic (ZW) species 17 Li. Loss of NH3 could occur from
17 Li, via fission of the Ca�N bond, first forming stable ion–
molecule complex 18 Li before yielding lithiated 3-methyl-
oxiran-2-one ion (19 Li).


Loss of CO : Alternatively, the ion–molecule complex 18 Li
may rearrange to a more stable ion–molecule complex 20 Li.
All our attempts to locate a transition structure linking
these two complexes failed. Failing that, we have obtained
the variation of potential energy along a plausible reaction
coordinate by constrained optimization. Again, no energy
maxima could be found. All these findings indicate that the
energy barrier to this rearrangement pathway is low, and
thus the transition structure is not likely to be important.


Even though we have not been able to locate the transi-
tion structure connecting the two complexes, we believe that
the rearrangement is highly plausible under the CID excita-
tion conditions of a mass spectrometer. The ion–molecule
complex 18 Li can be considered as a lithiated 3-methyloxir-
an-2-one ion (19 Li) in which the leaving NH3 molecule is
weakly coordinated to this species by an H�Ca bond. Given
such weak coupling, and if collisional energies are channeled
into molecular rotation, the two parts would be tumbling


Scheme 1. Formation of a) lithiated a-lactam and b) lithiated amino-
ketene from lithiated alanine (not all species on the dissociation path-
ways are shown: relative energy [kJ mol�1] at 0 K of the minimum in
bold, and highest barrier in bold-italic).
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against each other (as illustrated in Scheme 2), so that the
NH3 may be “snapped up” by the Li+ ion through strong
electrostatic interaction.


From 20 Li, via transition structure 21 Li, a weak ion–mol-
ecule complex 22 Li is formed, in which the Li+ ion is tri-
dentately coordinated to three separate ligands: carbon
monoxide (CO), ammonia (NH3), and acetaldehyde
(CH3CHO). As the Li+–CO interaction is the weakest of
the three Li+–ligand interactions, CO is preferentially lost
from 22 Li to form the ion–molecule complex [NH3···Li+


···CH3CHO] (23 Li).


Loss of (CO+NH3): From species 23 Li, further loss of NH3


or CH3CHO may occur to give lithiated acetaldehyde
(24 Li) or lithiated ammonia (25 Li), respectively. Thermody-
namically, the formation of [24 Li+CO+NH3] is more favor-
able than [25 Li+CO+CH3CHO] by about 20 kJ mol�1 and
thus explains the loss of (CO+NH3) rather than (CO +


CH3CHO) from [Ala+Li]+ . Here we note that our proposed
mechanism for the loss of (CO+ NH3) is in line with the ob-
served trends of the breakdown curves, which suggest that
loss of CO is followed by NH3 (Figure 2 a). Since the Li+ af-
finity of NH3 is estimated to be larger than that of CO by
about 93 kJ mol�1 (at the B3LYP/6-11 +G(3df,2p)//B3LYP/6-
31G(d) level),[22] the alternative mechanism of loss of NH3


before CO would be very unlikely. This provides strong indi-
cation for the involvement of ion–molecule complexes in
the dissociation pathway leading to loss of (CO+ NH3) and
indirectly supports the rearrangement of 18 Li to 20 Li as
proposed above (Scheme 2).


Dissociation of [Ala+Na]+ : The low-energy CID-MS/MS
mass spectrum of sodiated alanine [Ala+Na]+ (m/z 112) is
shown in Figure 1 b. Similar to lithiated alanine, fragment
ions arising from the loss of CO, H2O, NH3, and (CO+


NH3) are observed. In addition, a minor [Na+H2O]+ (m/z
41) peak is observed, which presumably is associated with
the loss of 2-iminopropanal (NH=CHCHO) from
[Ala+Na]+ . The presence of a corresponding [Na+D2O]+


(m/z 43) peak was found in the CID-MS/MS spectrum of
ESI-generated sodiated [D3]alanine (ND2CH(CH3)COOD;
Figure S1, Supporting Information), suggesting that the


[Na+ D2O]+ ion is formed by direct dissociation of
[([D3]Ala)+Na]+ .


As shown in Figure 1 b, the Na+ peak (m/z 23) was not
observed under the “normal” ion-trapping conditions de-
scribed in Experimental Details. This is because the trapping
efficiency of the ion-trap mass analyzer becomes highly de-
pendent on m/z and very poor at such low m/z values. On
reoptimizing (readjusting) the main RF voltage of the ring
electrode to m/z 23 (see Figure S2, Supporting Information),
the Na+ ion was indeed detected. However, under such con-
ditions, the fragment ions with higher m/z shown in Fig-
ure 1 b were not efficiently trapped and became undetecta-
ble. The direct formation of Na+ ion from [Ala+Na]+ was
confirmed by separate CID-MS/MS studies with a triple-
quadrupole tandem mass spectrometer (Quattro Ultima, Mi-
cromass, Manchester, UK).


The experimental breakdown graph for the dissociation of
[Ala+Na]+ obtained under “normal” ion-trapping condi-
tions is shown in Figure 2 b. We also monitored the appear-
ance threshold voltage of Na+ formation when the main RF
voltage of the ring electrode was optimized at m/z 23. The
appearance threshold voltage (in V) for these dissociation
channels is in the order of: [Ala+Na]+ : �CO (0.32)<Na+


formation (0.34)��H2O (0.34)<�NH3 (0.39)� [Na +


H2O]+ (0.39)<�(CO+NH3) (0.40).
Good qualitative agreement is observed when these ap-


pearance voltages are compared with theoretical critical en-
ergies (summarized in Table 2). As in the case of [Ala+Li]+ ,
the kinetic shift effect in [Ala+Na]+ also leads to the higher
threshold voltage observed for loss of (CO +NH3) versus
loss of CO, even though the two pathways share the same
barrier. The experimental threshold voltages for Na+ forma-
tion and loss of H2O are about the same at 0.34 V, while the
theoretical critical energies show a small difference for Na+


formation (174 kJ mol�1) and loss of H2O (176 kJ mol�1). On
the one hand, this minor difference can be attributed to the
uncertainties in the calculated critical energies. On the other
hand, it could also be due to the fact that different main RF
trapping voltages were employed to obtain these two thresh-
old voltages.


Scheme 2. Illustration of the relative tumbling of ammonia and lithiated 3-methyloxiran-2-one components in the ion–molecule complex 18Li leading to
formation of the more stable ion–molecule complex 20Li.
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Dissociation of [Ala+K]+ : The dissociation characteristics
of [Ala+K]+ differ from those of the Li+ and Na+ ana-
logues. While K+ (m/z 39) is the predominant fragment ion
peak in the CID-MS/MS mass spectrum of [Ala+K]+ under
“normal” ion-trapping conditions, fragment ions arising
from loss of H2O (m/z 110) were observed in low abundance
(Figure 1 c). Characteristic fragment ions associated with the
loss of CO, NH3, and (CO+ NH3) in [Ala+Li/Na]+ were
absent. As in the case of [Ala/([D3]Ala) +Na]+ , a very
minor [K+ H2O/D2O]+ (m/z 57/59) fragment ion (relative
intensity ca. 0.2 % of the K+ (m/z 39) base peak, Figure 1 c)
was found, which indicates that the [K+H2O/D2O]+ion is
also formed directly from the dissociation of [Ala/
([D3]Ala)+K]+ (see also ref. [26]).


The order of appearance threshold voltages (in V) is:
[Ala+K]+ : K+ formation (0.26)<�H2O (0.42)< [K +H2O]+


(0.44).
Again, agreement between the order of experimental


threshold voltages and theoretical critical energies of disso-
ciation is observed (Table 2), except that, based on the ener-
getics data presented in Table 2, loss of NH3 (with critical
energy at 158 kJ mol�1) should also be observed experimen-
tally because loss of H2O with a higher critical energy was
observed. This apparent inconsistency will be discussed in
detail (see section “Absence of NH3 from [Ala+K]+”
below). Coincidentally, the loss of CO (via 21 K) and the
formation of [K+ H2O]+ (via 11 K) are estimated to have a
similar energy barrier of 183 kJ mol�1 (Table 2). However, as
only the latter was observed (Figure 1 c), this suggests that
kinetic factors could favor the formation of [K+H2O]+ .


Rationalization of the dissociation of [Ala+M]+ : Our theo-
retical results suggest that competitive loss of neutral mole-
cules from [Ala+M]+ (M+ =Li+ , Na+ , K+) occurs on po-
tential energy surfaces consisting of very similar intermedi-
ates and transition structures, within a narrow energy
window of about 70 kJ mol�1 (Table 1). However, the rela-
tive barriers for the various dissociation channels (Table 2)
are in fact dependent on the nature of the alkali metal
cation. The factors governing the competitive dissociation of
[Ala+M]+ are discussed in detail below


Formation of M+ : As discussed above, formation of M+ is
absent in [Ala+Li]+ , but is observed as a major channel in
[Ala+Na]+ and [Ala+K]+ . This clearly reflects the weaker
M+ binding affinity of Ala with increasing ionic size, in the
order Li+ >Na+ >K+ .[15e, f, 16a] As a result, for the smallest
cation Li+ , the Ala binding affinity (251 kJ mol�1) is signifi-
cantly higher (by 45–74 kJ mol�1, Table 2) than the critical
energies of the dissociation channels leading to the loss of
small neutrals. For the largest cation K+ , the Ala affinity
(123 kJ mol�1) is significantly lower (by 42–60 kJ mol�1,
Table 2). For Na+ , the Ala affinity (174 kJ mol�1) lies about
halfway between the narrow range (ca. 11 kJ mol�1) of criti-
cal energies for the other dissociation pathways (Table 2).
Thus, the formation of Na+ was observed in competition


with the loss of neutrals such as CO, H2O, and NH3 in
[Ala+Na]+ .


Formation of [M+H2O]+ (M=Na+ and K+): As discussed
above and depicted in Figure 3, ion–molecule complex 9 Li
can lead to the formation of two sets of products, which
differ in the ligand (2-iminopropanal versus water) to which
Li+ is bound. For all three alkali metal cations, binding to 2-
iminopropanal is preferred, so that formation of metal-
bound 2-iminopropanal (10) and loss of water is favored.
What differs between the three alkali cations is that for Na+


and K+ (but not for Li+), [M+H2O]+ is also observed as a
minor fragment. In the case of Li+ (Figure 3), we already
noted that the energy of the transition structure 6 Li is lower
(by ca. 30 kJ mol�1) than that of 2-iminopropanal+13 Li
(lithiated water). As a result, lithiated alanine molecules
which have surmounted barrier 6 Li (which yields 10 Li+


H2O eventually), do not necessarily have enough energy to
form 2-iminopropanal+13 Li. For sodium, the stability of
barrier 6 Na is comparable to that of 2-iminopropanal+


13 Na, while for potassium, barrier 6 K becomes higher (by
ca. 15 kJ mol�1) than 2-iminopropanal+13 K, and this sug-
gests that for Na+ and K+ , the formation of a minor metal-
cation-bound water fragment ion [Na/K+H2O]+ would be
plausible. This is in fact consistent with our experimental
findings.


Absence of NH3 from [Ala+K]+ : Interestingly, for
[Ala+K]+ , even though the energetic requirement for loss
of NH3 (via 19 K) is lower than that for H2O (via 6 K) by
7 kJ mol�1 (Table 2), the loss of ammonia was not observed
under ion-trap CID conditions, while the peak due to loss of
H2O was clearly visible over a relatively wide range of colli-
sion energies above the threshold voltage (Figure 2 c). Given
the general agreement between experiment and theory, this
inconsistency is in fact puzzling. After careful inspection of
the potential energy surface, we offer the following plausible
explanation: the absence of NH3 in [Ala+K]+ probably
arises from the stability of species 18 K (a NH3···methyloxir-
anone···K+ ion–molecule intermediate) and the instability of
species 21 K (a NH3···K


+ ···methyloxiranone ion–molecule
transition structure).


As discussed earlier, the pathway for loss of NH3 shares
some of the intermediate and transition structures of the
pathway leading to the loss of CO and (CO+ NH3)
(Figure 3). The ion–molecule intermediate 18 may lose NH3


by direct bond fission with formation of the
[Ala+M�NH3]


+ fragment ion (species 19), an alkaliated
methyloxiranone. Alternatively, the intermediate 18 may re-
arrange to the thermodynamically more stable intermediate
20 (as illustrated in Scheme 2). For species 20 to react fur-
ther, it must surmount the energy barrier of transition struc-
ture 21 to eventually yield CO or (CO+ NH3). Of the three
[Ala+Li/Na/K]+ systems, species 18 is most stable in the
case of potassium (18 Li, 18 Na, and 18 K lie 177, 155, and
136 kJ mol�1, respectively, above the corresponding species
1, Figure 3). On the other hand, species 21 is most unstable
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in [Ala+K]+ (21 Li, 21 Na, and 21 K lie 152, 170, and
183 kJ mol�1, respectively, above the corresponding species
1). Thus, what may be happening under the CID conditions
of the ion trap is that the presence of a particularly stable
18 K diverts the reaction away from loss of NH3 to forma-
tion of species 20 K. In other words, we speculate that be-
cause of the relatively stable 18 K and unstable 21 K, if the
dissociating [Ala+M]+ samples this part of the potential
energy surface, it would end up “trapped” as the intermedi-
ate species 20 K instead of losing NH3 as expected. We note
that a barrier of 183 kJ mol�1 must be surmounted if loss of
NH3 is to occur from species 21 K. As this is some
20 kJ mol�1 higher than the barrier for the pathway for loss
of H2O (via transition structure 6 K), this may explain why
loss of H2O but not NH3 was observed in the ion-trap CID-
MS/MS spectrum of [Ala+K]+ .[27]


Compression/expansion of potential energy surface : Unlike
the loss of CO versus (CO+ NH3), losses of H2O and NH3


derive from different transition structures (via species 6 and
19, respectively). Here we note that the relative energy bar-
rier for the loss of H2O (via 6) and NH3 (via 19) decreases
from 24 (Li+) to 5 (Na+) to �7 kJ mol�1 (K+), that is, the
loss of H2O becomes kinetically less favorable with increas-
ing ionic size.


On further examination of the energetics of various spe-
cies on the potential energy surface, one finds interesting
variation in the energies from one cation to another (de-
picted graphically in Figure 5, based on values summarized
in Table 1). For most species on the potential energy surface,
from K+ to Na+ to Li+ , the surface has expanded, that is, it
is relatively less stable (compared to 1) for most species to
be in these forms when the cation is small. For a few species
on the potential energy surface (7, 20, 21, 22, and 23),[28]


from K+ to Na+ to Li+ , the surface is compressed, that is, it
is relatively more stable (compared to 1) for these species to
be in these forms when the cation is small. We note that for
these species, an “ion-cluster” type of geometry is adopted,
that is, M+ interacts with more than one ligand.


We propose the following explanation for the observed
trends. In alanine, there are three potential metal cation
binding sites: amino nitrogen (NH2), carbonyl oxygen (O=


C), and hydroxyl oxygen (OH). When the ligand is “intact”,
the positions of these three sites are constrained by the co-
valent bonds in the ligand. For example, as long as the car-
boxyl group (COOH) is retained (e.g., in 1–4), the two
oxygen atoms would be approximately 2–3 � from each
other. Therefore, it is unlikely that the metal cation could
interact with individual basic sites in the optimal fashion.
On the potential energy surface, species 1 exhibits the best
mode of binding (in terms of energy) between M+ and an
intact ligand. Given the geometrical constraints, any config-
uration other than that adopted in 1 would be higher in
energy. Among the three cations, the Li+–ligand interaction
is the strongest. Thus, by adopting any other configuration,
species on the [Ala+Li]+ potential energy surface will be
relatively less stable when compared to the corresponding


species on the [Ala+K]+ surface; that is, the potential
energy surface would appear to be expanded for the smaller
cation.


On the other hand, when the alanine ligand “breaks up”,
the individual basic sites now have the opportunity to re-
arrange to a more optimal fashion. As an example, the two
oxygen atoms in species 22 are now at least 4 � apart (4.45,
4.93, and 5.86 � in 22 Li, 22 Na, and 22 K, respectively).
Without the geometrical constraints which are present in a
single ligand, the individual binding sites on various ligands
can be positioned to gain maximal interaction with the
metal cation. As the Li+–ligand interaction is the strongest,
by adopting these “ion-cluster” configurations, the species
will be relatively more stable when compared to species 1
on the [Ala+K]+ surface, that is, the potential energy sur-
face would appear to be compressed for the smaller cation.
The issue of nonoptimal binding has been discussed previ-
ously by Rodgers and Armentrout: while one [12]crown-4
molecule has the same number of oxygen atoms as four
molecules of dimethyl ether, the M+ affinity is substantially
lower for the crown ether.[29] However, as far as we are
aware, it is the first time that such concepts have been in-
voked to explain the variation of energies as a function of


Figure 5. Variation of relative energies D(DE) of various species (with re-
spect to 1) on the [Ala+M]+ potential energy surface: from K+ to Na+


as � and Na+ to Li+ as *. A positive value suggests an expansion of po-
tential energy with smaller cation size.
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cation size on the potential energy surface of dissociation
processes.


Given the above, one can view the entire potential energy
surface for the [Ala+M]+ dissociation as a fusion of two
types of systems with difference dependences on cation size.
With decreasing ionic size: 1) if M+ binds to a single ligand,
the surface would be expanded; and 2) if M+ binds to more
than one ligands, the surface would be compressed.


Thus, the key barrier to the loss of H2O (species 6) in-
creases from K+ to Li+ , as only one ligand is involved in
binding of M+ . However, for the loss of CO and (CO+


NH3), the key barrier 21 adopts an ion-cluster type geome-
try, and thus the barrier decreases from K+ to Li+ . As a
result of this change in relative stabilities, while barrier 6 is
higher than 21 for [Ala+Li]+ , the reverse is true for
[Ala+K]+ , and this results in the absence of (CO+ NH3) for
[Ala+K]+ . Thus, even though absolute M+ affinities always
decrease with increasing ionic size,[15e, f,16a] the metal cation
changes the relative energetics of various species on the po-
tential energy surface, which in turn may change the prefer-
red dissociation pathway for loss of different small neutral
molecules.


Dissociation of free versus alkaliated alanine : We now dis-
cuss the loss of small neutral molecules from the free ala-
nine molecule, not bound to any metal cation. By comparing
the dissociation of free alanine with that of alkaliated ala-
nine, the role of the cation in the dissociation of [Ala+M]+


can be elucidated.
It is clear that in the absence of M+ , formation of ion–


molecule complexes such as 20, 21, 22, and so on (Figure 4)
is not possible. Thus, if loss of CO and (CO+ NH3) are to
occur from free alanine, the mechanism would have to be
different to that proposed for alkaliated alanine, possibly
with a much higher energy barrier.


One key to the loss of NH3 is the formation of the zwitter-
ionic species 17. The most important distinction between the
[Ala+M]+ and Ala potential energy surface is that without
M+ , zwitterionic minimum 17 (and the associated transition
structure 16) cannot be located. To verify whether it is a
computational artifact, we carried out optimization of spe-
cies 17 at other levels of theory (larger basis set, with diffuse
and polarization function, and at the MP2 level). Again, the
analogous species 17 cannot be located on the free-Ala po-
tential energy surface. Based on the above, the presence of
a cation is important in stabilization of the zwitterionic form
of alanine, similar to what was found for glycine previous-
ly,[30] and this suggests that the presence of M+ is crucial in
the loss of NH3 from alkaliated aliphatic amino acids.


For the loss of H2O, we carried out the corresponding the-
oretical study for the dissociation of free alanine. The struc-
tures of species involved in the loss of H2O from free ala-
nine (Figure 6) are in general very similar to that presented
for [Ala+M]+ (Figure 4), but with M+ removed. To facili-
tate discussion, we named the analogous species in free-ala-
nine dissociation to those found for [Ala+M]+ with the
same number, suffixed by “L”, that is, 1 L, 2 L, 3 L, and so


on, for the corresponding species 1, 2, 3, and so on, for
[Ala+M]+ .


Although the binding of M+ to alanine is largely electro-
static, the presence of a metal cation generally weakens the
covalent bond in the ligand in proximity to the cation-bind-
ing site. For example, the bond order of the carbonyl bond
is closer to a C=O bond in the free ligand 2 L (estimated
bond order ca. 1.8) than in the lithiated complex 2 Li (esti-
mated bond order ca. 1.5). What is more interesting is that
complexation with alkali metal cations may stabilize or de-
stablize various forms of the ligand (Figure 7): while species
2 L and 3 L are destabilized, the others (4 L to 10 L) are sta-
bilized in the presence of the alkali metal cation. We believe
that two factors are at work here: the number of interac-
tions (denticity) between the cation and ligand, and the
magnitude of charge separation in the ligand (dipole
moment). For 1 L, 2 L, and 3 L, the dipole moments of the li-
gands are quite similar in these three forms (1.4–1.7 D), so
losing one M+ ···N interaction in 2 L and 3 L leads to an
energy penalty of at least 65 kJ mol�1. On the other hand,


Figure 6. Optimized structures for the loss of H2O from free Ala. The
species analogous to those found for [Ala+M]+ are denoted with the
same number suffixed by “L”, that is, 1L, 2L, 3L, etc. for the counter-
parts of species 1, 2, 3, etc. for [Ala+M]+ . The three species on the free
alanine surface that are not analogous to those found in [Ala+M]+ are
denoted as I, II, and III.
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the dipole moment of species 4 L to 10 L ranges from 4.2 to
6.4 D, which is much larger than that of 1 L (1.4 D). Hence,
the stabilizing effect of a cation “solvating” the ligand
would be more strongly felt in a more polar ligand.[8] In this
case, as the key transition structures (4 L and 6 L) are more
polar than 1 L in Ala, the corresponding barriers in
[Ala+M]+ (4 and 6) are lowered when compared to that of
Ala.


Conclusion


Dissociation of alkaliated alanine [Ala+M]+ (M+ = Li+ ,
Na+ , K+) with formation of M+ and loss of small stable
neutral molecules [H2O, CO, NH3 and (CO +NH3)] has
been studied by low-energy ion-trap CID tandem mass spec-
trometry and density functional theory. The order of thresh-
old voltages (critical energy) for different dissociation path-
ways obtained experimentally was found to be consistent
with the order of critical energies (energy barriers) on the
potential energy surface obtained theoretically, and thus the
necessary confidence in both the experimental and theoreti-
cal results is provided.


Owing to proton deficiency, [Ala+M]+ lose small stable
neutrals with totally different mechanisms than [Ala+H]+ .
Although not explicitly involved in dissociation, the alkali
metal cation plays several important roles:


1) It facilitates the formation of amino acids in the zwitter-
ionic form and thus promotes the loss of NH3 and relat-
ed fragments from alkaliated amino acids.


2) It lowers the dissociation barrier by preferentially stabi-
lizing the more polar transition structures and thus effec-
tively catalyzes the different dissociation pathways.


3) It acts as an anchor point for small neutral molecules
and thus leads to the formation of stable but loosely
bound ion–molecule complexes and lowers the energy
requirement for dissociation.


4) It changes the relative energy barriers of the potential
energy surface for competing dissociation pathway of
[Ala+M]+ and results in changes in the energetically
preferred dissociation channels for amino acids cation-
ized by different alkali metal cations.


Experimental and Theoretical Section


Experimental details : Chemicals, including ([D3]methyl)alanine, D2O,
and CH3OD, were purchased from Sigma-Aldrich Chemicals (St. Louis,
USA) and were used as received. The solvents were purchased from Mal-
linckrodt (Paris, Kentucky, USA). Sample solutions were prepared by
dissolving KNO3/NaNO3/LiNO3 and alanine (final concentration each of
10�4 mol L�1) in MeOH/H2O (50/50, v/v). The sample solutions for H/D
exchange and deuterium-labeling studies were prepared in the same way
as those for standard experiments, except for replacing H2O/MeOH with
D2O/CH3OD as the solvent, or alanine with ([D3]methyl)alanine
(NH2CH(CD3)COOH).


Low-energy CID-MS/MS mass spectra of alkaliated alanine, [Ala+M]+ ,
were recorded with a Finnigan-LCQ quadrupole ion-trap mass analyzer
(San Jose, USA) equipped with an electrospray ionization (ESI) interface
and controlled via the Xcalibur (Version 1.2) system software.[31] The
sample solution was introduced into the ESI interface by a syringe pump
(Harvard Apparatus, Model 22) at 3–4 mLmin�1. The ESI spray voltage
was set at 4–4.5 kV, and the temperature of the heated capillary was 120–
150 8C. Nitrogen sheath gas was supplied at 60 L h�1 to assist solvent
evaporation. The mass analyzer was operated in the low-mass scan
mode: the main radio-frequency (RF) voltage applied to the ring elec-
trode during the ion-injection step was reduced from the standard 400–
250 to 250–200 V (Vp-p) range to optimize trapped ion intensities for ions
with m/z values below 200. In practice, the main RF voltage of the ring
electrode was optimized (adjusted) via the Xcalibur software at a m/z
value midway between three units higher (arbitrarily chosen) than that of
the precursor [Ala+M]+ (M+ = Li+ , Na+ , K+) ion and the default value
of 30. The trap offset voltage was set in the range of �5 to �10 V. These
conditions led to the formation of a moderately intense alkaliated alanine
precursor ion [Ala+M]+ (with ion injection time of 25–70 ms, and 1.5–
3.0� 105 ion intensity units as displayed by the Xcalibur (Version 1.2)
system software at the ion-detector setting of 1000 V), which was isolated
by ejecting all other ions from the trap (isolation width of 1–3 m/z
values). Collision-induced dissociation of the isolated [Ala+M]+ ions
with the helium buffer gas (ca. 1 mTorr pressure) in the ion trap was ach-
ieved by applying and varying an auxiliary ion activation RF voltage to
the end-cap electrodes in the range of 0.1–0.6 V in 0.01 V increments,
with ion activation qz in the range of 0.2 to 0.3 and activation time of 3–
10 ms.[31] The fragment ions resulting from the CID processes, i.e., the
MS/MS spectra, were recorded by scanning the ion-trap mass analyzer
from the m/z of [Ala+M]+ down to m/z 20. Usually, a mass spectrum
was obtained by averaging 50 scans, with relative ion intensities reprodu-
cible to �8 %. We attempted to obtain the CID-MS/MS spectra of the
fragment ions, i.e., MS3 studies on the isolated [Ala+M]+ ions, but failed
due to the instability of the ion-trap analyzer in the MS3 mode of opera-
tion in the low-m/z region.


The identities of the fragment ions formed and neutrals lost were con-
firmed by accurate mass measurements with a Micromass quadrupole
time-of-flight (Q-TOF II) tandem mass spectrometer (Manchester, UK)
equipped with an ESI interface. The absence of Li+ ion formation in the
dissociation of [Ala+Li]+ was confirmed by the CID-MS/MS spectrum
recorded with a Micromass Quattro Ultima triple-quadrupole tandem


Figure 7. Potential energy surface for the loss of H2O from free Ala. The
species analogous to those found for [Ala+M]+ are denoted with the
same number, suffixed by “L”, that is, 1 L, 2L, 3L, etc. for the counter-
part of species 1, 2, 3 etc. for the [Ala+M]+ . The three species on the
free alanine surface that are not analogous to those found in [Ala+M]+


are denoted as I, II,and III.
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mass spectrometer (Manchester, UK) capable of detecting ions with m/z
values as low as He+ (m/z 4).


Computational methods : Density functional calculations were performed
with the Gaussian 98 package.[32] All structures were fully optimized at
the B3LYP/6-31G(d) level, and the nature of stationary points was con-
firmed by frequency calculation, with transition structures verified to be
connecting the specific minima by intrinsic reaction coordinate (IRC) cal-
culations. With these structures, single-point energy calculations were
performed at the B3LYP/6-311 + G(3df,2p) level. The electronic energies
at 0 K of all species were corrected with B3LYP/6-31G(d) zero-point vi-
brational energies, scaled by 0.9806.[33] Charge and bond order were ana-
lyzed by using the natural bond orbital (NBO) scheme for selected spe-
cies at the B3LYP/6-31G(d) level.[34]


Our choice of the B3LYP functional is justified as it has been shown that
it yields accurate Li+ [25] and K+ [35] binding affinities for a wide range of
ligands at a computationally affordable cost. Furthermore, this functional
has been successfully applied to elucidate the dissociation mechanism of
several cationized amino acid systems.[10, 11b, 12a,12c, 12d] We note here that we
have not included basis-set superposition error (BSSE) in our model, as
it has been found that at this level, counterpoise correction tends to be
small.[35] Moreover, as the correction is expected to be uniform, it would
have little impact on the shape of the potential energy surface we pre-
sented.
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Rotamer Stability in cis-[Pt(diA)G2] Complexes (diA=Diamine Derivative
and G=Guanine Derivative) Mediated by Carrier-Ligand Amine
Stereochemistry as Revealed by Circular Dichroism Spectroscopy


Michele Benedetti,[a] Luigi G. Marzilli,[b] and Giovanni Natile*[c]


Introduction


Rosenberg	s serendipitous discovery of the antitumor activi-
ty of cisplatin (cis-diamminedichloroplatinum(ii))[1–3] was a
breakthrough in the chemotherapy of tumors. This highly ef-
fective drug for the treatment of testicular and ovarian can-
cers is also beneficial in association with other antitumor
drugs in the treatment of many other types of tumors.[4]


Thousands of platinum compounds have been synthesized
and tested for antitumor activity in the attempt to circum-
vent the acquired or intrinsic resistance to cisplatin in sever-
al tumors. Dozens of new platinum drugs have been used in
human clinical trials,[5] but only carboplatin [cis-di-
ammine(1,1-cyclobutanedicarboxylato-O,O’)platinum(ii)],
which is active in the same range of tumors as cisplatin, has
achieved world-wide routine clinical use because of its lower


Abstract: Extensive investigations of
cis-[Pt(diA)G2] complexes (in which
G=a guanine ligand; diA=a single di-
amine ligand) revealed the types of in-
teractions between the two G ligands
and between the G and the cis-amine
substituents when diA is a diamine
ligand with substituents on each nitro-
gen atom being a small hydrogen atom
and a bulky group able to slow the ro-
tation about the Pt�G bond. All these
interactions are shown to apply also
when diA=dach (1,2-diaminocyclohex-
ane), even though this chiral primary
diamine has only small N�H atoms on
each side of the coordination plane.
However, a slight difference in the ster-
eochemistry of the two protons (one
N�H has “quasi axial” and the other
“quasi equatorial” character) is suffi-
cient to induce a significant change in
the relative stabilities of the [Pt-


(dach)G2] DHT and LHT rotamers
(HT=head-to-tail). The new results
show that at acidic and neutral pH the
induction of asymmetry from the dach
ligand to the HT rotamers is governed
by the G-to-G dipole–dipole interac-
tion, which is greater for the six-mem-
bered ring of each guanine leaning to-
wards the cis-G. Such a “six-in” canting
of the two guanine ligands can be ham-
pered by the steric interaction between
the H8 of each guanine and the sub-
stituent on the cis-amine that is on the
same side of the coordination plane.
Such a repulsion is greater for a “quasi
equatorial” N�H than for a “quasi
axial” N�H. Under basic pH condi-


tions, deprotonation of the guanine
N1�H renders the O6 atom a much
better hydrogen-bond acceptor; there-
fore, the stability of the HT rotamers is
governed by the hydrogen-bond inter-
action of guanine O6 and the cis-amine
N�H group. Such a guanine O6/N�H
cis-amine interaction is stronger for a
“quasi axial” than for a “quasi equato-
rial” N�H group. In the head-to-head
(HH) rotamer, in which the electrostat-
ic repulsion between electron-rich O6
atoms, both on the same side of the
platinum coordination plane, tends to
place the six-membered rings of each
guanine further from the cis-guanine
and closer to the cis-amine, we can
expect better N�H···O6 hydrogen
bonding for the “quasi equatorial” N�
H groups.


Keywords: antitumor agents ·
atropisomerism · circular dichroism ·
hydrogen bonds · platinum
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toxicity.[5] More recently two other platinum compounds
have received approval for use in several countries: nedapla-
tin [cis-diammine(glycolato-O,O’)platinum(ii), or 254-S][5]


and oxaliplatin [(R,R)-1,2-diaminocyclohexane(oxalato-
O,O’)platinum(ii), or l-OHP].[5,6] The latter has been used
in the secondary treatment of metastatic colorectal
cancer.[5,6]


DNA remains the ultimate target for cisplatin, which
forms adducts mainly with the N7 of adjacent purines.[6–10]


The fact that the activity of cis-[PtA2X2] compounds (in
which A=NH3, RNH2, R2NH, and R3N; and X=anionic
ligand)[11] appears to correlate with the number of amine hy-
drogen atoms led to speculation about hydrogen-bond for-
mation between the amine N�H groups and a nucleotide
phosphate or a guanine O6 atom of the cross-link. Structural
investigations of platinated oligomers containing cisplatin[12]


or oxaliplatin[13] suggest that hydrogen bonds involving the
cisplatin NH3 groups are weak and perhaps not important,
and that the low steric hindrance of the carrier ligand,
rather than its ability to form hydrogen bonds, could be the
main factor influencing the antitumor activity of cis-
[PtA2X2] compounds.[10]


Although the role of N�H groups is unclear, small
changes in the carrier ligand(s) can lead to significant differ-
ences in biological activity. For example, the trans-1,2-diami-
nocyclohexane (dach) ligand in oxaliplatin, which was re-
cently approved for the second-line treatment of colorectal
tumors in combination with 5-fluorouracil,[5] has two enan-
tiomers. Different trans-lesion synthesis and nucleotide-exci-
sion repair of DNA as well as a very large difference (ten
times or more) in mutagenic activity have been found for
the platinum complexes with the two enantiomers.[14, 15]


In an early investigation of the reaction of enantiomeric
dach–platinum complexes with guanine derivatives,[16] Pasini
and co-workers observed that the circular dichroism (CD)
spectrum of [Pt{(R,R)-dach}G2] (in which G=9-methylgua-
nine) was characterized by positive Cotton effect bands cen-
tered at 230 and 280 nm and a negative Cotton effect band
centered at 260 nm; the corresponding Cotton effect bands
for the [Pt{(S,S)-dach}G2] enantiomer have the opposite
sign. The Cotton effect, assigned to coupling between p–p*
electronic transitions centered on the guanine bases, was
taken as a clear indication of transmission of chirality from
the dach ligand to the coordinated cis-guanine groups medi-
ated by the amine protons.[16] The details of the chirality
transmission mode given at that time have remained unclear
up to now. Meanwhile, very detailed investigations have
been carried out on less dynamic cis-[Pt(diA)G2] com-
pounds [diA=chiral diamines of C2 symmetry with N-sub-
stituents of different bulk on the two sides of the coordina-
tion plane; e.g., N,N’-dimethyl-2,3-diaminobutane
(Me2dab)


[17,18] and 2,2’-bipiperidine (bip);[19,20] these ligands
were named chirality controlling chelates, CCC, Scheme 1].
These studies allowed us to establish a correlation between
the Cotton effects at long wavelengths (�245 nm) and the
chirality of the dominant head-to-tail (HT) rotamer as re-
vealed by the NMR spectra. In particular, the spectral pat-


tern of a positive Cotton effect around 255 nm and a nega-
tive Cotton effect around 290 nm is characteristic of a DHT
rotamer; the opposite pattern is characteristic of a LHT ro-
tamer.[19]


Moreover, these investigations revealed different types of
interligand interactions that influence the stability of differ-
ent rotamers. These interactions have been grouped into
three classes: FFC, SSC and FSC.[21–23] FFC (first-to-first
sphere communication) involves internucleotide and nucleo-
tide–amine interactions close to the metal center (e.g., the
dipole–dipole interaction between cis-guanines, and hydro-
gen-bond formation between the guanine O6 atom and N�
H of the cis-amine). SSC (second-to-second sphere commu-
nication) involves interactions far from the metal center and
between cis-nucleotides (i.e. , the hydrogen-bond interaction
between the phosphate of a nucleotide and the N1�H group
of the cis-guanine). Finally, FSC (first-to-second sphere com-
munication) involves interactions between residues, one far
from (nucleotide) and the other close to (cis-amine) the
metal center (i.e., the hydrogen-bond interaction between
the 5’-phosphate of a nucleotide and the N�H group of the
cis-amine).[23]


We have focused on highly dynamic [Pt(dach)G2] com-
plexes. NMR spectroscopy is not useful for elucidating the
interligand interactions due to fast interconversion between
rotamers.[24] However, CD spectroscopy allowed us to deter-
mine the conformation of the dominant rotamer at different
pH values. From this information we were able to assess the
relative strength of different interligand interactions (FFC,
SSC, and FSC) and, in turn, to elucidate how amine protons
can mediate the induction of chirality from the dach back-
bone to the coordinated cis-nucleotides.


Scheme 1. Schematic representation of bip, Me2dab, and dach ligands co-
ordinated to a platinum(ii) moiety.
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Results


Platinum adducts with two cis-guanine ligands and a biden-
tate carrier ligand of C2 or higher symmetry, can form three
different rotamers: DHT, LHT and HH (Scheme 2; HT=


head-to-tail, HH=head-to-head). If the interconversion be-
tween rotamers is fast on the NMR timescale, only one set
of signals, which is the time average of the signals of the
three rotamers, is observed. Under these circumstances, CD
spectroscopy can be used to study the equilibria between ro-
tamers.[21,22,24] At longer wavelengths (�245 nm) the major
contribution to the CD is given by coupling between p–p*
electron transitions of the nucleobases, while the contribu-
tions of the carrier ligand and the sugar substituents (in the
case of nucleosides and nucleotides) are negligible.[25] Of the
three possible rotamers, only the two HT rotamers exhibit
strong Cotton effects, because the two HT rotamers are in-
trinsically chiral, whereas the HH rotamer is intrinsically
achiral due to a symmetry plane between the two cis-coordi-
nated purines. In the last case, a source of chirality can be
introduced by canting (either left-handed, L, or right-
handed, R) of the two guanines, and inversion of canting
will result in inversion of the CD signal. However, the cant-
ing effect is second order, and CD spectra of HH rotamers
are generally much less intense than those of HT rota-
mers.[26–28]


[Pt(dach)(9-EtG)2]
2+ : We used 1H NMR spectroscopy to


monitor the formation of the bisadduct starting from
[Pt{(R,R)-dach}(D2O)2]


2+ and 9-EtG (D2O, molar ratio 1:2,
pH 3.0, at 22 8C). Soon after mixing, two new H8 spectral


peaks were observed: one signal at d=8.25 ppm is assigned
to the monoadduct, [Pt{(R,R)-dach}(D2O)(9-EtG)]2+ , while
the other signal at d=8.03 ppm is assigned to the bisadduct,
[Pt{(R,R)-dach}(9-EtG)2]


2+ . During the reaction there was a
steady decrease of the H8 spectral peak of free 9-EtG and
an increase of the H8 peak of the bisadduct. The intensity
of the H8 peak assigned to the monoadduct first increased,
and then decreased to zero.
The CD spectrum of the final solution shows positive


Cotton effects at 230 and 287 nm and negative Cotton ef-
fects at 208 and 255 nm; the shape of the CD bands at 255
and 287 nm is a clear indication that the LHT conformer is
dominant at pH 3.0. As the pH increases, the intensities of
the CD bands at 255 and 287 nm decrease, reach zero, and
above pH 7.5 invert sign. These results indicate that as pH
increases, the LHT rotamer, initially more abundant, de-
creases in concentration and becomes less abundant at basic
pH than the DHT rotamer (Figure 1a).


The [Pt{(S,S)-dach}(9-EtG)2]
2+ formation reaction, fol-


lowed by NMR spectroscopy, shows exactly the same time
course as that observed for the formation of the enantiomer-
ic complex, [Pt{(R,R)-dach}(9-EtG)2]


2+ . As expected, the
CD spectra of [Pt{(S,S)-dach}(9-EtG)2]


2+ acquired at differ-
ent pH values show the opposite trend to that observed for
the [Pt{(R,R)-dach}(9-EtG)2]


2+ complex (Figure 1b), in
accord with an opposite trend in the stability of the HT ro-
tamers (DHT favored at acidic pH and LHT favored at
basic pH).


[Pt(dach)(3’-GMP)2]: The formation of the bisadduct start-
ing from [Pt{(R,R)-dach}(D2O)2]


2+ and 3’-GMP (D2O, molar
ratio 1:2, pH 3.0, at 22 8C) was also monitored by NMR
spectroscopy. As in the case of 9-EtG, two new H8 peaks


Scheme 2. Schematic representation of HH, DHT, and LHT atropisomers
for cis-[PtA2X2] complexes.


Figure 1. CD spectra conducted in H2O. a) [Pt{(R,R)-dach}(9-EtG)2]
2+


and b) [Pt{(S,S)-dach}(9-EtG)2]
2+ , at different pH values.
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became evident soon after mixing. The signal at d=


8.60 ppm is assigned to the monoadduct, [Pt{(R,R)-dach}-
(D2O)(3’-GMP)]+ , and another signal at d=8.38 ppm is as-
signed to the bisadduct, [Pt{(R,R)-dach}(3’-GMP)2]. During
the course of the reaction there is a steady decrease of the
H8 peak of free 3’-GMP and a steady increase of the H8
peak of the bisadduct. The intensity of the H8 peak of the
monoadduct first increases and then decreases to zero.
The CD spectrum of the final solution shows negative


Cotton effects at 230 and 295 nm and positive Cotton effects
at 210 and 255 nm. The shape of the CD bands at 255 and
295 nm indicates that the DHT conformer is more abundant
at pH 3.0. Increasing the pH to 7.5 resulted in a steady in-
crease of the Cotton effect band intensities. Above pH 7.5
the intensities of the CD bands decreased and approached
zero at pH 11.5. Thus, the concentration of the DHT con-
former, which is greater than that of the LHT rotamer at
pH 3, further increases on raising the pH to 7.5. At higher
pH the DHT concentration starts to decrease, and a pseu-
doracemic situation is reached at pH 11.5 (Figure 2).


In the case of [Pt{(S,S)-dach}(3’-GMP)2] the formation re-
action, followed by NMR spectroscopy, evolves in a similar
manner to that observed for the diastereoisomeric complex
[Pt{(R,R)-dach}(3’-GMP)2] (the H8 signal at d=8.53 ppm
for [Pt{(S,S)-dach}(D2O)(3’-GMP)]+ and at d=8.38 ppm for
[Pt{(S,S)-dach}(3’-GMP)2]).
The CD spectrum of the final solution of the bisadduct


shows negative Cotton effects at 230 and 290 nm and posi-
tive Cotton effects at 208 and 255 nm. The positive band at
255 nm and the negative band at 290 nm are typical of a
DHT rotamer. As we increased the pH from 3.0 to 7.3, the
intensities of the CD bands also increased. However at
higher pH the intensities start to decrease, and at pH 9.5 we
observed an inversion of the sign of the bands at 255 and


290 nm. It can be concluded that the DHT conformer, domi-
nant at acidic pH, increases in concentration on raising the
pH from 3.0 to 7.3. At higher pH the LHT rotamer gains
stability and becomes dominant at pH>10.0 (Figure 3).


[Pt(dach)(5’-GMP)2]: The bisadduct [Pt{(R,R)-dach}(5’-
GMP)2] was obtained by reaction of [Pt{(R,R)-dach}-
(D2O)2]


2+ and 5’-GMP (D2O, molar ratio 1:2, pH 3.0, at
22 8C). Two new H8 peaks are evident after mixing; we as-
signed the signal at d=8.60 ppm to the monoadduct [Pt-
{(R,R)-dach}(D2O)(5’-GMP)]+ and the other signal at d=


8.46 ppm to the bisadduct [Pt{(R,R)-dach}(5’-GMP)2]. As
the reaction proceeds, the H8 peak of free 5’-GMP decreas-
es while the H8 peak of the bisadduct increases. The intensi-
ty of the H8 peak of the monoadduct first grows and then
decreases to zero.
The CD spectrum of the final solution shows positive


Cotton effects at 230 and 290 nm and negative Cotton ef-
fects at 208 and 255 nm. The negative band at 255 nm and
the positive band at 290 nm are characteristic of a LHT ro-
tamer. As the pH is increased, the absolute intensities of the
CD bands first increase, reaching a maximum at pH 7.5,
then start to decrease, and at pH>10.0 the intensity of the
signal at 290 nm is practically zero (Figure 4). The LHT
conformer of the bisadduct can be concluded to be slightly
more abundant than the DHT rotamer at pH 3.0. The con-
centration of the LHT rotamer further increases as the pH
is increased and reaches a maximum value at neutral pH. At
basic pH the DHT rotamer gains stability, and a pseudorace-
mic situation is reached at pH>10.0.
The formation reaction of [Pt{(S,S)-dach}(5’-GMP)2],


monitored by NMR spectroscopy, is similar to that observed
for the diastereoisomeric complex, [Pt{(R,R)-dach}(5’-
GMP)2] (as evidenced by the H8 signal at d=8.63 ppm for


Figure 2. CD spectra conducted in H2O of [Pt{(R,R)-dach}(3’-GMP)2] at
pH values in the range a) 2.9–7.5 and b) 7.5–11.5.


Figure 3. CD spectra in H2O of [Pt{(S,S)-dach}(3’-GMP)2] at pH values in
the range a) 3.0–7.3 and b) 7.3–10.3.
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[Pt{(S,S)-dach}(D2O)(5’-GMP)]+ , and at d=8.52 ppm for
[Pt{(S,S)-dach}(5’-GMP)2]).
The CD spectrum of the reaction solution shows a posi-


tive Cotton effect at 260 nm and a negative Cotton effect at
295 nm, indicative of a dominant DHT rotamer. On increas-
ing the pH the Cotton band intensities decreased, and at
pH 5.0 the intensity of the lowest energy band at 290 nm
tended towards zero (Figure 5). Further increase in pH did
not cause significant changes in the spectral region above
280 nm. The DHT conformer of the bisadduct appears to be
slightly more abundant than the LHT conformer at pH 3.0.
A pseudoracemic situation between HT rotamers is attained
above pH 5.0.


Discussion


9-EtG complexes : For the [Pt{(R,R)-dach}(9-EtG)2]
2+ com-


plex, the LHT rotamer dominates at acidic pH, while the
DHT rotamer dominates at basic pH. The opposite trend is
observed for the [Pt{(S,S)-dach}(9-EtG)2]


2+ complex. The
same relationships were observed for the [Pt(CCC)(9-
EtG)2]


2+ complexes with R,R and S,S configurations at the
asymmetric carbon centers, respectively (in which CCC=


bip or Me2dab).
[20] However the intensities of the Cotton


effect bands revealed that the abundance of the dominant
rotamer was much greater (approximately ten times) for
CCC complexes than for the dach complexes considered
here.
Because the 9-EtG ligand lacks a phosphate group, only


two types of interligand interactions can take place. One is
interbase dipole–dipole interaction (the positively charged
H8 of each guanine is close to the negatively charged O6 of
the cis-guanine). This interaction favors a canted HT confor-
mation in which the six-membered ring of each guanine is
leaning towards the cis-guanine (“six-in” canting).[23,25] The
other possible interaction is hydrogen-bond formation be-
tween the O6 atom of a guanine and an N�H group of the
cis-amine located on the same side of the platinum coordi-
nation plane. The latter interaction favors a “six-out” cant-
ing of the guanine (the six-membered ring of the guanine
leaning towards the cis-amine). Both interactions were clas-
sified as FFC because in both cases the two interacting
groups are close to the platinum center. To distinguish be-
tween the two types of interactions, we will use the abbrevi-
ations FFCa and FFCb, respectively (Figure 6).
The extensive investigations of compounds with CCC li-


gands led to the conclusion that FFCa dominates at acidic
and neutral pH. Moreover, the strength of FFCa depends
upon the degree of “six-in” base canting,[29] which can be re-
duced by steric interaction between the H8 terminus of each
G and substituents on the cis-amine.[23] Thus, for an S,R,R,S


Figure 4. CD spectra conducted in H2O of [Pt{(R,R)-dach}(5’-GMP)2] at
pH values in the range a) 2.9–7.5 and b) 7.5–11.5.


Figure 5. CD spectra conducted in H2O of [Pt{(S,S)-dach}(5’-GMP)2] at
pH values in the range a) 3.0–5.0 and b) 5.0–11.0.


Figure 6. Schematic drawing of possible internucleotide and nucleotide
cis-amine interactions (FFCa, FFCb, SSC, and FSC). Because of the C2


symmetry of the HT rotamers, each interaction occurs twice; however,
for clarity, each is represented only once. In this figure we do not take
into account the chirality of the HT rotamer (L or D), the position of the
phosphate (3’ or 5’), or the number of protons on the diamine N-donors.
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configuration of bip or Me2dab (l-puckering of the diamine
chelate ring) the LHT rotamer, having an H8 on the side of
the N�H of the cis-amine, is favored over the DHT rotamer,
having H8 on the side of the alkyl substituent of the cis-
amine. Conversely, for an R,S,S,R configuration of the CCC
ligand, FFCa stabilizes the DHT over the LHT rotamer.
FFCb was found to dominate at basic pH as a conse-


quence of deprotonation of the N1�H of the guanine
base.[23] Such a deprotonation greatly increases the nucleo-
philicity of the guanine O6 atom, which becomes a good ac-
ceptor of a hydrogen bond from an N�H of the cis-amine
ligand. Consequently, at basic pH the rotamer in which the
O6 atom of each guanine is on the same side of the N�H of
the cis-amine ligand with respect to the platinum coordina-
tion plane becomes more stable. Therefore, FFCb stabilizes
the DHT conformer for the S,R,R,S configuration of CCC li-
gands, and the LHT conformer for the R,S,S,R configuration
of CCC ligands.
Because FFCa (dominating at acidic and neutral pH)


favors the rotamer with H8 on the same side of the coordi-
nation plane as the N�H of the cis-amine, while FFCb (dom-
inating at basic pH) favors the rotamer with the O6 atom of
each guanine on the same side of the coordination plane as
the N�H of the cis-amine, a change in the conformation of
the dominating HT rotamer (D or L) is observed on going
from acidic and neutral pH to basic pH for the [Pt(CCC)(9-
EtG)2]


2+ complexes.
In the [Pt(dach)(9-EtG)2]


2+ complexes the diamine che-
late ligand has N�H protons on both sides of the coordina-
tion plane albeit one “quasi axial” and the other “quasi
equatorial” (bottom of Scheme 1); therefore, we did not
expect a behavior similar to that of CCC ligands with N
donors with an N�H group on one side and an N-alkyl
group on the other side of the platinum coordination plane.
However, the behavior at acidic pH indicates that the HT
conformation with the H8 of each guanine on the side of
the “quasi axial” N�H of the cis-amine (LHT and DHT for
R,R and S,S configuration of dach, respectively) is favored
over the HT conformer with the H8 of each guanine on the
side of the “quasi equatorial” N�H of the cis-amine. In con-
trast, the behavior at basic pH indicates that the rotamer
with the O6 atom of each guanine on the side of a “quasi
axial” N�H moiety (DHT for (R,R)-dach and LHT for
(S,S)-dach) is favored over the rotamer with an O6 on the
same side of a “quasi equatorial” N�H moiety. We can con-
clude that the rotamer in which the H8 of each guanine is
on the side of a “quasi axial” N�H moiety of the cis-amine
can attain a greater “six-in” canting of the two guanines and
therefore is favored at acidic pH, at which FFCa dominates.
On the other hand, the rotamer in which the O6 atom of
each guanine is on the side of the “quasi axial” N�H moiety
is favored at basic pH, at which FFCb dominates. These re-
sults clearly indicate that in an HT rotamer the hydrogen-
bonding interaction between the O6 atom of each guanine
and the N�H group of the cis-amine is greater for a “quasi
axial” than for a “quasi equatorial” N�H group. Theoretical
calculations appear to support this conclusion.[29] Therefore,


FFCa and FFCb can fully explain the behavior of [Pt(dach)-
(9-EtG)2]


2+ complexes, with the “quasi equatorial” N�H
groups of dach playing the role of the N-alkyl substituents
in the corresponding compounds with CCC ligands.


3’-GMP complexes : 3’-GMP displays another type of inter-
action; the possibility for the 3’-phosphate of one nucleotide
to form a hydrogen bond with the N1�H group of the cis-
nucleotide. Because nucleotides have a preference for an
anti conformation, the 3’-phosphate group is directed to-
wards the cis-nucleotide only in the DHT conformer. This
type of phosphate/N1�H interaction between cis-G ligands
has been already discovered in [Pt(CCC)G2] complexes, and
was classified as second-to-second sphere communication
(SSC, Figure 6), because it involves groups that are both far
from the platinum center.[20–23]


For the [Pt(dach)(3’-GMP)2] adduct the DHT rotamer was
preferred at acidic and neutral pH, regardless of the config-
uration of the diamine (R,R or S,S); therefore SSC appears
to dominate over FFCa. The greatest abundance of the DHT
rotamer is reached at pH�7, at which the phosphate is
completely deprotonated and can give the strongest interac-
tion with the N1�H of the cis-G. A greater stabilization of
the DHT rotamer is observed in the S,S isomer with respect
to the R,R enantiomer, due to the additional contribution of
FFCa, which favors the DHT rotamer in (S,S)-dach, and the
LHT rotamer in (R,R)-dach.
Above pH 8, the (S,S)-dach complex exhibits a slight


prevalence of the LHT rotamer, while the (R,R)-dach com-
plex attains a pseudoracemic situation. N1�H deprotonation
occurring at basic pH precludes phosphate/N1�H interac-
tions between cis-guanines, while favoring guanine O6/N�H
of the cis-amine interactions (FFCb). FFCa and FFCb are the
only interactions occurring at basic pH. In the (S,S)-dach
complex, FFCa favors the DHT rotamer and FFCb favors the
LHT rotamer, and the net result is a slight preference for
the LHT rotamer (an indication that FFCb is slightly stron-
ger than FFCa). In contrast, in the (R,R)-dach complex
FFCa favors LHT and FFCb favors DHT resulting in a com-
parable amount of the two rotamers (a pseudoracemic mix-
ture). In the latter case an FFCb stronger than FFCa would
have led to a slight preference for the DHT rotamer (corre-
sponding to the slight preference for of the LHT rotamer
observed in the (S,S)-dach complex); however, this result
was not observed, probably because at high pH the DHT ro-
tamer is destabilized by an electrostatic repulsion between
the negatively charged 3’-phosphate of one nucleotide and
the deprotonated N1 of the cis-nucleotide.[22,23,30]


5’-GMP complexes : In complexes with 5’-GMP, the equilib-
rium between rotamers is further complicated by the high
mobility and the extended conformational “reach” of the 5’-
phosphate, properties which allow the 5’-phosphate to form
a hydrogen bond not only with the N1�H group of the cis-
G, but also with the N�H of the cis-amine. The interaction
between the 5’-phosphate of a nucleotide and the N�H
group of the cis-amine involves a group close to the plati-
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num center (the N�H group of the amine) and a group far
from the platinum center (the 5’-phosphate) and has been
classified as first-to-second sphere communication (FSC).
FSC always stabilizes the DHT rotamer in which the 5’-phos-
phate protrudes toward the cis-amine (assuming that the nu-
cleotide adopts the preferred anti conformation). On the
other hand, SSC, which in the case of 3’-GMP stabilizes the
DHT rotamer, stabilizes the LHT rotamer in the case of 5’-
GMP, because this rotamer has the 5’-phosphate protruding
toward the cis-nucleotide.[22,23,30] Therefore, the number of
possible interligand interactions increases continuously on
going from 9-EtG (FFCa and FFCb) to 3’-GMP (FFCa,
FFCb, and SSC) and to 5’-GMP derivatives (FFCa, FFCb,
SSC, and FSC).
For [Pt{(R,R)-dach}(5’-GMP)2] at acidic and neutral pH,


FFCa and SSC favor the LHT rotamer; FSC favors DHT
(FFCb is only active at basic pH). We observed a preference
for the LHT rotamer, which reaches the highest concentra-
tion at pH of approximately 7.5. At more basic pH, N1�H
deprotonation of the guanines precludes SSC (favoring
LHT) and increases FFCb (favoring DHT). As a conse-
quence, the DHT rotamer gains stability over the LHT ro-
tamer and becomes slightly preferred at very basic pH.
For the [Pt{(S,S)-dach}(5’-GMP)2] species at acidic and


neutral pH, SSC favors LHT, whereas FFCa and FSC favor
DHT. The DHT rotamer dominates at acidic pH, while a
pseudoracemic mixture is attained at neutral pH because of
an increased contribution of the SSC interaction favoring
LHT. At basic pH, N1�H deprotonation precludes SSC (fa-
voring LHT), but allows for FFCb (also favoring LHT); as a
consequence, no significant change in HT rotamer distribu-
tion was observed.
Comparison with corresponding cis-[Pt(NH3)2G2] adducts


and with {Pt(dach)}–DNA cross-links : In the adducts of G
ligands with cisplatin, the ammine carrier ligands have no
chiral centers and hence no stereocontrolling effect upon
the FFC interactions. As a consequence, the CD spectra of
cis-[Pt(NH3)2G2] adducts reflect the sole dominance of SSC
and FSC interactions on rotamer distribution. SSC interac-
tions stabilize the D- and LHT rotamers for 3’- and 5’-GMP
adducts, respectively, and are precluded at basic pH (simul-
taneously with guanine N1�H deprotonation) or by guanine
N1 methylation. FSC interactions are restricted to 5’-GMP
derivatives and favor DHT.[24] In this respect the interpreta-
tion of CD spectra for cis-[Pt(NH3)2G2] species is signifi-
cantly less complex than for analogous compounds with
chiral carrier ligands.
The new finding that at basic pH (guanines deprotonated


at N1) the guanine O6 preferentially forms a hydrogen bond
with a “quasi-axial” amine proton may appear to contradict
previous observations reporting hydrogen-bond formation
between guanine O6 and a “quasi-equatorial” N�H of the
cis-amine. For instance, the structure (elucidated by X-ray
diffraction) of a Pt{(R,R)-dach} cross-linked dodecamer
duplex[13] showed the formation of a hydrogen bond be-
tween the more canted “six-out” 3’-guanine and a “quasi-
equatorial” cis-N�H of the dach ligand. Such an interaction


had been proposed previously to explain the greater destabi-
lization on the 3’-side of duplexes cross-linked by Pt{(R,R)-
dab} as compared to those cross-linked by Pt{(S,S)-dab}
(dab=2,3-diaminobutane).[31] Although more recently an
NMR solution study on a Pt{(R,R)-dach} intrastrand cross-
linked dodecamer duplex[32] has confirmed the greater “six-
out” canting of the cross-linked guanine on the 3’-side
(thereby placing the guanine O6 near the “quasi-equatorial”
N�H of dach), the dach N�H signals did not show the
downfield shift and narrow line-width expected to result
from hydrogen bonding. In our opinion, the stereochemistry
of guanine O6/N�H cis-amine hydrogen-bonding interaction
is also dependent upon the type of rotamer (HT or HH). In
HT rotamers the cis-G dipole–dipole interaction favors the
conformation with the six-membered ring of each guanine
leaning toward the cis-G (“six-in” canting). In contrast, in
the case of HH rotamers the electrostatic repulsion between
the electron-rich O6 atoms of the cis-guanines, both on the
same side of the platinum coordination plane, tends to place
the six-membered ring of the guanines further from one an-
other (“six-out” canting). Such a difference in canting could
well result in stronger guanine O6/NH cis-amine interac-
tions for the “quasi-axial” N�H in the case of HT rotamers
and for the “quasi-equatorial” N�H in the case of HH ro-
tamers.
It should also be noted that in the present study the gua-


nine O6/N�H cis-amine hydrogen bond involves an N1-de-
protonated guanine, whereas in Pt{(R,R)-dach} cross-linked
duplexes the guanines are protonated at N1. Moreover, ad-
ducts with untethered nucleotides are much more flexible
than those with conformationally more constrained DNA
duplexes.


Conclusion


In this work we have demonstrated that all the interactions
between cis-coordinated nucleobases and between these
bases and cis-amine ligands discovered in the extensive in-
vestigations carried out on [Pt(CCC)G2] complexes (FFCa,
FFCb, SSC, and FSC) apply also to chiral primary diamines
such as dach.
In [Pt(CCC)G2] compounds the transmission of chirality


from the diamine to the cis-nucleobases was mediated by
the markedly unsymmetric distribution of the N-donor sub-
stituents with respect to the coordination plane (a proton on
one side and an alkyl substituent on the other side of this
plane) and resulted in a remarkable difference in the per-
centages of the two HT rotamers, with the dominating HT
rotamer determining the shape of the CD spectra.
In [Pt(dach)G2] complexes the transmission of chirality


from the diamine to the nucleobases is mediated by the two
N-donors with a proton on both sides of the platinum coor-
dination plane; however, one N�H has “quasi-axial” and
the other “quasi-equatorial” character. The overall effect of
the dach carrier ligand chirality on the abundances of differ-
ent rotamers is still significant, but smaller than in the case
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of [Pt(CCC)G2] complexes. FFCa is favored by “six-in” cant-
ing of the nucleobases, and the degree of canting can be re-
duced by repulsion between the H8 proton of each guanine
and the substituent on the cis-amine, which is on the same
side of the platinum coordination plane as the H8 proton.
The repulsion between the H8 proton and a “quasi-equatori-
al” N�H group has been found to be greater than that be-
tween H8 proton and a “quasi-axial” N�H group. Also,
FFCb (guanine O6/N�H cis-amine hydrogen-bond interac-
tion) becomes relevant only after N1�H deprotonation of
the guanine at high pH. We note that the O6 atom of the
guanine has been found to interact more strongly with a
“quasi-axial” than with a “quasi-equatorial” N�H group of
the cis-amine. SSC (hydrogen-bond formation between the
phosphate of one base and the N1�H group of the cis-base;
such an interaction favors D- and L-HT rotamers for 3’- and
5’-GMP derivatives, respectively) is dominant at acidic and
neutral pH. This interaction loses strength at basic pH si-
multaneously with deprotonation of N1�H. For 3’-GMP at
basic pH, an electrostatic repulsion between the phosphate
of one nucleotide and the deprotonated N1 atom of the cis-
nucleotide appears to slightly destabilize the DHT rotamer.
Finally, FSC (nucleotide phosphate/N�H cis-amine interac-
tion favoring the DHT rotamer) is restricted to the case of
5’-phosphates and appears to be slightly weaker than SSC at
both acidic and neutral pH.
The present investigation also explains the CD data ini-


tially reported by Pasini and co-workers on [Pt(dach)(9-
MeG)2]


2+ complexes in a different way.[16] The shape of the
CD spectra is dependent upon the dominance of an HT ro-
tamer (L or D) and not upon the canting of the nucleobases
(right- or left-handed). Moreover, the key factor influencing
the stability of the dominant HT rotamer at acidic or neutral
pH is the interaction between the H8 proton of each gua-
nine and the N�H group of the cis-amine rather than the
hydrogen-bond formation between the O6 atom of each
guanine and the N�H group of the cis-amine.
This work also confirms the usefulness of CD spectrosco-


py in the study of chiral platinum cross-link models that are
too dynamic to be fully assessed in NMR investigations.
Without the CD technique, factors intervening in the trans-
mission of chirality from the dach ligand to the cis-G bases
could not have been elucidated. Such a transmission of chir-
ality from the carrier ligand to the coordinated nucleobases
might play a role in influencing the activity and selectivity
of antitumor agents, for example, the different activities of
the two oxaliplatin enantiomers.


Experimental Section


Starting materials : 5’-GMP, 3’-GMP and 9-EtG (Sigma) were used as re-
ceived.


Preparation of compounds : [Pt{(R,R)-dach}Cl2] and [Pt{(S,S)-dach}Cl2]
were prepared by a standard procedure.[33]


[Pt{(R,R)-dach}(H2O)2]SO4 : [Pt{(R,R)-dach}Cl2] (362.5 mg, 0.954 mmol)
was suspended in water (50 cm3) and treated with Ag2SO4 (300.0 mg,


0.954 mmol). The mixture was stirred overnight in the dark and the solu-
tion was filtered to remove AgCl. The pale yellow residue obtained by
evaporation of the solvent was the desired [Pt{(R,R)-dach}(H2O)2]SO4


product. Yield 400 mg, 95%; elemental analysis calcd (%) for
C6H18N2O6PtS: C 16.3, H 4.1, N 6.3; found: C 16.2, H 4.1, N 6.2;
1H NMR (D2O): dH=1.14, 1.31, 1.57, 2.06, (m, each signal integrates for
2H, methylene protons), 2.41 ppm (m, 2H, CHN).


[Pt{(S,S)-dach}(H2O)2]SO4 : The synthesis of this compound was carried
out as already described for the R,R enantiomer. Yield 94%; elemental
analysis calcd (%): C 16.2, H 4.1, N 6.2; found: C 16.3, H 4.0, N 6.2.
1H NMR data were the same as those of the enantiomeric species report-
ed above.


Solution experiments : Stock solutions of G and [Pt(dach)(H2O)2]SO4


(10–25mm in D2O) were prepared and adjusted to acidic pH with diluted
D2SO4 in D2O. The selected pH was always approximately 2.5–3.0,
except in the case of 9-EtG, for which a more acidic pH of around 1.6
was required in order to ensure complete dissolution of the base in
water. Aliquots of these stock solutions were transferred into an NMR
tube in order to have a final G:Pt ratio slightly higher than two. The for-
mation of [Pt(dach)G2] complexes was monitored by 1H NMR spectros-
copy. The concentration of the platinum complex in the NMR tube was
4–10 mm.


Aliquots of the NMR solutions were brought to a concentration of 3–5R
10�5m by addition of water. Na2SO4 was added in order to maintain a
constant ionic strength (~50mm). The pH was varied from 3 to 11, and
the changes in rotamer composition were monitored by CD spectroscopy.


Spectroscopy : 1H NMR spectra were recorded on a Bruker Avance
DPX300 instrument. The number of scans per spectrum was at least 128
in order to have a high signal-to-noise ratio. CD and UV-visible spectra
were registered on a Jasco J-810 spectropolarimeter in the range 200–
350 nm. Each spectrum was the average of 4–16 different scans in order
to increase the signal-to-noise ratio; the path length of the cell was
0.5 cm.
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Total Spontaneous Resolution of Chiral Covalent Networks from
Stereochemically Labile Metal Complexes


Anna Johansson,[a] Mikael H#kansson,*[a] and Susan Jagner*[b]


Introduction


Recently, total spontaneous resolution of seven-coordinate
and eight-coordinate transition metal complexes has been
reported.[1,2] Owing to the stereochemical lability of these
complexes in solution and hence their tendency to enantio-
merise rapidly in solution, conventional solution-based
methods for resolution of such enantiomers are ineffective.
If, however, the complex crystallises as a conglomerate, it
may undergo crystallisation-induced asymmetric transforma-
tion, also known as total spontaneous resolution.[3–5] A pre-
requisite for total spontaneous resolution, and, consequently,
an enantiomerically enriched bulk product, is that the metal
complex is stereochemically labile and is thus transformed


into the relevant enantiomer as crystal nucleation proceeds.
Although it is possible to determine the absolute configura-
tion of a single crystal of an enantiomorph so formed by
means of crystal structure determination, quantitative deter-
mination of the enantiomeric excess (ee) of a bulk product
by this method would be extremely time-consuming and, if
the bulk product is microcrystalline, hardly feasible. Solid-
state CD spectroscopy has been exploited to solve this prob-
lem and has proven to be a powerful tool for quantitative ee
determination of bulk samples.[2]


In previous investigations, we have studied the complexa-
tion of N-donor ligands with copper(i), and, in particular
with enantiopure N-donor ligands. Thus, the first complexes
between copper(i) chloride and (�)-sparteine have been
prepared and characterised.[6] Another approach to the
preparation of enantiopure complexes is the reaction be-
tween amines with a chirogenic N-centre and various metal
ions.[7–9] A ligand with chirogenic N-donor atoms, N,N’-dime-
thylethylenediamine (dmeda) was selected for the present
investigation. The ligand itself is not optically active in solu-
tion owing to rapid inversion at the nitrogen centre. When
coordinated by a metal centre, however, a stereochemically
labile complex is formed which enantiomerises in solution
but can be optically active in the solid state. If the metal


Abstract: Stereochemically labile
copper and zinc complexes with the
N,N’-dimethylethylenediamine ligand
(dmeda) have been shown to be prom-
ising precursors for the total spontane-
ous resolution of chiral covalent net-
works. (N,N’)-[Cu(NO3)2(dmeda)]1
crystallises as a conglomerate and
yields either enantiopure (R,R)-1 or
enantiopure (S,S)-1. A mixed-valence
copper(i/ii) complex, [{CuIIBr2-
(dmeda)}3(CuIBr)2]1 (2), which crystal-
lises as a pair of interpenetrating chiral
(10,3)-a nets, is formed from CuBr,
CuBr2 and dmeda. One net contains li-


gands with solely (R,R) configuration
and exhibits helices with (P) configura-
tion while the other has solely (S,S)-
dmeda ligands and gives rise to a net in
which the helices have (M) configura-
tion. The whole crystalline arrange-
ment is racemic, because the interpene-
trating chiral nets are of opposite hand-
edness. With zinc chloride (R,S)-[ZnCl-


(dmeda)2]2[ZnCl4] (3) is obtained,
which is a network structure, although
not chiral. Total spontaneous resolution
of stereochemically labile metal com-
plexes formed from achiral or racemic
building blocks is suggested as a viable
route for the preparation of covalent
chiral networks. Once the absolute
structure of the compound has been
determined by X-ray crystallography, a
quantitative determination of the enan-
tiomeric excess of the bulk product can
be undertaken by means of solid-state
CD spectroscopy.
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complex crystallises as a conglomerate, it ought to be possi-
ble to obtain an enantiopure product from the achiral (or
racemic) building blocks by total spontaneous resolution.
Thus, we envisaged that enantiopure chiral networks might
be prepared by such a method, which was a primary objec-
tive of this work.


Given our previous investigations,[6,8,9] it was of interest to
examine the behaviour of dmeda towards copper(i) and cop-
per(ii) halides and also zinc(ii) chloride.[7,9] One of the enan-
tiomers of the copper(ii) nitrate complex with dmeda has
been prepared and characterised earlier,[10] but (N,N’)-[Cu-
(NO3)2(dmeda)] was included again in this investigation in
order to examine the possibility of total spontaneous resolu-
tion of enantiomorphs. The results of this investigation are
presented below, those compounds obtained being summar-
ised below.


Results and Discussion


Total spontaneous resolution of (N,N’)-[Cu(NO3)2-
(dmeda)]1: Compounds (R,R)-1 and (S,S)-1 have been pre-
pared by total spontaneous resolution from copper(ii) ni-
trate and the chelating amine dimethylethylenediamine
(dmeda) which possesses chirogenic N-donors. The com-
pound itself is not new,[10] but total spontaneous resolution
into the (R,R) and (S,S) enantiomorphs has not been dem-
onstrated previously. Nor has it been recognised that crystals
of [Cu(NO3)2(dmeda)]1 form a conglomerate, that is, the
(R,R) and (S,S) enantiomers crystallise separately. As is
seen from the solid-state CD spectra of (R,R)-1 and (S,S)-1
(Figure 1) and the calibration plot for quantitative ee deter-
mination[2] of the bulk material and single crystals
(Figure 2), the products are essentially enantiopure. Thus,
since the crystallisation starts without seeding and yields an


enantiomerically enriched product, the preparation may be
regarded as absolute asymmetric synthesis. Without seeding
four of seven crystallisation experiments resulted in batches
of enantiopure (R,R)-1. This implies a stochastic distribution
of handedness in experiments in which crystallisation pro-
ceeds without seeding, in contrast to recently reported re-
sults.[11] Seeding can, of course, be used to predetermine
which enantiomorph is formed. The usefulness of solid-state
CD spectroscopy as a tool for quantitative ee determination
and thus for assessing total spontaneous resolution of the
bulk product,[2] has been further demonstrated here.


The molecular structure of (N,N’)-[Cu(NO3)2(dmeda)]1
has been described previously and the connectivity relation-
ships provided by this study (Table 1, Figure 3) are in good
agreement with the those obtained in the previous determi-
nation.[10] If, however, the long coordinative bonds of
2.641(3) M [(R,R)-1] and 2.637(3) M [(S,S)-1)], which result
in distorted octahedral coordination geometry for copper(ii)
(see also ref. [8]) are taken into account, the compounds
may be considered to form three-dimensional networks (cf.
Figure 4). Despite the chirality of the compounds them-
selves, the topology of the nets, in which copper(ii) forms
the nodes, can be described as (6,4), that is, diamondoid,
which is achiral.


Figure 1. Solid-state CD spectra of (R,R)-1 (bold) and (S,S)-1.


Figure 2. Enantiopure crystal mass of (S,S)-1 is directly proportional to
the magnitude of the CD signal. & represent the calibration line, con-
structed from enantiopure single crystals; * bulk product ee determina-
tions, which show that the bulk product is essentially enantiopure.
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[{CuIIBr2(dmeda)}3(CuIBr)2]1 (2): A mixed-valence cop-
per(i/ii) complex was formed from copper(i) bromide and
dmeda, single crystals of better quality being formed by
mixing the copper(i) and copper(ii) constituents. The N
donors of the chelating dmeda ligand are coordinated as
either both (R,R) or both (S,S). Compound 2 crystallises in
the acentric space group I4̄3d, but, owing to the presence of
the glide plane, a conglomerate cannot be formed. Instead,
2 crystallises as a pair of enantiomorphic networks which
are related by the d-glide plane. The structure of 2 can also
be described as interpenetrating chiral nets of topology
(10,3)-a,[12–17] in which the nodes are composed solely of the
copper(i) centres. Part of a chiral net is illustrated in
Figure 5. The topology of interpenetration of the chiral


(10,3)-a nets is illustrated in Figure 6, where only the cop-
per(i) nodes are depicted. One net contains ligands with
solely (R,R) configuration and exhibits helices with (P) con-
figuration while the other has solely (S,S)-dmeda ligands
and gives rise to a net in which the helices have (M) config-
uration. It is possible that the chiral nets are stabilised by
the presence of chiral ligands, even though the nets them-
selves do not require these groups for their definition. The
whole crystalline arrangement is racemic,[12–14] since the in-
terpenetrating chiral nets are of opposite handedness.


Several polymeric mixed-valence copper(i/ii) compounds
crystallise with one-dimensional,[18–20] two-dimensional[21–24]


and three-dimensional arrays,[21–27] but there seem to be few
examples of interpenetration[24,25] and few in which the net-
work is built up primarily from covalent bonds[21,24–26] rather
than weak interactions. Even examples of covalent inter-
penetrating (10,3)-a networks with other transition metals


Table 1. Selected bond lengths [M] for (R,R)-[Cu(NO3)2(dmeda)]1 and
(S,S)-[Cu(NO3)2(dmeda)]1.[a]


(R,R)-1 (S,S)-1


Cu1�O1 1.984(2) Cu1�O1 1.987(2)
Cu1�N2 1.998(2) Cu1�N2 1.994(2)
Cu1�O2i 2.641(3) Cu1�O2iii 2.637(3)
O1�N1 1.280(4) O1�N1 1.270(3)
N1�O2 1.238(3) N1�O2 1.235(3)
N1�O3 1.203(4) N1�O3 1.218(4)
N2�C1 1.459(4) N2�C1 1.463(4)
N2�C2 1.473(4) N2�C2 1.478(4)
C2�C2ii 1.514(8) C2�C2iv 1.516(7)


[a] Symmetry code: i: 1=2�x, y�1=2,
1=4�z ; ii : y, x, �z ; iii : 11=2�x, y�1=2,


3=4�z ; iv: 1�y, 1�x, 1=2�z.


Figure 3. Molecular structure of (S,S)-1, showing the crystallographic
numbering. Hydrogen atoms have been omitted. The structure of (R,R)-1
is analogous. The long Cu1···O2 bonds of 2.64 M have been drawn as
broken lines.


Figure 4. Part of the network formed by (S,S)-1.


Figure 5. Ten-membered ring in the (10,3)-a net in 2. Arrows indicate
network expansion.
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appear to be somewhat scarce.[12,14] The novelty of 2 lies in
its uniqueness as a chiral covalent interpenetrating mixed-
valence copper(i/ii) network with an uncommon topology.


The molecular structure of 2 is illustrated in Figure 7,
showing the crystallographic numbering. Selected bond
lengths and angles are given in Table 2. Copper(ii) has es-
sentially square-planar coordination geometry, whereas cop-
per(i) exhibits a distorted tetrahedral coordination environ-
ment with one terminal and three bridging bromide ligands.


The dmeda ligand is bonded solely to copper(ii) and both
conformations of the five-membered chelating ring are pres-
ent, resulting in crystallographic disorder associated with
C2, this atom being successfully resolved into two compo-
nents: C2a and C2b.


Since the metal centres are clearly discernible in terms of
their coordination geometry, [{CuII(dmeda)Br2}3(CuIBr)2] (2)
is perhaps best characterised as a Robin and Day[28] class I
mixed-valence species. The dark reddish-brown colour of
the compound indicates, however, some transfer of charge
between the copper centres, which would suggest borderline
class II behaviour, electron delocalisation probably being
mediated by the bridging bromide ligands.[28] This phenom-
enon has also been demonstrated by Sherwood and Hoff-
mann[29] to occur in a mixed-valence CuI/CuII chlorocuprate
reported by Willett.[30] Charge-transfer spectra in mixed-va-
lence copper(i,ii) species have been examined in some
detail.[31,32] Unfortunately, the solid-state UV/visible spec-


Figure 6. Showing a) the topology of the interpenetrating nets in 2 along
the c axis, and b) how the (R,R) net (drawn in black) forms exclusively
right-handed (P) helices.


Figure 7. ORTEP drawing of 2, showing the crystallographic numbering.
Hydrogen atoms have been omitted.


Table 2. Selected bond lengths [M] and angles [8] for [{CuIIBr2(dmeda)}3-
(CuIBr)2]1 (2).[a]


Cu1�Br1 2.458(1) Cu2�Br1 2.422(1)
Cu1�Br2 2.484(2) Cu2�N1 2.011(5)
N1�C1 1.467(9) Cu1···Cu2 3.586(1)
N1�C2a 1.46(1) N1�C2b 1.53(2)
C2a�C2ai 1.49(4) C2b�C2bi 1.51(4)
Br1-Cu1-Br1ii 114.01(3) N1-Cu2-N1i 85.0(3)
Br1-Cu1-Br2 104.42(4) N1-Cu2-Br1 173.7(2)
Br1-Cu2-Br1i 91.49(5) N1i-Cu2-Br1 92.0(1)
Cu1-Br1-Cu2 94.60(4)


[a] Symmetry code: i: 1=2�x, y, �z; ii : y, z, x.
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trum for 2 lacked discrete features, preventing meaningful
comparison with previous studies.[31,32] Solid-state measure-
ments were necessary since the compound is insoluble in all
common solvents and, moreover, it is not likely that the net-
work structure of 2 is retained in solution.


Compound 2, in which the harder N-donors are bonded
to copper(ii) and the softer bromide ligands to copper(i) is
analogous, in this respect, to a novel mixed-valence trinu-
clear phenoxide.[33] In this latter complex, the central cop-
per(ii) is surrounded by O-donor ligands in a distorted
square-planar arrangement whereas the softer peripheral
copper(i) centres are each bonded to two alkene linkages
and two oxide donors.[33] This compound, which is an even
more striking example of the HSAB (hard and soft acids
and bases) principle,[34] is also primarily a Robin and Day[28]


class I mixed valence species, with its dark red colour indi-
cating borderline class II behaviour. In recently prepared
bromocuprate(i,ii) species,[18,35] the copper centres are equiv-
alent or nearly equivalent such that these compounds exhib-
it typical class III and class II behaviour with intermediate
formal charges between one and two on the metal cen-
tres.[18, 35] These bromocuprate(i) species share the property
with 2 that the molecular motifs observed in the solid are
unlikely to exist, as such, in the crystallising solution, but
are assembled during crystal growth.[36] The relatively long
Cu1···Cu2 distance of 3.586(1) M in 2 is also indicative of
class I behaviour. Typical class III behaviour would seem
more often to result in shorter Cu···Cu distances of the
order of 2.4 M.[18,19] In the case of the polymeric [Cu2Br5]


2�


ion, however, the very short distance of 2.36 M has been
demonstrated to be associated with an energetically weak
and soft Cu···Cu interaction.[18]


(R,S)-[ZnCl(dmeda)2]2[ZnCl4] (3): Selected bond lengths
and angles for 3 are given in Table 3 and the crystallograph-
ic numbering of the chloro(dmeda)2zinc(ii) cation and tetra-
chlorozincate(ii) anion is shown in Figure 8. Although the
compound crystallises in an acentric space group, it is not
chiral and does not crystallise as a conglomerate. Thus, both
Zn1 and Cl1 are situated on a two-fold axis and the dmeda
ligands are bonded to zinc in the meso mode such that the
configuration of N1 is (R) whereas that of N2 is (S). Zn1 ex-
hibits distorted square pyramidal coordination geometry
with an apical chloride ligand and two dmeda groups form-
ing the basal plane. The degree of trigonality, as expressed
by the t parameter,[37] is 0.28. It is interesting that in an anal-
ogous complex cation formed between (R,R)-bipyrrolidine
and zinc(ii) chloride, zinc exhibits trigonal bipyramidal coor-
dination geometry with the chloride ligand situated in the
trigonal plane.[38]


The tetrachlorozincate(ii) anion is comprised of Zn2 and
Cl2, the former being situated on the 4̄ axis. There is a
short contact of 2.5750(8) M between Cl2 and H5 which
links the structural motifs to form a three-dimensional net-
work, illustrated in Figure 9, the topology of the net being
(6,4), that is, diamondoid, with the zinc atoms of the chloro-
zincate(ii) ion as nodes. Terminal metal-bound chlorine has


been shown to be a good hydrogen-bond acceptor, in con-
trast to C–Cl counterparts.[39] Such hydrogen bond interac-
tions have, moreover, been recognised as being of considera-
ble importance in crystal engineering and supramolecular
chemistry.[40]


Conclusion


Enantiopure nets have applications in materials science and
heterogeneous catalysis and so their preparation is of intrin-
sic interest. We have shown that it is possible to obtain
enantiopure bulk products from achiral or racemic building
blocks by crystallisation-induced asymmetric transformation,
as exemplified by (R,R)-1 and (S,S)-1. Although enantiopure
three-dimensional covalent coordination networks are
formed, the topologies of the nets defined with copper(ii) as


Figure 8. Constituent ions in 3 showing the crystallographic numbering.
Hydrogen atoms have been omitted.


Table 3. Selected bond lengths [M] and angles [8] for (R,S)-[ZnCl-
(dmeda)2]2[ZnCl4] (3).[a]


Zn1�Cl1 2.246(1) Zn2�Cl2 2.2561(8)
Zn1�N1 2.159(2) Zn1�N2 2.171(2)
N1�C1 1.476(4) N2�C4 1.452(4)
N1�C2 1.458(4) N2�C3 1.464(4)
C2�C3 1.497(5)
Cl1-Zn1-N1 110.54(7) Cl2-Zn2-Cl2i 110.62(2)
Cl1-Zn1-N2 102.09(7) Cl2-Zn2-Cl2ii 107.19(4)
N1-Zn1-N2 80.7(1) N1-Zn1-N1iii 138.9(1)
N1-Zn1-N2iii 90.8(1) N2-Zn1-N2iii 155.8(1)


[a] Symmetry code: i: y, 1�x, 1�z ; ii : 1�x, 1�y, z ; iii : 1=2�x, y, 3=4�z.
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the nodes are not chiral. Thus, if the dmeda ligands were
leached out, chirality would be lost. An additional drawback
of products (R,R)-1 and (S,S)-1 is that the long Cu�O bond
might be broken on contact with solvents and enantiomeri-
sation could then take place.


The preparation of 2 demonstrates that it is possible to
obtain an insoluble covalent chiral network from achiral or
racemic building blocks. In this particular case, the com-
pound crystallises as interpenetrating chiral nets of (10,3)-a
topology in which the copper(i) centres form the nodes. The
enantiomorphic net associated with dmeda ligands bonded
to copper(ii) with the (R,R) configuration exhibits helices
with (P) configuration whereas the interpenetrating net has
ligands which are solely (S,S) and helices with the (M) con-
figuration. Removal of dmeda by leaching, for example,
would not affect the chirality of the enantiomorphic net.
Owing to the presence of the d-glide plane, however, an in-
terpenetrating racemate of both enantiomorphs is formed.


On the basis of these results, we suggest total spontaneous
resolution of stereochemically labile metal complexes
formed from achiral or racemic building blocks as a viable
route for the preparation of robust covalent chiral networks.
Once the absolute structure of the compound has been de-
termined by X-ray crystallography, a quantitative ee deter-
mination of the bulk product can be undertaken by means
of solid-state CD spectroscopy.[2]


Experimental Section


General : Commercial methanol (>99%), N,N’-dimethylethylenediamine,
CuBr2, CuBr, and Cu(NO3)2R3H2O were used without further purifica-
tion. ZnCl2 was dried by treatment with thionyl chloride.[41]


(R,R)-[Cu(NO3)2(dmeda)]1: Copper(ii) nitrate trihydrate (2.00 mmol,
0.50 g) was dissolved in methanol (20 mL), and N,N’-dimethylethylenedi-
amine (2.00 mmol, 0.22 mL) was added. The solution was allowed to
evaporate slowly, blue square pyramidal crystals of (R,R)-[Cu(NO3)2-
(dmeda)] being formed after a few days (0.48 g, 87%; ee >97%). UV
(CH3OH): lmax=712w, 654, 600w, 401, 303, 263 nm (values given in
ref. [10]: 701, 592 nm); solid-state CD (KBr): l = 650 (min, broad), 498
(max), 460 (min), 393 (max), 340 (min), 293 (max), 263 (min), 244 (max),
224 (min), 204 nm (max).


(S,S)-[Cu(NO3)2(dmeda)]1: Crystals of (S,S)-Cu(NO3)2(dmeda), were
prepared as for (R,R)-1. Yield: 0.47 g, 85%; ee >97%. Solid-state CD
(KBr): l = 650 (max, broad), 498 (min), 460 (max), 393 (min), 340
(max), 293 (min), 263 (max), 244 (min), 224 (max), 204 nm (min).


[{CuIIBr2(dmeda)}3(CuIBr)2]1: Copper(ii) bromide (2.00 mmol, 0.45 g)
was dissolved in methanol (20 mL), and N,N’-dimethylethylenediamine
(2.00 mmol, 0.22 mL) was added. The solution was allowed to evaporate
slowly until small, green crystals formed. The green supernatant solution
was removed and allowed to stand for several days, dark reddish brown
pyramidal crystals being deposited in very low yield (<5%). Alternative-
ly, 2 can be obtained by mixing CuBr2 and CuBr under inert atmosphere.
Thus, to a solution of copper(ii) bromide (2.00 mmol, 0.45 g) and cop-
per(i) bromide (1.33 mmol, 0.19 g) in dry methanol (3 mL), N,N’-dime-
thylethylenediamine (2.00 mmol, 0.22 mL) was added slowly, using stan-
dard Schlenk techniques. Dark reddish brown pyramidal crystals of good
quality were deposited from the green solution in approximately 20%
yield after a few weeks.


(R,S)-[Zn(dmeda)2Cl]2[ZnCl4]: N,N’-dimethylethylenediamine
(2.00 mmol, 0.22 mL) was added to a solution of zinc(ii) chloride
(2.00 mmol, 0.27 g) in methanol (4 mL). The solution was allowed to
slowly evaporate slowly, colourless block-shaped crystals of 3 being
formed after a few days (0.96 g, 63).


Solid-state CD spectroscopy: Solid-state CD spectra for (R,R)-1 and
(S,S)-1 were recorded on a Jasco J-175 spectropolarimeter, using thin
(100 mg) KBr disks of 13 mm diameter. For ee determinations, the CD
signal was averaged over 15 different positions for each disk. The calibra-
tion line was obtained by preparing disks containing various amounts of
enantiopure (and homochiral) crystals.[2] (In order to verify that the crys-
tals were high-quality single crystals, they were carefully inspected under
a microscope before use.) The disks were prepared by weighing a crystal
sample (approximately 2 mg) and then manually mixing and grinding it
with a weighed amount of KBr (approximately 1 g). The best result was
obtained by adding KBr in four smaller portions, each addition being fol-
lowed by careful manual grinding, until a homogeneous mixture was ob-
tained. Approximately 100 mg of the mixture was collected and weighed
before pressing it into a disk for 2 min at 8 ton. This resulted in a disk
containing approximately 0.2 mg crystal mass and a similar procedure
was used for all disks in Figure 2, while varying the crystal mass and/or
the KBr-mediated dilution.


UV/Vis spectroscopy: UV/Vis spectra were recorded on Varian Cary 5E
UV-Vis-NIR spectrometer using thin (100 mg) KBr disks for the solid-
state spectra.


Crystal-structure determination : Crystal and experimental data are sum-
marised in Table 4. Crystals of 1–3 were selected and mounted in glass
capillaries and transferred to a Rigaku R-AXIS IIc image plate system.
Diffracted intensities were measured at ambient temperature, 293(2) K,
by using graphite-monochromated MoKa radiation (l=0.71073 M) from a
RU-H3R rotating anode operated at 50 kV and 90 mA. Ninety oscillation
photographs with a rotation angle of 28 were collected and processed
using the CrystalClear software package. Cell constants were determined
by refinement based on all the reflections measured. Empirical correc-
tions were applied for the effects of absorption using the REQAB pro-
gram under CrystalClear. The structures were solved by direct meth-


Figure 9. Part of the network formed by 3. Broken lines indicate the
short Zn-Cl···H interactions.
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ods[42,43] and refined using full-matrix least-squares calculations on F 2


(SHELXL-97)[43] on all reflections, both programs operating under the
WinGX program package.[44] Anisotropic thermal displacement parame-
ters were refined for all non-hydrogen atoms and hydrogen atoms were
included in 2 and 3 using a riding model. In (R,R)-1 and (S,S)-1, position-
al and isotropic thermal parameters were refined for all the hydrogen
atoms. Structural illustrations have been drawn with ORTEP-3 for Win-
dows[45] and PLUTON[46] under WinGX.[44] Net topology drawings were
made using OLEX.[47]


(R,R)-1: Blue square pyramid, 0.3R0.3R0.3 mm; 2qmax=548 ; 7517 reflec-
tions measured of which 1053 unique; 94 parameters; R1=0.036 and
wR2=0.087 for the 1010 reflections for which I > 2s(i), R1=0.038 and
wR2=0.088 for all 1053 reflections; Flack parameter[48]=0.00(2); maxi-
mum and minimum residual electron density: 0.53; �0.29 eM�3.


(S,S)-1: Blue square pyramid, 0.4R0.4R0.4 mm; 2qmax=548 ; 7416 reflec-
tions measured of which 1029 unique; 94 parameters; R1=0.038 and
wR2=0.082 for the 997 reflections for which I > 2s(I), R1=0.039 and
wR2=0.082 for all 1029 reflections; Flack parameter[48]=0.02(2); maxi-
mum and minimum residual electron density: 0.38; �0.36 eM�3.


Compound 2 : Dark reddish brown square pyramid, 0.2R0.2R0.2 mm;
2qmax=548 ; 21567 reflections measured of which 1082 unique: 58 param-
eters; C2 was refined in the split positions C2a and C2b, reflecting the
different ring conformations; R1=0.034 and wR2=0.061 for the 1081 re-
flections for which I > 2s(I), R1=0.035 and wR2=0.061 for all 1082 re-
flections; Flack parameter[48]=0.01(3); maximum and minimum residual
electron density: 0.32; �0.38 eM�3.


Compound 3 : Colourless block, 0.2R0.2R0.2 mm; 2qmax=548 ; 12224 re-
flections measured of which 1756 unique; 76 parameters; R1=0.030 and
wR2=0.056 for the 1652 reflections for which I > 2s(I), R1=0.035 and
wR2=0.058 for all 1756 reflections; Flack parameter[48]=�0.01(2); maxi-
mum and minimum residual electron density: 0.24; �0.241 eM�3.


CCDC-261074 [(R,R)-1], -261075 [(S,S)-1], -261076 (2) and -261077 (3)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif/
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“Naked-Eye” Detection of Histidine by Regulation of CuII Coordination
Modes


J. Frantz Folmer-Andersen, Vincent M. Lynch, and Eric V. Anslyn*[a]


Introduction


Coordinatively unsaturated metal complexes have found
wide use in the development of chemosensors,[1–4] the direc-
tion of supramolecular assembly,[5–9] and the study of metal-
loenzyme function.[10–12] As receptors, metal complexes are
versatile because they can target a variety of Lewis basic
guests through open coordination sites. Typically, metal-co-
ordination events occur with large enthalpies relative to
other noncovalent contacts,[13] such as hydrogen bonding or
electrostatic interactions. This enables the facile study of co-
ordination-driven events in competitive solvents.


The strategic manipulation of coordination modes has al-
lowed for increasingly subtle control to be exercised over
molecular-recognition processes. Striegler et al. observed se-
lective complexation of sugars to the dinuclear CuII complex
1 in alkaline aqueous solution.[14] An observed preference of
1.5 orders of magnitude for d-mannose over d-glucose is at-
tributed to differing coordination modes of the carbohydrate
hydroxyl groups to the CuII centers. Fabbrizzi et al. reported


a system in which a host metal complex undergoes an inter-
nal metal translocation to accommodate the guest. The rear-
rangement of the dinuclear CuII-containing macrocycle 2 (in
which Bn=benzyl) in the presence of imidazole results in
an absorbance shift.[15]


Naturally occurring a-amino acids are of special interest
as guests because of their biological prominence. The recog-
nition and sensing of amino acids and their derivatives has
been investigated in both metal-containing[16–20] and purely
organic systems.[21–25] As guests for metalloreceptors, a-
amino acids are notable for their ambidentate character[26]


and ability to form strong complexes with a variety of metal
ions.[27] Chin et al. reported CoIII complex 3 that binds
amino acids with predictable stereoselectivity,[28] while Cor-
radini et al. have pursued enantioselective fluorescence sens-
ing of amino acids through modified cyclodextrin–copper(ii)
complexes.[29]


The presence of a-amino acids has been detected by uti-
lization of indicator-displacement assays[30–32] (IDAs). The
IDA method, which has been extensively exploited in our
laboratories,[33] extends noncovalent molecular-recognition
phenomena towards analytical sensing. This is accomplished
though the introduction of an indicator to the host–guest
system that is capable of competing with the guest for the
recognition site on the host receptor. The spectral properties
of the indicator allow for easy determination of the indica-
tor–host association equilibria, and from this information,
the host–guest association constant can be determined. We


Abstract: The association of various a-
amino acids with four new, coordina-
tively unsaturated metal complexes
([Cu(5)]2+ , [Cu(6)]2+ , [Cu(7)]2+ , and
[Zn(8)]2+) was examined. The recep-
tors [Cu(5)]2+ and [Cu(7)]2+ were
found to discriminate histidine (His)
from other zwitterionic a-amino acids
by means of indicator-displacement
assays (IDAs) using 5(6)-carboxyfluor-
escein as an indicator in buffered meth-


anol/water (3:1) solvent. The colori-
metric detection of His was achieved
by using this IDA method, which ap-
pears to owe its selectivity to a unique
process involving disruption of the host
complex to form a 2:1 His/CuII com-


plex rather than simple indicator dis-
placement. The occurrence of distinct
intermolecular coordination processes
in response to the introduction of a dif-
ferent amino acid is observed. X-ray
crystal structures of the host metal
complexes were obtained and exhibit
the adoption of a variety of coordina-
tion geometries about the metal center.
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have used this method with the bis(guanidinium) zinc com-
plex 4 in a system for the colorimetric sensing of amino
acids.[30] A marked selectivity for aspartate is exhibited that
is rationalized by charge-pairing and hydrogen-bonding in-
teractions between the guanidinium auxiliaries of 4 and the
carboxylate side chain of aspartate.


The goal of the work present-
ed herein is to devise new, coor-
dinatively unsaturated metal
complexes that are capable of
forming ternary complexes with
a-amino acids and are amena-
ble to IDA sensing methods.
We reasoned that ligands 5–8,
shown in Scheme 1, would be
easily synthesized, would form
stable and coordinatively unsa-
turated complexes with metal
ions,[34] and would allow for
simple structural modifications.
The function of the chiral auxil-
iaries in 6, 7, and 8 is that of a
structural probe. If an a-amino
acid guest were to coordinate
to the metal center in a biden-
tate fashion to give a five-mem-
bered metallocycle, then dia-
stereomeric interactions be-
tween the host and the amino
acid enantiomer would be ex-
pected to lead to enantioselec-
tivity of amino acid association.
The importance of substrate


chelation for enantioselectivity
has been recognized in the
arenas of enantioselective mo-
lecular recognition[16] and asym-
metric catalysis.[35] In cases
where enantioselectivity of
amino acid coordination is not
observed, it is likely that the
guest associates with the metal
center through a single coordi-
nation site and not through a
bidentate interaction.


Results and Discussion


Synthesis and characterization
of the metal complexes : The
three 2,6-di(N-methylpyrrolidi-
ne)pyridine ligands 5–7 were
obtained by a simple nucleo-
philic substitution process
(Scheme 1 top). The 2,6-di(bro-
momethyl)pyridine was treated


with two equivalents of the respective pyrrolidine species in
tetrahydrofuran in the presence of an organic base. The 2,6-
di(hydrozone)pyridine ligand 8 was obtained by condensa-
tion of 2,6-diacetylpyridine with the chiral hydrazine deriva-
tive 9 in EtOH followed by recrystallization (Scheme 1
middle). The ligands were complexed with one equivalent of


Scheme 1. Synthesis of metal complexes. Conditions: i) pyrrolidine nucleophile, THF, RT; ii) Cu(OTf)2,
MeOH, H2O; iii) EtOH, reflux; iv) ZnCl2, MeOH, H2O. MOM=methoxymethyl.
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the respective metal salt in an MeOH/H2O solution to give
the metal complex.


Chelation of the CuII ion by ligands 5–7 resulted in a hy-
perchromic shift in the CuII d–d* absorption. The process
was monitored by UV/Vis spectroscopy as shown in Fig-
ure 1a. The association isotherm shows very little curvature
and abrupt saturation at one equivalent of ligand, indicating
that a strong complex of 1:1 stoichiometry is formed.[36]


Ligand 8 is UV active, exhibiting lmax at about 322 nm.
The formation of [Zn(8)Cl2] was monitored by UV/Vis titra-
tion in which ZnCl2 was titrated into a solution of 8. Addi-
tion of ZnCl2 to 8 resulted in a decrease in lmax and the ap-
pearance of a shoulder at roughly 415 nm through an iso-
sbestic point at 353 nm. The spectral modulations were
fitted to a 1:1 association model[36] yielding a formation con-
stant (logK) value of 3.3, which is about two orders of mag-
nitude lower than the formation constants reported for ZnII


amino acid complexes.[37] This difference in formation con-
stant between that of the host [Zn(8)Cl2] and simple amino
acid metal complexes (not containing 8) predicted the strip-
ping of the ZnII ion from [Zn(8)Cl2] by an amino acid to
give 8. Indeed, titration of valine into a solution of
[Zn(8)Cl2] resulted in the reverse of the spectral change
shown in Figure 1b, namely the loss of the [Zn(8)Cl2] ab-
sorbance spectrum and generation of the absorbance spec-
trum of 8, indicating that [Zn(8)Cl2] is not stable in the pres-
ence of strong ligands such as valine (see Supporting Infor-
mation).


The structures of [Cu(5)Cl(Tf)], [Cu(6)Cl][Tf], [Cu(7)Cl]
[Tf], 8, and [Zn(8)Cl2] were determined by X-ray diffraction
experiments. The nature of the pyrrolidine substituents was
found to exert influence over the coordination geometry
about the CuII center. The structure of complex
[Cu(5)Cl(Tf)] is shown in Figure 2. The metal center adopts
a square pyramidal geometry with 5 with a chloride ion oc-
cupying the basal position and a triflate ion at the axial site.


The contact to the central pyri-
dine nitrogen is slightly shorter
(~0.15 L) than those to the pyr-
rolidine amines, in accordance
with previously determined
structures of 2,6-bis(N-methyla-
mine)pyridine–copper(ii) com-
plexes.[38] The five-coordinate
metal center shows that bis-co-
ordination of an a-amino acid
guest to the CuII center in
[Cu(5)Cl(Tf)] is possible, but
also suggests that one of these
coordinative interactions
(basal) might be stronger than
the other (axial), provided that
a square pyramidal geometry is
maintained in an amino acid
ternary complex.


A view of the inner-sphere
complex of [Cu(6)Cl]+ is shown
in Figure 3. The CuII center ex-
hibits a square planar geometry
with the chloride occupying the
fourth position. A non-coordi-
nating triflate anion balances
the overall charge (not shown).
It is likely that steric crowding
around the metal center dis-


Figure 1. UV/Vis spectral modulations and association isotherm a) at 692 nm for the addition of 7 to a solution
of Cu(OTf)2 (2.0 mm) in MeOH/H2O (1:1) and HEPES buffer (25 mm) at pH 7.0 and b) at 415 nm for the ad-
dition of ZnCl2 into 8 (95 mm) in MeOH/H2O (1:1) and HEPES buffer (50 mm) at pH 7.0.


Figure 2. View of [Cu(5)Cl(Tf)]. Displacement ellipsoids are scaled to
the 50% probability level.
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courages direct coordination of the triflate, causing it to
reside in the outer sphere.


Figure 4 shows that the cationic portion of [Cu(7)Cl][Tf]
contains a tetragonally distorted octahedral metal center
with extended contacts to the methoxymethyl (MOM) ether


oxygen atoms. The MOM arms not only shield the metal
center sterically, but are also likely to provide a stabilizing
electronic effect. As in the structure of [Cu(6)Cl][Tf], this
structure also contains a non-coordinating triflate anion in
the outer sphere.


The structures of the bis(hydrazone) 8 and the corre-
sponding ZnII complex [Zn(8)Cl2] are shown in Figure 5.
Metal coordination is observed to cause a conformational
change in the ligand to provide the required coordination
geometry. The chiral auxiliaries of complex [Zn(8)Cl2]
extend away from the metal center to furnish a chiral cleft


that contains the open ZnII coordination sites. The ZnII com-
plex has a distorted trigonal bipyramidal geometry with two
open coordination sites, indicting that chelation by an a-
amino acid guest is feasible. The bonds between the donor
atoms and the metal center are considerably longer than
those of the CuII complexes, reflecting the relatively labile
nature of [Zn(8)Cl2] as determined by spectroscopic titra-
tion (see above).


Indicator-displacement studies : We next attempted to
employ the CuII complexes as metal-containing receptors in
IDAs for the detection of a-amino acid guests. We chose
5(6)-carboxyfluorescein (10) as the indicator for our systems.
This indicator had previously been used in an IDA for the
detection of phosphate with a CuII-containing receptor.[39]


The titrations of each of the complexes into solutions of the
indicator caused an increase in the absorbance of 10 with a
lmax at 494 nm resulting in a visual color change from a
bright yellow green to a dark yellow brown in buffered
MeOH/H2O (3:1) solution. The spectral modulations and as-
sociation isotherm for the titration of [Cu(7)Cl][Tf] into 10
is presented in Figure 6. This response is assigned to the
ligand exchange of a chloride with 10 as depicted in
Scheme 2.


The indicator association isotherms for [Cu(5)Cl(Tf)],
[Cu(6)Cl][Tf], and [Cu(7)Cl][Tf] were fitted to a 1:1 associa-
tion model to establish receptor–indicator association con-
stants, which are reported in Table 1. The increased indica-


Figure 3. View of [Cu(6)Cl][Tf]. Displacement ellipsoids are scaled to the
50% probability level. The methyl-group hydrogen atoms have been re-
moved for clarity.


Figure 4. View of the cationic portion of [Cu(7)Cl][Tf]. Displacement el-
lipsoids are scaled to the 50% probability level. The dashed lines indicate
long Cu�O contacts: Cu1�O2 2.471(3) L; Cu1�O26 2.586(3) L.


Figure 5. View of 8 (top) and [Zn(8)Cl2] (bottom). Displacement ellip-
soids are scaled to the 50% probability level. Most hydrogen atoms have
been removed for clarity.
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tor binding strength of [Cu(6)Cl][Tf] relative to
[Cu(5)Cl(Tf)] can be rationalized in terms of solvation of
the CuII center. It is likely that the proximal methyl groups
in [Cu(6)Cl][Tf] prohibit CuII–solvent contacts that would
reduce the Lewis acidity of the metal center, hence the less
solvated CuII center is more active. Not surprisingly, the
effect of the proximal donor oxygen atoms in [Cu(7)Cl][Tf]
is to diminish the affinity of the metal center for 10 through
the effects of coordinative saturation and steric interactions.


It is observed that free CuII(OTf)2 does not affect the spec-
tral response from the indicator under the conditions stud-
ied, which is evidence that ternary complexes between the
indicator and the CuII complex are indeed formed.


The displacement of 10 from the coordination sphere of
the receptors by naturally occurring a-amino acids (Scheme
3a) was next examined. To provide chemosensing ensembles,
the metal complexes were preassociated with 10 in order to
provide a significant spectral change. A 1:1 ratio of complex
to indicator was used for [Cu(5)Cl(Tf)] and [Cu(6)Cl][Tf],
but because of the low affinity of [Cu(7)Cl][Tf] for 10, a
ratio of roughly 3:1 was used in this case. Addition of amino
acids to the receptor–indicator solutions resulted in the re-
verse spectral response of that observed for the indicator as-
sociation. The yellow-brown color of the receptor-indicator
complex was replaced by the yellow green of the free indica-
tor, signaling displacement of 10 from the coordination
sphere of the complex.


The displacement isotherms for [Cu(5)Cl(Tf)] and
[Cu(7)Cl][Tf] with various amino acids are shown in
Figure 7. Both systems show selectivity for histidine (His)
and little selectivity between the aliphatic-side-chain-con-
taining amino acids. The dramatic response to His is likely
due to the ability of the imidizole side chain to act as a
ligand to CuII. His is known to have an exceptionally large
affinity for CuII relative to other amino acids.[37] From the
displacement curves in Figure 7b, [Cu(7)Cl][Tf]/amino acid


association constants of 1050,
1030, and 2290m�1 for glycine
(Gly), valine (Val), and alanine
(Ala), respectively, were deter-
mined by fitting the data to a
theoretical model for indicator
displacement.[36]


The His data did not fit the
displacement model but instead
exhibited a distinct break at
two equivalents of added guest,
implying a 2:1 association pro-
cess that is distinct from the
simple displacement depicted in


pathway a of Scheme 3. It is likely that the CuII center is
being pulled from the ligand to yield a 2:1 His/CuII complex
as shown in pathway b (Scheme 3). Such a species is known
to be among the most stable 2:1 amino acid complexes
(logK=18.1).[37] An alternative explanation for the His dis-
placement behavior is coordination of two His molecules to
the receptor complex, but this was discounted on the basis
of steric interactions.


The responses reported in Figure 7 demonstrate control
over the coordination modes by varying the amino acid. The
CuII ligands prohibit the formation of 2:1 amino acid/CuII


complexes when using aliphatic side chain amino acid guests
through the intervention of a ternary complex. When His is
the guest, the receptors release the CuII ion to His leading
to the formation of 2:1 amino acid/CuII complexes. The sys-
tems serve to regulate the two distinct amino acid/CuII coor-


Figure 6. UV/Vis spectral modulations (top) and association isotherm at
494 nm (bottom) for the addition of [Cu(7)Cl][Tf] to a solution of 10
(120 mm) in MeOH/H2O (3:1) and HEPES buffer (10 mm) at pH 7.0.


Scheme 2. Association of 5(6)-carboxyfluorescein indicator 10 to CuII-containing receptor, displacing a chlo-
ride ligand.


Table 1. Association constants of CuII complexes with 5(6)-carboxyfluor-
escein as determined by UV/Vis spectrophotometry in MeOH/H2O (3:1)
and HEPES buffer (10 mm) at pH 7.0.


[Cu(5)Cl(Tf)] [Cu(6)Cl][Tf] [Cu(7)Cl][Tf]


apparent K [m�1] 2.8N104 7.0N104 5.0N103
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dination modes depicted in Scheme 3 by the intervention of
the receptor complexes. Additionally, the responses of the
[Cu(5)Cl(Tf)]- and [Cu(7)Cl][Tf]-containing systems allow
for the “naked-eye” detection of histidine through a simple
titration method, as shown in Figure 8. Similar results for
the detection of histidine in small polypeptides have very re-
cently attracted interest.[17,32]


In an effort to probe the structural nature of the amino
acid receptor ternary complexes formed from the displace-
ment process shown in Scheme 3a, the responses of the che-
mosensing ensembles [Cu(6)Cl][Tf] and [Cu(7)Cl][Tf] to-
wards enantiomeric amino acid samples were explored. Bis
chelation of an amino acid to the chiral C2 symmetric CuII


complex would be expected to create diastereomeric inter-
actions between the amino acid and the terminal pyrroli-
dines, which could lead to a preference in binding one enan-
tiomer over another. Coordination of a single terminus of


the guest would allow for free
rotation and an extended con-
formation, so that diastereo-
meric interactions would be
minimized. The d-enantiomers
of each of the guests presented
in Figure 7b (except Gly) pro-
duced an essentially identical
response to that of the enantio-
mer, suggesting monocoordina-
tion of the amino acid guest to
the receptor complex. Titration
of d- and l-valine samples into
the ensemble [Cu(6)Cl][Tf] pre-
associated with one equivalent
of 10 gave identical responses
with an inflection at two equiv-
alents of added guest (see Sup-
porting Information). This is in-
terpreted as evidence for the
metal-partitioning process de-
picted in Scheme 3b.


Conclusion


We have devised a system for
the selective, colorimetric rec-
ognition of histidine over other
a-amino acids. The target ana-
lyte is differentiated from com-
peting analytes by the occur-
rence of distinct intermolecular
coordination processes that are
mediated by the intervention of
[Cu(5)Cl(Tf)] and [Cu(7)Cl]
[Tf] in the amino acid/CuII asso-
ciation. This amounts to the se-
lective reorganization of a mul-
ticomponent system in response
to an external stimulus (the ad-


Scheme 3. Two pathways for the displacement of 5(6)-carboxyfluorescein indicator 10 from a CuII-containing
receptor by an l-amino acid guest. Pathway a is standard indicator displacement while pathway b involves dis-
ruption of CuII-containing receptor to give a {CuII(amino acid)2} species. Protonation states and coordination
modes are speculative.


Figure 7. Displacement isotherms at 494 nm for the addition of a-amino acids (AA) to receptor–indicator solu-
tions: a) Analyte solution contained [Cu(5)Cl(Tf)] (50 mm) and 10 (50 mm); b) analyte solution contained
[Cu(7)Cl][Tf] (150 mm) and 9 (50 mm). Conditions: MeOH/H2O (3:1), HEPES buffer (10 mm), pH 7.0.


Figure 8. Both vials contain [Cu(7)Cl][Tf] (300 mm) and 10 (100 mm) in
MeOH/H2O (3:1) and HEPES buffer (10 mm) at pH 7.0. The vial on the
left contains l-His (600 mm) and the vial on the right contains l-Val
(600 mm).
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dition of a specific analyte), which is a goal of supramolec-
ular assembly. Furthermore, the utility of the indicator-dis-
placement approach for signaling intermolecular interac-
tions has been demonstrated in a relatively complex system.
The discrimination of a-amino acid enantiomers by the
chiral metal complexes [Cu(7)Cl][Tf] and [Zn(8)Cl2] was
not achieved. In the case of [Cu(7)Cl][Tf], this is likely to
be a result of monodentate coordination by the a-amino
acid, resulting in minimal substrate organization and low
levels of diastereoselectivity. The bis(hydrazone) complex
[Zn(8)Cl2] is not sufficiently stable for the recognition of
amino acids, and dissociates in their presence. Both of these
new species may be useful in the enantioselective recogni-
tion of other substrates or for asymmetric catalysis. Efforts
towards such applications are currently underway.


Experimental Section


General information : All reagents were obtained from Aldrich and
Fluka and used without further purification. The mannitol-derived hydra-
zine 10 was prepared as previously reported.[40] Triethylamine was distil-
led over CaH2 and used immediately. AVarian Unity Plus 300 MHz spec-
trometer was used to obtain 1H and 13C NMR spectra which are refer-
enced to the solvent. A Finnigan VG analytical ZAB2-E spectrometer
was used to obtain high-resolution mass spectra. UV/Vis spectra were re-
corded on a Beckman DU-640 spectrophotometer. All pH measurements
were obtained by using an Orion 720 A pH meter. Deionized water and
certified A.C.S. spectranalyzed methanol were used in preparing solvents
for spectrophotometic titrations. Association isotherms were fitted to the
theoretical 1:1 binding model[36] by manual variation of parameters. Indi-
cator-displacement data were iteratively fitted to an indicator-displace-
ment model using the computer program Microsoft Origin 5.0.


2,6-Bis(pyrrolidin-1-ylmethyl)pyridine (5): In a flame-dried, 25 mL
round-bottomed flask, 2,6-bis(bromomethyl)pyridine (1.05 g, 3.96 mmol)
was dissolved in anhydrous THF (4 mL) under an argon atmosphere. The
solution was cooled to 0 8C prior to the dropwise addition of pyrrolidine
(4 mL) over a period of 10 min. The reaction was allowed to warm to
room temperature (25 8C) and was stirred vigorously for a period of 24 h.
The reaction was then concentrated under reduced pressure to give a
pale yellow residue which was taken up in 75 mL CH2Cl2 and washed
with 1n NaOH (3N30 mL) and brine (1N30 mL). The organic layer was
then dried over MgSO4, filtered, and concentrated to a colorless oil
(0.929 g, 95% yield). 1H NMR (CDCl3): d=7.56 (t, J=7.5 Hz, 1H), 7.23
(d, J=7.5 Hz, 2H), 3.71 (s, 4H), 2.53–2.49 (m, 8H), 1.75–1.70 ppm (m,
8H); 13C NMR (CDCl3): d=158.7, 137.1, 121.3, 62.3, 54.4, 23.7 ppm;
HRMS (CI): m/z calcd for C15H23N3: 246.19702; found: 246.19764.


2,6-Bis[(R,R)-2,5-dimethylpyrrolidin-1-ylmethyl]pyridine (6): To a flame-
dried, 25 mL round-bottomed flask, 2,6-bis(bromomethyl)pyridine
(185 mg, 0.696 mmol) was added under an argon atmosphere. Anhydrous
THF (1 mL) and triethylamine (352 mg, 3.48 mmol, 5 equiv) were then
added by means of a syringe and the solution was cooled in an ice bath.
The solution was cooled to 0 8C and (�)-(2R,5R)-trans-2,5-dimethylpyrro-
lidine (145 mg, 1.46 mmol, 2.1 equiv) was added. The reaction was al-
lowed to warm to room temperature (25 8C) and was stirred vigorously
for 24 h. Concentration under reduced pressure yielded a pale yellow res-
idue which was taken up in 25 mL CH2Cl2, washed with 1n NaOH (3N
20 mL) and brine (1N20 mL), dried over MgSO4, and filtered. The solu-
tion was then concentrated to a colorless oil (101 mg, 48% yield).
1H NMR (CD3OD): d=7.74 (t, J=7.8 Hz, 1H), 7.45 (d, J=7.8 Hz, 2H),
3.88 (q, J=14.7 Hz, 4H), 3.18–3.10 (m, 4H), 2.14–2.01 (m, 4H) 1.51–1.39
(m, 4H), 1.02 ppm (d, J=6.3 Hz, 12H); 13C NMR (CD3OD): d=159.4,
137.3, 121.5, 56.1, 53.5, 30.7, 16.3 ppm; HRMS (CI): m/z calcd for
C19H32N3: 302.25962; found: 302.26009.


2,6-Bis[(S,S)-2,5-bis(methoxymethyl)pyrrolidin-1-ylmethyl]pyridine (7):
To a flame-dried, 25 mL round-bottomed flask, 2,6-bis(bromomethyl)pyr-
idine (145 mg, 0.541 mmol) was added under an argon atmosphere. An-
hydrous THF (0.75 mL) and triethylamine (275 mg, 2.71 mmol, 5 equiv)
were then added by means of a syringe and the solution was cooled in an
ice bath. The solution was cooled to 0 8C and (+)-(S,S)-trans-2,5-bis(me-
thoxymethyl)pyrrolidine (180 mg, 1.13 mmol, 2.1 equiv) was added. The
reaction was allowed to warm to room temperature (25 8C) and was stir-
red vigorously for 24 h. Concentration under reduced pressure yielded a
pale yellow residue which was taken up in 25 mL CH2Cl2, washed with
1n NaOH (3N20 mL) and brine (1N20 mL), dried over MgSO4, and fil-
tered. Removal of solvent under reduced pressure gave a colorless oil
(116 mg, 51% yield). 1H NMR (CD3CN): d=7.68 (t, J=7.5 Hz, 1H), 7.34
(d, J=7.8 Hz, 2H), 4.06 (s, 4H), 3.37–3.25 (m, 24H), 2.02–1.90 (m, 4H)
1.71–1.62 ppm (m, 4H); 13C NMR (CD3CN): d=161.1, 137.4, 121.1, 75.2,
61.7, 59.1, 55.4, 28.0, 16.3 ppm; HRMS (CI): m/z calcd for C23H40N3O4:
422.30188; found: 422.30231.


2,6-Bis[(2S,3R,4R,5S)-1-amino-3,4-dimethoxy-2,5-bis(methoxymethyl)-
pyrrolidine]pyridine (8): In a flame-dried, 25 mL round-bottomed flask, 9
(614 mg, 2.62 mmol, 2.2 equiv) and 2,6-diacetylpyridine (198 mg,
1.21 mmol, 1 equiv) were dissolved in absolute ethanol (2 mL). The solu-
tion was refluxed for 1 h and stored at �4 8C for 2 h. After this time,
large yellow crystals had formed, which were washed with 2 mL chilled
ethanol to give the product (562 mg, 78% yield). 1H NMR (CD3OD): d=
7.98 (d, J=8.1 Hz, 2H), 7.73 (t, J=8.1 Hz, 2H), 4.2–4.0 (m, 8H), 3.7–3.2
(m, 32H), 2.38 ppm (s, 6H); 13C NMR (CD3OD): d=158.2, 155.3, 136.1,
120.1, 84.0, 69.5, 64.1, 58.1, 58.0, 15.0 ppm; HRMS (CI): m/z calcd for
C29H50N5O8 (MH+): 596.36594; found: 596.36720.


Crystal structure determination : Crystals of [Cu(5)Cl(Tf)], [Cu(6)Cl][Tf],
and [Cu(7)Cl][Tf] suitable for X-ray crystallography were grown by slow
evaporation from solutions prepared by the following method: To a small
vial, 100 mL of a 50 mm ligand solution in MeOH followed by 32 mL of a
150 mm solution of Cu(OTf)2 in MeOH and 5 mL of a 1m solution of
NaCl in H2O was added. Crystals of [Zn(8)Cl2] were obtained by adding
20 mL of a 250 mm aqueous ZnCl2 solution to 100 mL of a 50 mm metha-
nolic solution of 8 and allowing for slow evaporation. The data were col-
lected on a Nonius Kappa CCD diffractometer using a graphite mono-
chromator with MoKa radiation (l=0.71073 L) and an Oxford Cryo-
stream low-temperature device. Details of crystal data, data collection,
and structure refinement are listed in the Supporting Information. Data
reduction was performed using the program DENZO-SMN.[41] The struc-
ture was solved by direct methods using SIR97[42] and refined by full-
matrix least-squares on F2 with anisotropic displacement parameters for
the non-hydrogen atoms using SHELXL-97.[43] The hydrogen atoms on
carbon were calculated in ideal positions with isotropic displacement pa-
rameters set to 1.2NUeq of the attached atom (1.5NUeq for methyl hydro-
gen atoms). The absolute structure was checked using the method of
Flack.[44] The Flack parameter refined to 0.22(3). The function,
�w(jFoj2�jFc j 2)2, was minimized, in which w=1/[(sFo)


2+ (0.0044P)2+
3.6651P] and P= (jFo j 2+2 jFc j 2)/3. Rw(F2) refined to 0.113, with R(F)
equal to 0.0639 and a goodness of fit, S, of 1.08. The data were checked
for secondary extinction effects but no correction was necessary. Neutral-
atom scattering factors and values used to calculate the linear-absorption
coefficient are from the International Tables for X-ray Crystallography
(1992).[46] All figures were generated using SHELXTL/PC.[47]


CCDC 263325–263329 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif.
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Mechanistic Aspects of the Metal Catalyzed Alternating Copolymerization
of Epoxides and Carbon Monoxide


Markus Allmendinger,[a] Ferenc Molnar,*[b] Manuela Zintl,[a] Gerrit A. Luinstra,*[b]


Peter Preishuber-Pfl&gl,[b] and Bernhard Rieger*[a]


Introduction


Heck reported as early as 1963 on the ring opening of epox-
ides by tetracarbonylhydridocobalt(i),[1] to give a stable acyl
cobalttetracarbonyl compound (1, Scheme 1) in the presence
of carbon monoxide. However, no evidence for consecutive
multiple ring opening/CO insertion sequences was provided


in these pioneering studies. The catalytic ring expansion of
epoxides is, as well, established in literature.[2]


These earlier results encouraged us to focus our work on
the synthesis of poly(hydroxybutyrate) (PHB) from the
cheap and easy available industrial chemicals propylene
oxide (PO) and CO. This class of biopolyester materials is
of high interest due to its properties that can resemble those
of isotactic polypropylene.[3] Our initial forays into that field
surprisingly revealed that besides the ring opening of b-bu-
tyrolactone, there is a direct alternating copolymerization
reaction of propylene oxide and CO to give PHB.[4–6]


This direct copolymerization reaction, which combines a
Lewis acid (LA) induced epoxide ring opening process with
a metal centered CO insertion, was initiated from 2
(Scheme 2),[7] simply by adding pyridine. However, a de-
tailed mechanistic understanding, including the identifica-
tion of the catalytically important intermediates, was lack-
ing.
The reactions are usually carried out by using [Lewis


acid]+[Co(CO)4]
�-type compounds. This basic group of car-


bonylation catalysts can generate b-butyrolactone, a reaction
recently intensively investigated by Coates and Alper,[8] as
well as polyester. We have previously reported in experi-
mental and theoretical studies on the control of the product
distribution by choice of the proper Lewis acid.[7,9] The inter-
mediate species LA-O-CH(CH3)-CH2-CO-Co(CO)4 (2), that


Abstract: The cobalt-catalyzed alter-
nating copolymerization of epoxides
and CO is a novel, direct approach to
aliphatic polyesters, such as poly(hy-
droxybutyrate) (PHB). This reaction
was found to be catalyzed by Ph3Si-
[Co(CO)4] (4) and pyridine affording
in a first step the stable mono-insertion
product Ph3Si-O-CH(CH3)-CH2-CO-
Co(CO)4 (5). However, a profound
mechanistic understanding, especially
of the role of pyridine as the key com-


ponent for the polymerization reaction
was missing. ATR-IR online monitor-
ing under catalytic conditions and DFT
calculations were used to show that an
acylpyridinium cation is formed by
cleavage of the cobalt�acyl bond of 5
in the presence of pyridine. The Lewis


acid thus generated activates the next
incoming epoxide monomer for ring
opening through [Co(CO)4]


� . The cata-
lytic cycle is completed by a subse-
quent CO insertion in the new cobalt�
alkyl bond. The calculations are used
to explore the energetic hypersurface
of the polymerization reaction and are
complemented by extended experimen-
tal investigations that also support the
mechanistic hypotheses.
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Scheme 1. Ring opening of propylene oxide by H[Co(CO)4].
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is formed after the first ring opening/CO insertion sequence
can undergo the two different reaction pathways, depicted
in Scheme 3. Labile LA–O interactions, resulting from weak


Lewis acids (e.g. LA: BF3·OEt2, AlMe3) allow a backbiting
process and produce lactones. More stable LA�O bonds,
emerging from strong LA fragments (e.g. LA: Ph3Si


+), how-
ever, afford a polymerization reaction in the presence of
pyridine donors; the LA moiety remains bonded to the
chain end. We report herein on a combination of experi-
mental and theoretical techniques to elucidate the mecha-
nism of this direct, pyridine induced alternating copolymeri-
zation reaction.


Results and Discussion


Our initial investigations started from mixtures of
[Co2(CO)8] and 3-hydroxypyridine, originally investigated
by Drent et al.[10] Due to the complex reaction pattern,[11] we
have introduced Ph3Si[Co(CO)4] (4, Figure 1) as a well-de-
fined species. This stable catalyst precursor is easily pre-
pared from commercially available Ph3SiH and
[Co2(CO)8].


[12] Online ATR-IR spectroscopy was used to
monitor all carbonylation reactions in the autoclave under
polymerization conditions (Tp = 75 8C; pCO = 60 bar) and
indicates the rapid and quantitative formation of the stable
acyl compound Ph3Si-O-CH(CH3)-CH2-CO-Co(CO)4 (5)
from 4 in the presence of CO and propylene oxide. Complex
5 remains stable in this reaction mixture under CO pressure
over hours. No indication of any further PO/CO insertion


reactions can be observed, in accord with HeckJs early stud-
ies.
The addition of pyridine to this system[13] (containing a


toluene solution of 5, PO and CO) induces the spontaneous
formation of poly(hydroxybutyrate) (Table 1, entry 1). This


is indicated by a growing absorption at 1744 cm�1 in the IR
spectrum, which starts to appear immediately upon pyridine
addition (Figure 2a).[14] From Figure 2b it becomes clear that
the polymer formation is accompanied by a reduction of the
concentration of complex 5 and the formation of free cobal-
tate anions (1889 cm�1). Already 5 min after the addition of
pyridine, a steady state acyl concentration is reached (blue
and red curves) and polyester formation starts (blue).[15] The
presence of a Ph3Si-O end group was later detected by
1H NMR analysis of the isolated polyester product.[16]


A mechanistic proposal for the occurrence of multiple, al-
ternating PO/CO insertions starts with the cleavage of the
cobalt�acyl bond in 5 by pyridine to give an acylium cation
and tetracarbonyl cobaltate (6, Scheme 4).[17–20] Interaction
of the Lewis-acidic acylium cation with PO (7) activates the


Scheme 2. Direct alternating copolymerization of propylene oxide and
CO.


Scheme 3. Two different reaction pathways from the intermediate LA-O-
CH(CH3)-CH2-CO-Co(CO)4.


Figure 1. Conversion of the catalyst (4, black: Ph3Si[Co(CO)4]) to the
cobalt-acyl species (5, red: Ph3Si-O-CH(CH3)-CH2-CO-Co(CO)4).


Table 1. Polymerization conditions.


Entry Catalyst (equiv) Additive
(equiv)


Equiv
PO


T [8C]/t [h]/p
[bar]


PHB


1 Ph3Si[Co(CO)4]
(1)


pyridine (1) 150 75/20/60 yes


2 Ph3Si[Co(CO)4]
(1)


DMAP (1) 150 75/20/60 (yes)


3 Ph3Si[Co(CO)4]
(1)


lutidine (1) 150 75/20/60 –


4 Ph3Si[Co(CO)4]
(1)


4-tert-butyl-py
(1)


150 75/20/60 yes


5 Ph3Si[Co(CO)4]
(1)


4-MeO-py (1) 150 75/20/60 yes


6 PPN[Co(CO)4]
(1)


– 120 75/24/60 –


7 PPN[Co(CO)4]
(1)


9 (1) 150 75/20/60 yes


C 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 5327 – 53325328



www.chemeurj.org





epoxide, so that ring opening can occur by nucleophilic
attack of [Co(CO)4]


� (6 ! 7).[21] This sequence affords an
ester group and a new cobalt�alkyl s bond (8), which subse-
quently inserts CO thus completing the first catalytic
cycle.[22]


In order to probe the feasibility of such a process, we syn-
thesized the easily accessible acyl-pyridinium salt 9


(Scheme 5).[23] This stable compound shows no reactivity
toward PO and CO. Also PPN[Co(CO)4]


[24] alone does not
react with PO and CO (Table 1, entry 6). However, if 9 is
added to PO and PPN[Co(CO)4] dissolved in toluene under
carbon monoxide pressure, the immediate formation of
PHB (1744 cm�1) is observed (Table 1, entry 7). The identi-
cal characteristic absorptions of the acyl-cobalttetracarbonyl


species (2107, 2049, 2028,
2005 cm�1), [Co(CO)4]


� and
PHB as in the case of pyridine
addition (Figure 2) appear in
the ATR-IR spectrum, indicat-
ing the occurrence of the same
chemistry.
This crucial role of the nitro-


gen base prompted us to use
differently substituted pyridines
such as 4-dimethylamine-
(DMAP), 2,6-dimethyl- (luti-
dine), 4-methoxy- and 4-tert-bu-


Figure 2. a) ATR-IR stack-plot. PHB formation (1744 cm�1) starts immediately after pyridine addition to a solution of 5 in toluene and PO under CO
pressure (60 bar). b) black: Acyl–cobalttetracarbonyl complex (2107, 2041, 2024, 2005, 1717 cm�1); red: 5 min after pyridine addition; blue: 20 min after
pyridine addition (PHB (1744 cm�1), [Co2(CO)8] (2070, 1846 cm


�1), [Co(CO)4]
� anion (1889 cm�1), b-butyrolactone (1829 cm�1)).


Scheme 4. Proposed mechanism for the epoxide insertion into a cobaltcarbonyl�acyl bond by pyridine media-
tion.
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tylpyridine to learn more about electronic and steric effects
(Table 1, entries 2–5). The application of DMAP, which is a
much stronger nucleophile than pyridine, was expected to
accelerate the cleavage of the acyl�cobalttetracarbonyl
bond. However, the resulting acyl-pyridinium cation should
be much better stabilized by DMAP, thus retarding the acti-
vation of the next epoxide monomer. 4-Methoxy- and 4-tert-
butylpyridine, both showing a donor capacity in between
pyridine and DMAP, were additionally used.
Indeed, the characteristic absorptions of the acyl species


disappeared immediately when one equivalent of DMAP
was added and at the same time the strong absorption of a
[Co(CO)4]


� anion (1889 cm�1) appeared (Figure 3, black !
red (0.5 equiv DMAP) ! blue (1 equiv DMAP)). Most im-
portantly, the acyl-pyridinium intermediate could now be
detected for the first time in the ATR-IR spectrum
(1721 cm�1), resulting, however, in a very slow PHB forma-
tion (not depicted in Figure 3).


Theoretical calculations of the characteristic vibrational
frequencies support our findings. Experimentally, the CO vi-
bration of the anion is found around 1889 cm�1 (Figure 3,
1887 cm�1).[25] The calculated values are about 50 cm�1 lower
in frequency (Table 2, column 1, 3% error). This difference
is used as calibration error. The acylium C=O vibration was
calculated at 1774 cm�1 (Table 2, column 2) application of


the calibration error yielded a corrected value of 1724 cm�1


while the actual measurement was found at 1721 cm�1.
The less nucleophilic 4-methoxy- and 4-tert-butylpyridines


both gave a higher rate of PHB-formation with an optimum
for the methoxy substituted species. The situation changed
completely in case of lutidine, which did not lead to PHB,
not even after 20 h of reaction time. No cleavage of the
acyl-cobalttetracarbonyl bond occurred (no acyl-lutidinium
species was detected), presumably due to the high steric
demand of the two ortho methyl substituents.
Density functional theory was used to investigate the cen-


tral steps of the proposed mechanism. Details of the meth-
odology are given below (Theoretical Methods). Based on
the mechanism of lactone formation from epoxides and CO,
as described in ref. [9] a Lewis acid is required to activate
the epoxide prior to the nucleophilic attack. Therefore, an
acyl-pyridinium species was proposed to be a good candi-
date for the Lewis acid able to activate PO. And indeed, a
favorable ring-opening reaction is found in a model system
(ethylene oxide, growing chain terminated by OH) in the
presence of an acyl-pyridinium species (Figure 4). In the
transition state the backside attack of the Co nucleophile on
the epoxide ring is clearly visible: The Co–carbon distance
is determined to be 309 pm and the distance between the
epoxide oxygen and the acylium carbon is 189 pm, in a
linear arrangement of the three particles, that is a prerequi-
site for successful ring opening. The bond between the pyri-


Scheme 5. Initiation of PO/CO copolymerization by an acyl-pyridinium
salt in the presence of PPN[Co(CO)4].


Figure 3. ATR-IR spectra: DMAP addition to a Ph3Si-O-CH(CH3)-CH2-
CO-Co(CO)4 solution in toluene. Black: Acyl–cobalttetracarbonyl com-
plex (2105, 2043, 2024, 2005, 1710 cm�1); red: 5 min after 0.5 equiv
DMAP addition; blue: after additional 0.5 equiv DMAP addition,
[Co2(CO)8] (2070, 1846 cm


�1), [Co(CO)4]
� anion (1887 cm�1), acyl-pyridi-


nium salt (1721 cm�1).


Table 2. Calculated vibrational frequencies for [Co(CO)4]
� anion and a


complex of [Co(CO)4]
� with an acyl-pyridinium species (product side of


Figure 4; details see Theoretical Methods).


[Co(CO)4]
� [Co(CO)4]


� Description
vibrations [cm�1] + acyl-pyridinium


vibrations [cm�1]


– 1774.35 acylium C=O
1931.43 1938.46 CO valence
1932.02 1953.23 CO valence
1932.07 1991.37 CO valence
2018.57 2042.83 CO valence


Figure 4. Epoxide ring opening. Acyl-pyridinium species functions as
Lewis acid. Ethylene oxide (EO) is used as model epoxide. Activation
energy: 59 kJmol�1; reaction energy yield: �180 kJmol�1. Energies calcu-
lated at the B-P86/TZVP//B-P86/SV(P) level of theory.
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dinium nitrogen and the acyl carbon on the reactant side is
149 pm, which widens to 166 pm in the transition state; this
indicates the activating interaction with the epoxide mole-
cule. On the side of the products the new bonds have been
formed (Co�C 121, O�C 146 pm) while the N�C bond
(425 pm) is broken. Importantly, pyridine has dissociated
from the ring-opened species (Figure 4, products), emphasiz-
ing its role as co-catalyst.
Subsequently, CO insertion in the newly formed cobalt�


alkyl bond occurs, as already discussed in literature.[9] At
this stage, for many systems, lactone formation is the next
step in the catalytic cycle. However, in the presence of a
base/nucleophile such as pyridine, the situation is different
and polymer is produced. In order to obtain a productive
catalytic cycle for polymerization, pyridine attacks the
cobalt�acyl bond affording a new acyl-pyridinium fragment
(Figure 5). The activation energy for this process is
44 kJmol�1 and the reaction energy +23 kJmol�1, showing
the endothermic nature of this particular sequence. Howev-
er, the energy yield of the epoxide ring-opening step
(�180 kJmol�1!) clearly drives the overall polymerization
cycle.


The role of pyridine therefore, is to generate the acyl-pyr-
idinium species, which acts as an intermediate Lewis acid at
the growing end of the polymer chain. In the presence of
other (permanent) Lewis acids, lactone formation would be
the main route.[9] A second, important factor for the sup-
pression of the lactone formation cycle is a stable chain end
of the growing polymer chain (Ph3Si-O-).


[7]


Conclusion


The direct alternating copolymerization of epoxides and CO
is a new, direct route to aliphatic polyesters. The polymeri-
zation mechanism combines a CO insertion with an epoxide
ring-opening reaction. Online ATR-IR-experiments identify
the role of pyridine to act in the cleavage of the cobalt�acyl


bond affording acyl-pyridinium cations that perform as
Lewis Acids in the ring opening of the epoxide monomer.
These key intermediates could be monitored in case of
DMAP and helped to support the mechanistic proposal.
Theoretical calculations showed a suitable low energy mech-
anistic pathway on the energy hypersurface, which does not
suffer from low energy yields but explains the experimental-
ly observed low reaction rates by relatively high energy bar-
riers. It is part of the current research activities to find theo-
retically and experimentally more feasible routes for this
three-particle problem.


Experimental Section


Polymerization reactions were conducted in a 250 mL BBchi reactor
equipped with a ReactIR SiComp probe (Mettler Toledo) for in-situ
ATR-IR measurements under high pressure conditions.


General polymerization procedure : The autoclave was charged with tolu-
ene (40 mL) under argon and cooled to 5 8C. After addition of Ph3Si-
[Co(CO)4] (900 mg, 2.1 mmol) under argon the system was sealed and
pressurized with CO (20 bar). Subsequently, PO (22 mL, 0.31 mol) was
added to the autoclave through a high-pressure burette with CO (40 bar).
The quantitative formation of an acyl-cobalttetracarbonyl species was de-
tected by online ATR-IR spectroscopy over 10–20 minutes. Heating of
the system first to 50 8C and then to 75 8C did not change the IR spec-
trum in the carbonyl area. Finally, a solution of pyridine (2.1 mmol) in
toluene (10 mL) (analogous: DMAP, lutidine, 4-methoxy- and 4-tert-bu-
tylpyridine) was added to the reaction mixture through the high-pressure
burette with 50–60 bar of CO. During this process the CO pressure in-
creases step-wise in the autoclave. However, the polymerization reaction
was induced by pyridine addition and the pressure was kept constant
(60 bar) from there on during the entire polymerization time. The co-
polymerization reactions were carried out at 75 8C for 20 h. Subsequently,
the reactor was cooled to 10 8C and vented. Polymer products were iso-
lated by pouring the solutions into pentane (400–600 mL). The isolated
oily products were washed several times with pentane, dried in vacuum
at 50–60 8C and analyzed further.


PPN[Co(CO)4]—Carbonylation test : The autoclave was charged with di-
glyme (60 mL) under argon and was brought to 25 8C. PPN[Co(CO)4]
(3.47 mmol) together with propylene oxide (30 mL) were introduced.
The carbonylation test was carried out at 75 8C for 24 h after pressurizing
the reactor with CO (60 bar). For termination the autoclave was cooled
(10 8C) and gases were vented off. NMR spectroscopy of the resulting
solutions complement the ATR-IR analysis. Carbonylation was not ob-
served (no lactone or polyester was found by ATR-IR or NMR analysis).


Polymerization procedure with the acyl-pyridinium compound 9 : The au-
toclave was charged with toluene (50 mL) and PO (12 mL) at 25 8C.
After the addition of the acyl-pyridinium salt [Ph-CO-Py]+[BPh4]


�


(2.1 mmol) the autoclave was sealed and pressurized with 20 bar of CO.
Subsequently, a solution of PPN[Co(CO)4] (2.1 mmol) in PO (10 mL)
was added to the autoclave through a high-pressure burette with CO
(40 bar). The temperature was brought to 75 8C and the autoclave was
pressurized with CO (60 bar). The polymerization was carried out for
20 h. Then, the reactor was cooled (10 8C) and the remaining gases were
vented off. Polymer products were isolated by pouring the solution into
pentane (400–600 mL). The isolated oily products were washed several
times with pentane, dried in vacuum at 50–60 8C and analyzed further.


Theoretical methods : The overall copolymerization reaction involving
CO and epoxides was conceptually split into several steps. For each of
the steps the corresponding reaction mechanism was investigated by lo-
cating the transition state (TS) and the associated reactants and products.
The nature of all transition states was verified (only one negative eigen-
value of the hessian). Reactants and products were identified by inducing
small distortions in the TS structure along the eigenvector associated


Figure 5. Formation of acyl–pyridinium species. Activation energy:
44 kJmol�1; reaction energy yield: +23 kJmol�1. Energies calculated at
the B-P86/TZVP//B-P86/SV(P) level of theory. The transition state dis-
plays a “side-on” attack of the pyridine nitrogen on the Co�acyl bond
(transition state: Co�C: 260, N�C: 186 pm). On the product side the new
bond of the acylium carbon atom to pyridine has been formed and the
bond to cobalt is broken (Co�C: 294, N�C: 173 pm).
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with the negative eigenvalue. Distortions with positive and negative am-
plitude lead to reactants and products after subsequent geometry optimi-
zation. All calculations were performed with the quantum-chemistry
package TURBOMOLE.[26] DFT methodology was used at the B-P86/
SV(P)[27] level of theory to locate all stationary points. Single-point
energy calculations were carried out using the TZVP[28] basis set. Ener-
gies are given without zero-point energy correction. Geometries were op-
timized on an 20 processor Pentium II Linux cluster and an 64 CPU IBM
SP3. Calculation of hessians (vibrational spectra) was achieved with a
modified version of TURBOMOLEJs NumForce utility. The numerical
calculation of second derivatives requires 6N (N=number of atoms)
energy and gradient calculations, which can be efficiently distributed and
carried out in parallel on a network of workstations. This calculation is
achieved using TURBO-SERVER an in-house development of BASF
polymer research, harnessing the power of ordinary NT desktop PCs to
carry out quantum chemical calculations “at night”.[29] The effect of sol-
vent was not taken into account.
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Tuning Haptotropic Rearrangements of Arene–Chromium Complexes:
Steric and Electronic Effects of Phosphorus Coligands**


Holger Christian Jahr,[a] Martin Nieger,[b] and Karl Heinz Dçtz*[a]


Introduction


The phenomenon of the haptotropic metal migration occurs
with p complexes of transition metals in which the p-bound
ligand features multiple coordination possibilities.[1] It has
been reported for various metals and a wide array of—cyclic
or acyclic—p ligands including sandwich and half-sandwich
complexes. Examples for sandwich complexes include hap-
totropic shifts of cyclopentadienylrhodium(ii) or cyclopenta-
dienyliridium(ii) moieties,[2] while tricarbonyl(h6-arene)chro-
mium complexes represent the most extensively studied
half-sandwich compounds.[1a,f–i,3] The regioisomers involved
in haptotropic migration differ in the mode and site of coor-
dination of a fused arene to the tricarbonylchromium frag-


ment. Most reports deal with haptotropic migrations across
naphthalene derivatives, but metal shifts in more extended
aromatic p systems are also known.[4] If the regioisomers
differ significantly in their thermodynamic stabilities, the re-
arrangement may be regarded as (thermally) irreversible; in
contrast, comparable stabilities of regioisomers result in a
dynamic equilibrium.[1f–h,3a,3b] The mechanism of the rear-
rangement has been established for different conditions; in
principle, either an intramolecular, a bimolecular, or a disso-
ciative mechanism may account for the isomerisation. Stud-
ies involving enantiopure complexes indicated that in non-
coordinative solvents these reactions strictly proceed in an
intramolecular manner, implying that the chromium moiety
is shifted along the same face of the arene ligand.[5] In gen-
eral, the haptotropic rearrangement has been studied for
complexes that represent the kinetic reaction products
(which may be formed in low-temperature complexation or
chromium-templated [3+2+1] benzannulation[6]) which
subsequently undergo a thermo-induced metal shift. We re-
cently demonstrated that haptotropic rearrangements may
also occur against the thermodynamically favoured direction
as a result of a proper adjustment of the coligand sphere
after photochemical induction.[5b] This strategy allowed con-
trol of the coordination site in arene chromium complexes.
We now report on how the reaction rate of thermo-induced
metal migrations may be tuned by phosphorus coligands dif-
fering in their stereoelectronic properties.


Abstract: (h6-Arene)tricarbonylchromi-
um 2 was synthesised by [3+2+1]
benzannulation of the Fischer carbene
complex 1 and converted to the ther-
modynamically more favorable re-
gioisomer 3 by haptotropic metal mi-
gration. Photo-induced ligand-ex-
change reactions in both regioisomers
with triphenylphosphine, triphenyl-
phosphite, trimethylphosphine, and tri-
methylphosphite afforded dicarbonyl-
(phosphine or phosphite)arene com-


plexes 4–11. The regioisomers were
separated by high-performance liquid
chromatography (HPLC), and kinetic
analyses of the thermo-induced hapto-
tropic metal shift were performed with
regioisomers 4, 6, 8, and 10. The kinetic


parameters were compared with those
obtained for the parent tricarbonyl
complex 2 and were discussed in terms
of the steric and electronic properties
of the phosphorus ligands by applying
a quantitative analysis of ligand effects
(QALE). The molecular structures of
regioisomeric PPh3 and P(OPh)3 com-
plexes 4/5 and 6/7 as well as of
P(OMe)3 complex 10 have been estab-
lished by single-crystal X-ray analysis.
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Results and Discussion


Ligand-exchange reactions of tricarbonyl(naphthalene)chro-
mium complexes : The tricarbonylchromium complex 2 was
synthesised by the regioselective chromium-templated [3+
2+1] benzannulation of the Fischer carbene complex 1 and
3-hexyne at 55 8C followed by silylation with tert-butyldime-
thylsilyl chloride in the presence of triethylamine to increase
its stability towards oxidation (Scheme 1).[6] The regioisomer


2 represents the product of kinetic reaction control; it may
be transformed into its thermodynamically favoured isomer
3 by heating a solution of 2 in di-n-butyl ether. With respect
to the lability of tricarbonyl(naphthalene)chromium, the
synthesised complexes are remarkably inert against an ex-
change of the arene ligand, which is attributed to the substi-
tution pattern of the arene ligand: It was observed that
alkoxy and siloxy substituents stabilise the arene–metal
bond.[7]


For the synthesis of the phosphine- and phosphite-substi-
tuted chromium complexes 4–11, both complex 2 and its re-
gioisomer 3 were photo-decarbonylated, and the coordina-
tively unsaturated intermediate was stabilised by adding an
excess of cyclooctene prior to photolysis.[8] Initially, 2 was
used as the starting material; the dicarbonylchromium com-
plexes of triphenylphosphine (4, 5), triphenylphosphite (6,
7), trimethylphosphine (8, 9) and trimethylphosphite (10,
11) were obtained in good chemical yields by exchange of
the cyclooctene for the phosphorus ligand at room tempera-
ture in the dark (Scheme 2). In some cases, the tricarbonyl
complex 2 was partially recovered. Surprisingly, the resulting
complexes were generally isolated as a mixture of both re-
gioisomers—even if the ligand-exchange reaction was per-
formed with pure regioisomer 2 and at temperatures ranging
from �50 8C during irradiation to room temperature for the
addition of the phosphine or phosphite. The appearance of
the thermodynamically favoured complex isomers was not
expected, since free activation enthalpies for haptotropic
shifts of Cr(CO)3 units across naphthalene derivatives usual-
ly range from about 100 to 130 kJmol�1 and, consequently, a
metal migration should not occur at a noticeable rate at
room temperature or below.[1i, 3] Only very few examples of
haptotropic rearrangements in chromium complexes have
been reported under similar mild conditions.[9]


The ratio of regioisomeric pairs may vary within a certain
range. An average ratio amounts to 2:1 and 3:1 for pairs of


complexes 4/5 and 6/7, respectively, whereas a 6:1 ratio is
observed for complexes 8/9 and 10/11 indicating that PMe3


and P(OMe)3 complexes 8 and 10 are less susceptible to a
metal shift than their PPh3 and P(OPh)3 congeners 4 and 6.


We recently reported on how a haptotropic metal shift
may occur against the thermodynamically favoured direction
(Scheme 3).[5b] Under thermal conditions, complex 2 reacts


irreversibly to its regioisomer 3 ; a properly adjusted coli-
gand sphere of the chromium template, however, allows a
reconversion of 3 into 2. In this respect, two consecutive
ligand-exchange reactions lead from the thermodynamically
more stable isomer 3 to the less stable haptotropomer 2 via
a cyclooctene complex intermediate, which was subjected to
a recarbonylation. We modified the synthetic sequence by
adding PPh3 to the cyclooctene chromium complex instead
of CO. As expected, the reaction did not provide pure
isomer 5 ; instead, it resulted again in a mixture of re-
gioisomers 4 and 5. The appearance of complex 4 highlights
again how haptotropic metal migrations may occur against
the favoured direction; the formation of 5 may be obvious
at first sight, but in this particular case the ligand exchange
is accompanied by two haptotropic metal shifts, one occur-
ring during photolysis, and the second taking place during
the substitution of cyclooctene for the phosphine.


Scheme 1. Regioselective preparation of tricarbonyl(arene)chromium
complexes by [3+2+1] benzannulation.


Scheme 2. Synthesis of dicarbonyl(PR3)chromium complexes by photo-
chemical ligand substitution.


Scheme 3. Thermo-optical switch based on a haptotropic metal shift.
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For the independent characterisation of each of the eight
PR3 complexes, the regioisomers obtained by ligand ex-
change were separated by preparative high-performance
liquid chromatography. Table 1 provides the relevant n(CO)
absorptions and 13C and 31P chemical shifts observed for the
coligand sphere. The molecular structures of the pure hapto-
tropomers 4–7 and 10 were established by X-ray crystallog-
raphy.


Molecular structures of [(arene)Cr(CO)2(PR3)] complexes :
For the crystal structure analysis of the phosphorus-substi-
tuted chromium complexes, suitable single crystals were
grown by slow evaporation of the solvent. For the re-
gioisomers 4 (Figure 1, red crystals) and 5 (Figure 2, black


crystals) a diethyl ether solution was used, while red crystals
of the P(OPh)3 complexes were obtained from a solution in
heptane (6, Figure 3) or a mixture of heptane and diethyl


Table 1. Selected IR and NMR data for arene chromium complexes 2–
11.


Cr(CO)2(L) nCO A1


[cm�1][a]
nCO E/B1


[cm�1][a,b]
d(13CCO)


[c] d(31P)[c]


2 L=CO 1961 1896, 1882 233.8 –
3 L=CO 1971 1915, 1907, 1896 232.5 –
4 L=PPh3 1888, 1882 1844, 1830 242.6, 241.2 86.7
5 L=PPh3 1900 1853, 1844 240.4, 240.0 90.6
6 L=P(OPh)3 1902 1851, 1844 238.6, 236.9 189.0
7 L=P(OPh)3 1930, 1922 1884, 1875, 1869 234.9, 234.9 201.2
8 L=PMe3 1888, 1878 1838, 1826 240.5, 239.0 35.0
9 L=PMe3 1898, 1892 1844, 1836 – 33.4
10 L=P(OMe)3 1898, 1886 1846, 1836 239.1, 237.7 213.3
11 L=P(OMe)3 1909, 1900 1853 237.4, 237.0 214.7


[a] Recorded in petroleum ether. [b] E for 2 and 3 ; B1 for 4–11. [c] Re-
corded in CDCl3 (2–7, 10 and 11) or CD2Cl2 (8 and 9).


Figure 1. Molecular structure of PPh3 complex 4. Color code: Cr: green;
P: blue; O red, Si: violet; C: black. Hydrogen atoms have been omitted
for clarity. Selected bond lengths [Q]: Cr1�P1 2.3123(12), Cr1�C1
2.232(4), Cr1�C2 2.208(5), Cr1�C3 2.219(5), Cr1�C4 2.264(4), Cr1�C4a
2.317(4), Cr1�C8a 2.291(4), C1�C2 1.395(7), C2�C3 1.458(7), C3�C4
1.401(6), C4�C4a 1.435(6), C4a�C8a 1.438(6), C8a�C1 1.443(6); selected
torsion angles [8]: C5-C4a-C8a-C1 176.3(4), C4-C4a-C8a-C8 178.0(4),
Cr1-P1-C1p-C2p �172.7(3), Cr1-P1-C7p-C8p �65.6(3), Cr1-P1-C13p-
C14p 141.5(3).


Figure 2. Molecular structure of PPh3 complex 5. Color code: Cr: green;
P: blue; O red, Si: violet; C: black. Hydrogen atoms have been omitted
for clarity. Selected bond lengths [Q]: Cr1�P1 2.2947(17), Cr1�C4a
2.271(5), Cr1�C5 2.195(5), Cr1�C6 2.204(5), Cr1�C7 2.200(5), Cr1�C8
2.210(5), Cr1�C8a 2.266(5), Cr1�ZAr 1.711(5), C1�C2 1.382(7), C2�C3
1.417(8), C3�C4 1.417(8), C4�C4a 1.394(7), C4a�C8a 1.423(7), C8a�C1
1.428(7); selected torsion angles [8]: C5-C4a-C8a-C1 �176.4(4), C4-C4a-
C8a-C8 178.1(4), Cr1-P1-C1p-C2p 102.9(5), Cr1-P1-C7p-C8p �37.1(5),
Cr1-P1-C13p-C14p �168.6(3).


Figure 3. Molecular structure of P(OPh)3 complex 6. Color code: Cr:
green; P: blue; O red, Si: violet; C: black. Hydrogen atoms have been
omitted for clarity. Selected bond lengths [Q]: Cr1�P1 2.1993(7)/
2.2047(7), Cr1�C1 2.259(2)/2.279(2), Cr1�C2 2.213(2)/2.217(2), Cr1�C3
2.244(2)/2.2320(19), Cr1�C4 2.229(2)/2.222(2), Cr1�C4a 2.297(2)/
2.281(2), Cr1�C8a 2.354(2)/2.333(2), Cr1�ZAr 1.761(1)/1.755(1), C1�C2
1.412(3)/1.407(3), C2�C3 1.439(3)/1.443(3), C3�C4 1.405(3)/1.402(3), C4�
C4a 1.430(3)/1.428(3), C4a�C8a 1.431(3)/1.429(3), C8a�C1 1.431(3)/
1.433(3); selected torsion angles [8]: C5-C4a-C8a-C1 �176.95(19)/
177.02(18), C4-C4a-C8a-C8 �171.62(19)/175.56(18), P1-O1p-C1p-C2p
99.3(2)/50.9(3), P1-O2p-C7p-C8p 118.9(2)/-69.2(2), P1-O3p-C13p-C14p
�112.7(2)/132.01(17).
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ether (7, Figure 4), respectively. The P(OMe)3 complex 10
(Figure 5) provided dark red crystals from a toluene solu-
tion.


The crystal structure of PPh3 complex 4 (Figure 1) reveals
a conformation with a distorted organometallic unit; where-
as the Cr�P bond is staggered relative to the carbon atoms
C4 and C4a, one carbonyl ligand is eclipsed with respect to


C1. A similar distortion is observed in the crystal structure
of the P(OPh)3 complex 6. This crystal contains both enan-
tiomers of 6, but each in a different crystallographic posi-
tion, which implies the chirality of the crystal itself. In both
positions the Cr�P bond is eclipsed with respect to the
carbon atom C4 and one carbonyl ligand is staggered be-
tween the C2 and C3. The haptotropically rearranged
isomer 7 displays a staggered conformation of the organo-
metallic unit (Figure 4): The Cr�P bond is situated between
the carbon atoms C6 and C7. An eclipsed conformation is
observed for the haptotropically rearranged complex 5 (Cr�
P and C7, CO ligands and C5/C8a) as well as for the
P(OMe)3 complex 10 (Cr�P and C4a, CO ligands and C1/
C3). The lengths measured for the Cr�P bonds are remarka-
bly short when compared to those in analogous Cr(PR3)
complexes (4 : 2.31, 5 : 2.29, 6 : 2.20/2.20, 7: 2.18, 10 : 2.23 Q).


Similar to the situation in the crystal structures of the tri-
carbonyl complexes 2 and 3,[5b] the chromium atom is
bonded to the coordinated aromatic ring in a non-concentric
way in the [Cr(CO)2(PR3)] complexes 4–7 and 10. The con-
formation of the triphenylphosphine complex with the phos-
phorus ligand pointing inwards relative to the naphthalene
ligand results in long bonds between chromium and the qua-
ternary carbon atoms and short bonds to the ethyl-substitut-
ed carbon atoms. A disorder is observed for the tert-butyldi-
methylsilyl group; for the ease of representation only one
conformer is depicted in Figure 1. Less deviation from a
concentric chromium–arene bond is present in the structural
isomer 5 : The bulky PPh3 ligand points to the exterior of
the aromatic system, which decreases the internal strain. In
the crystal structure of the triphenylphosphite complex 6,
the chromium atom is shifted to the periphery of the aro-
matic skeleton as well, but the syn position of the silyl pro-
tective group leads to a particularly short bond to the me-
thoxysubstituted carbon atom. Again, a smaller degree of
deviation from a concentric bond between the chromium
atom and the aromatic ring is observed for the coordinative
isomer 7, for which the position of the chromium atom is
not influenced by the silyl protective group owing to its anti
conformation. In the molecular structure of the trimethyl-
phosphite complex 10, the chromium–arene bond is less un-
symmetrical than for the phenyl-substituted phosphorus li-
gands, which is a result of the anti position of the silyl group
as well as the low steric demand of the P(OMe)3 ligand.


Alternating bond lengths are observed along the naphtha-
lene system for all complexes, the differences are particular-
ly evident for the P(OPh)3 complex 7, where short bonds
connect the atoms C5�C6 and C7�C8, but also C1�C2 and
C3�C4 in the coordinated ring. Details concerning the ac-
quisition and refinement of the crystallographic data are
presented in Table 2 and Table 3.


Tuning haptotropic rearrangements of arene–chromium
complexes : Half-sandwich Cr(CO)3 complexes of fused
arenes are capable of a haptotropic metal shift along the p-
ligand system. These rearrangements are most commonly in-
duced by thermal induction, by which the thermodynamical-


Figure 4. Molecular structure of P(OPh)3 complex 7. Color code: Cr:
green; P: blue; O red, Si: violet; C: black. Hydrogen atoms have been
omitted for clarity. Selected bond lengths [Q]: Cr1�P1 2.1771(6), Cr1�
C4a 2.278(2), Cr1�C5 2.212(2), Cr1�C6 2.2304(19), Cr1�C7 2.2192(19),
Cr1�C8 2.207(2), Cr1�C8a 2.273(2), Cr1�ZAr 1.734(1), C1�C2 1.372(3),
C2�C3 1.441(3), C3�C4 1.367(3), C4�C4a 1.439(3), C4a�C8a 1.428(3),
C8a�C1 1.428(3); selected torsion angles [8]: C5-C4a-C8a-C1
�176.45(17), C4-C4a-C8a-C8 179.22(17), P1-O1p-C1p-C2p �130.61(16),
P1-O2p-C7p-C8p 108.2(2), P1-O3p-C13p-C14p 84.2(2).


Figure 5. Molecular structure of P(OMe)3 complex 10. Color code: Cr:
green; P: blue; O red, Si: violet; C: black. Hydrogen atoms have been
omitted for clarity. Selected bond lengths [Q]: Cr1�P1 2.2274(6), Cr1�C1
2.2285(19), Cr1�C2 2.2216(18), Cr1�C3 2.2211(18), Cr1�C4 2.2263(19),
Cr1�C4a 2.2739(18), Cr1�C8a 2.2759(18), Cr1�ZAr 1.728(1), C1�C2
1.413(3), C2�C3 1.430(3), C3�C4 1.414(3), C4�C4a 1.432(3), C4a�C8a
1.431(3), C8a�C1 1.447(3); selected torsion angles [8]: C5-C4a-C8a-C1
179.08(16), C4-C4a-C8a-C8 177.31(16), Cr1-P1-O1p-C1p �57.52(14),
Cr1-P1-O2p-C2p 57.87(15), Cr1-P1-O3p-C3p 179.73(15).
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ly less stable regioisomer is transformed into the more
stable one. If the coordination of one aromatic ring is
strongly favoured over the other, the haptotropic isomerisa-
tion is virtually irreversible; in cases in which both isomers
possess comparable thermodynamic stabilities, a dynamic
equilibrium is observed. The first example of haptotropic re-
arrangements involving p ligands derived from naphthalene
was reported for Cr(CO)3 complexes of methyl-substituted
derivatives.[1a] Subsequent research provided rate constants
and thermodynamic activation parameters for p complexes
in which the degeneration of the haptotropic rearrangement
was removed by selective mono- or polydeuteration,[1f] and
the influence of the naphthalene substitution pattern on the
kinetics and the thermodynamic equilibrium of the hapto-
tropic interconversion was determined systematically.[3a,b]


Haptotropic shifts observed along the addition of phos-
phines to tricarbonyl complexes of manganese were subject-
ed to molecular orbital calculations; the results of these cal-
culations again emphasised the importance of the substitu-
tion pattern present in the polyene.[10] We shall now address
the kinetic consequences of a modification of the coligand
sphere by photolytic exchange of a carbonyl ligand for a
phosphine or phosphite ligand, during which the p-ligand re-
mains unaltered.


To obtain pure samples of the complex regioisomers 4, 6,
8 and 10, the mixtures obtained by ligand exchange were
separated by preparative HPLC. Each of these complexes
was subjected to a haptotropic rearrangement in hexafluoro-
benzene at 333 K (4, 6 and 10) or at 348 K (8 and 10), which
was monitored by 1H NMR spectroscopy (Scheme 4). If dis-


tilled and carefully deoxygenated C6F6 is used, high quality
spectra can be recorded over more than two days and a pre-
cise determination of the reaction parameters can be
achieved. The results can be compared with those obtained
for the parent Cr(CO)3 complex 2 under identical conditions
(333 K[5b] and 348 K, hexafluorobenzene). The first-order ki-
netics of the rearrangement reactions are indicative for in-
tramolecular metal shifts, as is anticipated from previous re-


Table 2. Collection and refinement data of the structure analyses of com-
plexes 4, 5 and 6.


4 5 6


empirical formula C41H47CrO4PSi C41H47CrO4PSi C41H47CrO7PSi
M [gmol�1] 714.85 714.85 762.85
T [K] 123(2) 123(2) 123(2)
l [Q] 0.71073 (MoKa) 0.71073 (MoKa) 0.71073 (MoKa)
crystal system monoclinic monoclinic monoclinic
space group P21 (no. 4) P21/n (no. 14) P21 (no. 4)
a [Q] 8.8483(2) 9.2357(4) 9.3098(1)
b [Q] 25.2693(7) 12.7247(7) 17.7945(2)
c [Q] 9.2269(3) 32.092(2) 23.2479(3)
a [8] 90 90 90
b [8] 114.895(1) 93.146(2) 95.597(1)
g [8] 90 90 90
V [Q3] 1871.35(9) 3765.8(4) 3832.96(8)
Z 2 4 4
crystal dimensions
[mm]


0.50S0.30S0.10 0.15S0.08S0.02 0.40S0.30S0.20


1calcd= [g cm�3] 1.269 1.261 1.322
m [mm�1] 0.420 0.418 0.420
F(000) 756 1512 1608
index ranges �10�h�10 �10�h�6 �12�h�11


�30�k�30 �15�k�14 �23�k�23
�10� l�10 �37� l�34 �29� l�30


q limits 2.68�q�25.03 3.06�q�25.03 2.88�q�27.48
total reflections 20483 10451 41155
unique reflections 6541 5773 17008
parameters 421 433 919
restraints 291 0 1
R for I > 2s(I) 0.0476 0.0605 0.0335
wR2 for all data 0.1299 0.1306 0.0609
FlackTs parameter 0.59(2), racemic


twin
– �0.01(1)


goodness-of-fit on
F2


1.021 0.877 0.929


Table 3. Collection and refinement data of molecular structures of com-
plexes 7 and 10.


7 10


empirical formula C41H47CrO7PSi C26H41CrO7PSi
M [gmol�1] 762.85 576.65
T [K] 123(2) 123(2)
l [Q] 0.71073 (MoKa) 0.71073 (MoKa)
crystal system monoclinic triclinic
space group P21/n (no. 14) P1̄ (no. 2)
a [Q] 14.2439(2) 10.2449(2)
b [Q] 13.7903(2) 10.6204(2)
c [Q] 21.1209(3) 13.4430(3)
a [8] 90 91.544(1)
b [8] 109.068(1) 93.510(1)
g [8] 90 97.488(1)
V [Q3] 3921.09(10) 1446.57(5)
Z 4 2
crystal dimensions [mm] 0.35S0.15S0.10 0.40S0.25S0.15
1calcd= [g cm�3] 1.292 1.324
m [mm�1] 0.411 0.533
F(000) 1608 612
index ranges �16�h�16 �12�h�12


�16�k�16 �12�k�12
�25� l�25 �15� l�15


q limits 2.94�q�25.01 2.44�q�25.01
total reflections 50258 17901
unique reflections 6898 5091
parameters 460 325
restraints 0 0
R for I > 2s(I) 0.0338 0.0305
wR2 for all data 0.0815 0.0845
goodness-of-fit on F2 0.951 1.055


Scheme 4. Haptotropic rearrangement of [(arene)Cr(CO)2(PR3)] com-
plexes.
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sults.[1i,3, 5] A theoretical study on details of the haptotropic
rearrangement is underway and will address the question of
the actual pathway of the metal migration.


Two of the phosphorus complexes display an enhanced re-
activity: When compared with the metal shift in the parent
Cr(CO)3 complex 2, that for the PPh3 complex 4 and the
P(OPh)3 complex 6 proceeds about 2–3 times faster. A rep-
resentative molar ratio versus time plot is depicted in
Figure 6 for the P(OPh)3 complexes 6/7.


On the contrary, the haptotropic migration is hampered
when a CO ligand is exchanged for PMe3 (8) or P(OMe)3


(10). In comparison to the Cr(CO)3 complex 2, the P(OMe)3
derivative 10 is an order of magnitude less reactive; the free
activation enthalpy for the shift of the Cr(CO)2(PMe3) unit
is even more increased. To secure sufficiently large rate con-
stants, the haptotropic rearrangement for this complex was
studied at an elevated temperature of 348 K (Figure 7).


To evaluate the results observed for the PMe3 complex 8,
the haptotropic rearrangements of the tricarbonyl complex 2
and the P(OMe)3 complex 10 were studied at 348 K as well:
The PMe3-substituted complex 8 reacts about 60 times
slower than the Cr(CO)3 complex 2 ; the resulting free acti-
vation enthalpy is the highest observed for a naphthalene
bearing the benzannulation pattern. Rate constants and


DG¼6 values for all haptotropic metal shifts are presented in
Table 4; Figure 8 and Figure 9 illustrate a comparison of the
rate constants measured at 333 K and 348 K, respectively.


Having demonstrated how a haptotropic metal migration
may be tuned by modification of the coligand sphere, we
aimed at a quantitative analysis of the steric and electronic
ligand effects (QALE).[11,13] Since the rate constants were
measured at two distinct temperatures and DG¼6 values re-
vealed only a slight temperature dependence, we chose the
free activation enthalpy as the property to be analysed by
this method. To secure a correlation of the kinetic analysis
of the PMe3 complex 8, which was performed at 348 K, with


Figure 6. Molar ratio versus time plot for the rearrangement of complex
6 to 7 at 333 K.


Figure 7. Molar ratio versus time plot for the rearrangement of complex
8 to 9 at 348 K.


Table 4. Kinetic parameters for the haptotropic rearrangement of
Cr(CO)2(L) complexes 2, 4, 6, 8 and 10, cone angles q and electronic pa-
rameters c.


Cr(CO)2(L) T
[K]


k [s�1][a] DG¼6


[kJmol�1]
q


[8][11]
c


[cm�1][12]


2 L=CO[5b] 333 (6.5�0.7)S10�5 108.5�0.3 – –
2 L=CO 348 (4.3�0.4)S10�4 108.1�0.3 – –
4 L=PPh3 333 (1.6�0.2)S10�4 106.0�0.3 145 13.25
6 L=P(OPh)3 333 (1.9�0.2)S10�4 105.6�0.3 128 30.20
8 L=PMe3 348 (7.2�0.7)S10�6 119.9�0.3 118 08.55
10 L=P(OMe)3 333 (6.1 � 0.6)S10�6 115.1�0.3 107 24.10
10 L=P(OMe)3 348 (3.4�0.3)S10�5 115.5�0.3 107 24.10


[a] Recorded in C6F6.


Figure 8. Tuning of rate constants for the haptotropic rearrangement by
variation of the coligand sphere (333 K).


Figure 9. Rate constants for the PMe3 complex 8, the P(OMe)3 complex
10 and the parent tricarbonyl complex 2 at 348 K.
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studies of the more reactive PPh3 complex 4 and the
P(OPh)3 complex 6, which were carried out at 333 K, the re-
arrangements of the P(OMe)3 complex 10 and parent tricar-
bonyl complex 2 were examined at both temperatures.


The most original approach in quantifying steric and elec-
tronic effects of phosphorus ligands was suggested by
Tolman who introduced the cone angle q as a measure of
the steric demand and the wavenumber of the A1 n(CO)
stretching frequency in [Ni(CO)3(PR3)] as a measure of the
electronic property of the coligand.[11] The latter is some-
times represented as the c value which reflects the total hyp-
sochromic shift (in cm�1) with respect to the model ligand
PtBu3.


DG6¼ ¼ aq þ bc þ c ð1Þ


An analysis according to Equation (1) was performed on
the basis of TolmanTs cone angles q and accurately deter-
mined c values.[12] This analysis indicates that both steric
and electronic properties of the phosphorus ligands contrib-
ute significantly to the free activation enthalpy (Figure 10,


a= (�0.383�0.051) kJmol�1 per 8, b= (�0.486�
0.083) kJmol�1 cm�1, c= (168.6�6.9) kJmol�1, R2=0.987 for
the set of four PR3 complexes). Parameter a reflects the in-
fluence of the ligands’ steric bulk, while parameter b pro-
vides a measure for the impact of its electronic characteris-
tics. Neither coefficient may be neglected to rationalise the
DG¼6 values observed, which implies that the rate constants
correlate with both the steric and the electronic properties
of the phosphorus ligands. It is evident that the haptotropic
shift of the organometallic fragment is enhanced by intro-
ducing bulky and/or electron-deficient coligands. On the
other hand, the activation barrier increases when CO is sub-
stituted for electron-rich phosphines with poor steric
demand (such as PMe3). Even though the fit of the experi-
mental data to Equation (1) is quite satisfactory, it may be
further improved by increasing the original Tolman value
for the cone angle q of P(OMe)3 as has been suggested by
several groups.[14]


Conclusions


[Cr(CO)2(PR3)] complexes of naphthalene derivatives have
been synthesised in high yields by photo-induced ligand sub-
stitution via cyclooctene intermediates. The ligand exchange
is partially accompanied by low-temperature haptotropic
metal migration, which affords both possible regioisomers
for each phosphorus ligand. An additional metal shift occurs
already during photolysis if the thermodynamically more
stable Cr(CO)3 complex serves as starting material. Upon
thermal induction the thermodynamically less stable PR3


complex may be converted into its thermodynamically more
stable regioisomer: The kinetics of these rearrangements
reveal that rate constants for the metal shift can be tuned by
a proper choice of phosphine or phosphite coligands. Com-
pared to the parent tricarbonyl complex the PPh3- and
P(OPh)3-substituted derivatives display an enhanced reactiv-
ity, whereas the rearrangement is slowed down for the PMe3


and P(OMe)3 complexes. A QALE analysis of the free acti-
vation enthalpy of the process indicates significant contribu-
tions from both steric and electronic properties of the PR3


ligands. DG¼6 is increased for small electron-rich phosphines,
whereas electron-deficiency or increased steric demand en-
hances the haptotropic isomerisation.


Experimental Section


General reaction conditions, instrumentation and reagents : All reactions
were performed under an argon atmosphere. Solvents used for reactions,
crystallisation and chromatography were dried by distillation from lithi-
um aluminium hydride (diethyl ether, petroleum ether), calcium hydride
(di-n-butyl ether, dichloromethane, hexafluorobenzene) or sodium (tolu-
ene). Column chromatography was performed with degassed silica gel
(Machery Nagel, type 60, 0.015–0.025 mm). For HPLC, Knauer Euro-
spher 100 Si and Knauer Euroshper 100 CN columns were used; the flow
was adjusted to 1 mLmin�1 for analytical HPLC. Analyses were per-
formed with a Nicolet Magna 550 FT-IR, with Bruker DRX 500 and
DPX 300 NMR spectrometers and a Kratos MS 50 (70 eV) mass spec-
trometer. The abbreviation “t” is used in the analytical section to denote
a pseudo-triplet. Pentacarbonyl[methoxy(phenyl)carbene]chromium (1)
was synthesised by addition of phenyllithium to chromium hexacarbonyl
in tert-butyl methyl ether at 0 8C, followed by treatment with trimethyl-
oxonium tetrafluoroborate in dichloromethane at room temperature and
purification by column chromatography. Tricarbonyl[(h6-1,2,3,4,4a,8a)-1-
tert-butyldimethyl-silyloxy-2,3-diethyl-4-methoxynaphthalene]chromium
(2) was prepared according reference [3b].


X-ray crystallographic studies of 4, 5, 6, 7 and 10 : Crystals for X-ray anal-
ysis were grown by slow evaporation of the solvent at room temperature.
Solutions of the PPh3 complexes 4 and 5 in diethyl ether gave red crystals
of 4 and black crystals of 5, respectively. Red crystals of the P(OPh3)
complexes 6 and 7 were grown from heptane (6) or a mixture of heptane
and diethyl ether (7). A toluene solution of the P(OMe)3 complex 10
yielded dark red crystals. Crystallographic data were collected with a
Nonius KappaCCD diffractometer at 123 K. The molecular structures
were solved by direct methods. Hydrogen atoms were located by using a
riding model. Details of the collection and refinement of the data are
presented in Table 2. CCDC 278109 (4), 278110 (5), 278111 (6), 278112
(7), and 278113 (10) 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


Figure 10. Fit of the experimental DG¼6 values versus aq + bc + c.


Chem. Eur. J. 2005, 11, 5333 – 5342 www.chemeurj.org N 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5339


FULL PAPERArene–Chromium Complexes



www.chemeurj.org





General procedure for the synthesis of the (arene)Cr(CO)2(PR3) com-
plexes 4–11: A solution of the tricarbonyl complex 2 or 3 and cyclooctene
(7.5 mL) in petroleum ether (200 mL) was irradiated by using a medium-
pressure mercury lamp (125 W) with a pyrex filter at �50 8C until com-
plete removal of one equivalent CO (IR spectrum of the cyclooctene
complex (petroleum ether): ñ=1907 (vs), 1849 (vs) cm�1). The volume of
the solution was reduced to 50 mL in vacuo and the respective phosphine
or phosphite was added as a solution in petroleum ether (toluene in the
case of PMe3) and stirred at room temperature until the ligand exchange
was complete. After removal of volatile components, the residue was sub-
jected to column chromatography and the fraction containing the dicar-
bonyl complexes was separated by HPLC.


Synthesis of dicarbonyl(triphenylphosphine)[(h6--1,2,3,4,4a,8a)-1-tert-bu-
tyldimethylsilyloxy-2,3-diethyl-4-methoxynaphthalene]chromium (4) and
dicarbonyl(triphenylphosphine)[(h6--4a,5,6,7,8,8a)-1-tert-butyldimethylsi-
lyloxy-2,3-diethyl-4-methoxynaphthalene]chromium (5): The reaction was
carried out with tricarbonyl complex 3 (0.26 g, 0.55 mmol) and triphenyl-
phosphine (0.15 g, 5.8 mmol). Eluent for column chromatography: di-
chloromethane/petroleum ether (3/2). Overall yield: 0.37 g (0.52 mmol,
95%) of a dark red solid. Analytical HPLC: Knauer Eurospher 100 Si,
99% n-hexane, 1% diethyl ether, retention times: 4.80 min (4), 5.78 min
(5).


Complex 4 : Yield: 0.25 g (0.35 mmol, 64%) of a dark red solid. Rf (di-
chloromethane/petroleum ether 3/2)=0.75; 1H NMR (500 MHz, CDCl3):
d=7.79 (d, 3JH,H=8.8 Hz, 1H; H8), 7.28–7.23, 7.17–7.11 (m, 16H; H7/6,
3C6H5), 6.89 (d, 3JH,H=8.5 Hz, 1H; H5), 6.84 (“t”, 1H; H6/7), 3.53 (s,
3H; OCH3), 2.99 (dq, 2JH,H=14.6 Hz, 3JH,H=7.5 Hz, 1H; CH2), 2.87 (dq,
2JH,H=14.9 Hz, 3JH,H=7.5 Hz, 1H; CH2), 2.79 (dq, 2JH,H=14.9 Hz, 3JH,H=


7.5 Hz, 1H; CH2), 2.74 (dq, 2JH,H=14.6 Hz, 3JH,H=7.5 Hz, 1H; CH2), 1.41
(t, 3JH,H=7.5 Hz, 3H; CH2CH3), 1.34 (t, 3JH,H=7.5 Hz, 3H; CH2CH3),
1.12 (s, 9H; C(CH3)3), 0.49 (s, 3H; SiCH3), 0.38 ppm (s, 3H; SiCH3);
13C NMR (125 MHz, CDCl3): d=242.6 (d, 2JP,C=19.7 Hz; Cr(CO)), 241.2
(d, 2JP,C=18.7 Hz; Cr(CO)), 137.4 (d, 1JP,C=32.2 Hz; 3PC), 133.3 (d,
2JP,C=11.0 Hz; 6PCCH), 128.2 (3PCCHCHCH), 127.1 (d, 3JP,C=8.6 Hz;
6PCCHCH), 126.8 (ArCH), 126.5, 126.4 (C1, C4) 125.6, 125.0, 123.0
(3 ArCH), 104.2, 100.6, 98.3, 97.1 (C2, C3, C4a, C8a), 62.0 (OCH3), 26.4
(C(CH3)3), 21.2, 21.2 (2CH2), 19.3 (C(CH3)3), 15.9 (CH2CH3), 15.9
(CH2CH3), �1.6, �2.5 ppm (Si(CH3)2);


31P NMR (202 MHz, CDCl3): d=
86.7 ppm: IR (petroleum ether): ñ=1888 (vs), 1882 (sh), 1844 (s),
1830 cm�1 (m); MS (EI): m/z (%): 714 (1) [M+], 658 (21) [M+�2CO],
543 (1) [M+�2CO�SiMe2tBu], 396 (2) [M+�2CO�PPh3], 344 (75) [M+


�Cr(CO)2(PPh3)], 329 (23) [M+�Cr(CO)2(PPh3)�Me], 314 (22) [M+


�Cr(CO)2(PPh3)�2Me], 287 (13) [M+�Cr(CO)2(PPh3)�tBu], 262 (100)
[PPh3


+], 258 (26) [M+�Cr(CO)2(PPh3)�tBu�Et], 243 (15) [M+


�Cr(CO)2(PPh3)�tBu�Et�Me]. HR-MS: calculated for C41H47O4SiPCr
714.2386, found 714.2387.


Complex 5 : Yield: 0.12 g (0.17 mmol, 31%) of a orange-brown solid. Rf=


0.75 (dichloromethane/petroleum ether 3/2). 1H NMR (300 MHz,
CDCl3): d=7.3–7.15 (m, 15H; 3C6H5), 5.66 (dm, 3JH,H=6.6 Hz, 1H; H5/
8), 5.46 (ddd, 3JH,H=6.5 Hz, 4JH,H=2.9 Hz, 3JPH=0.9 Hz, 1H; H5/8), 4.76
(“t”dd, 3JH,H=6.2 Hz, 4JH,H=2.9 Hz, 3JP,H=0.9 Hz, 1H; H6/7), 4.53
(“t”dd, 3JH,H=6.2 Hz, 4JH,H=1.9 Hz, 3JP,H=0.9 Hz, 1H; H6/7), 3.72 (s,
3H; OCH3), 2.75 (m, 2H; CH2), 2.43 (m, 2H; CH2), 1.08 (t, 3JH,H=


7.5 Hz, 3H; CH2CH3), 1.03 (t, 3JH,H=7.5 Hz, 3H; CH2CH3), 1.02 (s, 9H;
C(CH3)3), 0.17 (s, 3H; SiCH3), 0.15 ppm (s, 3H; SiCH3);


13C NMR
(125 MHz, CDCl3): d=240.4 (d, 2JP,C=20.6 Hz, Cr(CO)), 240.0 (d, 2JP,C=


19.7 Hz, Cr(CO)), 147.8, 146.6 (C1, C4), 139.4 (d, 1JP,C=33.1 Hz, 3PC),
133.0 (d, 2JP,C=10.6 Hz, 6PCCH), 130.2 (C2/3), 128.5 (3PCCHCHCH),
127.6 (d, 3JP,C=8.2 Hz, 6PCCHCHCHCH), 99.7, 97.2 (C4a, C8a), 89.5,
89.3, 86.1, 80.6 (C5-C8), 61.5 (OCH3), 26.1 (C(CH3)3), 20.4, 20.0 (2CH2),
18.8 (C(CH3)3), 15.9 (CH2CH3), 14.7 (CH2CH3), �2.5, �3.2 ppm (Si-
(CH3)2);


31P NMR (202 MHz, CDCl3): d=90.6 ppm; IR (petroleum
ether): ñ=1900 (vs), 1853 (s), 1844 cm�1 (sh); MS (EI): m/z (%): 714 (3)
[M+], 658 (55) [M+�2CO], 396 (8) [M+�2CO�PPh3], 344 (74) [M+


�Cr(CO)2(PPh3)], 329 (24) [M+�Cr(CO)2(PPh3)�Me], 314 (57) [M+


�Cr(CO)2(PPh3)�2Me], 287 (13) [M+�Cr(CO)2(PPh3)�tBu], 262 (100)
[PPh3


+], 258 (24) [M+�Cr(CO)2(PPh3)�tBu�Et], 243 (13) [M+


�Cr(CO)2(PPh3)�tBu�Et�Me]. HR-MS: calculated for C41H47O4SiPCr
714.2386, found 714.2378.


Synthesis of dicarbonyl(triphenylphosphite)[(h6-1,2,3,4,4a,8a)-1-tert-bu-
tyldimethylsilyloxy-2,3-diethyl-4-methoxynaphthalene]chromium (6) and
dicarbonyl(triphenylphosphite)[(h6-4a,5,6,7,8,8a)-1-tert-butyldimethylsil-
yloxy-2,3-diethyl-4-methoxynaphthalene]chromium (7): The reaction was
carried out with tricarbonyl complex 2 (0.37 g, 0.77 mmol) and triphenyl-
phosphite (0.20 mL, 0.77 mmol). Eluent for column chromatography: pe-
troleum ether/dichloromethane (1/1). Overall yield: 0.38 g (0.50 mmol,
65%) of dicarbonyl complexes 6 and 7 as a dark red solid and 0.07 g
(0.15 mmol, 19%) of unreacted tricarbonyl complex 2. Analytical HPLC:
Knauer Eurospher 100 Si, 95% n-hexane, 5% tert-butyl methyl ether, re-
tention times: 3.83 min (6), 3.97 min (7).


Complex 6 : Yield: 0.29 g (0.38 mmol, 49%) of a red-brown solid. Rf (pe-
troleum ether/dichloromethane 1/1)=0.40; 1H NMR (500 MHz, CDCl3):
d=7.87 (m, 1H; H8/5), 7.74 (m, 1H; H5/8), 7.27–7.22, 7.09–7.02 (m,
15H; 3C6H5), 7.14 (m, 2H; H6, H7), 3.92 (s, 3H; OCH3), 2.79 (dq,
2JH,H=14.5 Hz, 3JH,H=7.5 Hz, 1H; CH2), 2.77 (dq, 2JH,H=14.5 Hz, 3JH,H=


7.5 Hz, 1H; CH2), 2.67 (dq, 2JH,H=14.5 Hz, 3JH,H=7.5 Hz, 1H; CH2), 2.60
(dq, 2JH,H=14.5 Hz, 3JH,H=7.5 Hz, 1H; CH2), 1.42 (t, 3JH,H=7.5 Hz, 3H;
CH2CH3), 1.32 (t, 3JH,H=7.5 Hz, 3H; CH2CH3), 1.12 (s, 9H; C(CH3)3),
0.49 (s, 3H; SiCH3), 0.41 ppm (s, 3H; SiCH3);


13C NMR (125 MHz,
CDCl3): d=238.6 (d, 2JP,C=31.2 Hz, Cr(CO)), 236.9 (d, 2JP,C=29.8 Hz,
Cr(CO)), 152.4 (d, 2JP,C=9.5 Hz, 3POC), 130.0 (C1/C4), 128.9
(6POCCHCH), 127.8 (C1/C4), 126.9, 125.9, 125.5, 124.7 (C5-C8), 123.1
(3POCCHCHCH), 121.0 (d, 3JP,C=2.9 Hz, 6PCCH), 105.2, 101.3, 100.2,
98.3 (C2, C3, C4a, C8a), 63.7 (OCH3), 26.2 (C(CH3)3), 21.0, 20.7 (2CH2),
19.1 (C(CH3)3), 15.8 (CH2CH3), 15.6 (CH2CH3), �1.8, �2.9 ppm (Si-
(CH3)2);


31P NMR (202 MHz, CDCl3): d=189.0; IR (petroleum ether):
ñ=1902 (vs), 1851 (s), 1844 (sh) cm�1; MS (EI): m/z (%): 762 (6) [M+],
706 (30) [M+�2CO], 669 (1) [M+�OPh], 396 (3) [M+�2CO�P(OPh)3],
362 (72) [Cr(CO)2P(OPh)3


+], 344 (100) [M+�Cr(CO)2(P(OPh)3)], 329
(43) [M+�Cr(CO)2(P(OPh)3)�Me], 310 (23) [P(OPh)3


+], 287 (29)
[M+�Cr(CO)2(P(OPh)3)�tBu], 258 (41) [M+�Cr(CO)2(P(OPh)3)�
tBu�Et], 243 (25) [M+�Cr(CO)2(P(OPh)3)�tBu�Et�Me], 217 (66)
[P(OPh)2


+], 73 (99) [SiMe3
+]. HR-MS: calculated for C41H47O7SiPCr


762.2234, found 762.2246.


Complex 7: Yield: 0.09 g (0.12 mmol, 16%) of an orange-brown solid. Rf


(petroleum ether/dichloromethane 1/1)=0.40. 1H NMR (500 MHz,
CDCl3): d=7.38–7.28, 7.16 (m, 15, 3C6H5), 5.69 (d, 3JH,H=6.7 Hz, 1H;
H8/5), 5.65 (d, 1H; H5/8), 4.67 (m, 1H; H6/7), 4.59 (m, 1H; H7/6), 3.88
(s, 3H; OCH3), 2.87 (dq, 2JH,H=13.6 Hz, 3JH,H=7.4 Hz, 1H; CH2), 2.83
(dq, 2JH,H=14.1 Hz, 3JH,H=7.4 Hz, 1H; CH2), 2.56 (dq, 2JH,H=13.6 Hz,
3JH,H=7.4 Hz, 1H; CH2), 2.49 (dq, 2JH,H=14.1 Hz, 3JH,H=7.4 Hz, 1H;
CH2), 1.18 (t, 3JH,H=7.4 Hz, 3H; CH2CH3), 1.13 (s, 9H; C(CH3)3), 1.03 (t,
3JH,H=7.4 Hz, 3H; CH2CH3), 0.22 (s, 3H; SiCH3), 0.15 ppm (s, 3H;
SiCH3);


13C NMR (125 MHz, CDCl3): d=234.9 (d, 2JP,C=32.2 Hz,
Cr(CO)), 234.9 (d, 2JP,C=28.0 Hz, Cr(CO)), 152.4 (d, 2JP,C=6.2 Hz,
3POC), 146.8, 144.3 (C1, C4), 134.4, 130.6 (C2, C3), 129.2 (6POCCHCH),
123.9 (3POCCHCHCH), 121.8 (d, 3JP,C=3.4 Hz, 6POCCH), 98.8, 98.6
(C4a, C8a), 89.9, 88.8, 84.0, 83.6 (C5-C8), 61.7 (OCH3), 26.0 (C(CH3)3),
20.3, 20.0 (2CH2), 18.7 (C(CH3)3), 15.8 (CH2CH3), 14.5 (CH2CH3), �2.7,
�3.6 ppm (Si(CH3)2);


31P NMR (202 MHz, CDCl3): d=201.2 ppm; IR
(petroleum ether): ñ=1930 (sh), 1922 (vs), 1884 (sh), 1875 (sh),
1869 cm�1 (s); MS (EI): m/z (%): 762 (6) [M+], 706 (33) [M+�2CO],
669 (2) [M+�OPh], 396 (11) [M+�2CO�P(OPh)3], 362 (100)
[Cr(CO)2P(OPh)3


+], 344 (67) [M+�Cr(CO)2(P(OPh)3)], 329 (17) [M+


�Cr(CO)2(P(OPh)3)�Me], 310 (23) [P(OPh)3], 287 (11) [M+�Cr(CO)2-
(P(OPh)3)�tBu], 258 (20) [M+�Cr(CO)2(P(OPh)3)�tBu�Et], 243 (13)
[M+�Cr(CO)2(P(OPh)3)�tBu�Et�Me], 217 (58) [P(OPh)2


+]; HR-MS:
calculated for C41H47O7SiPCr 762.2234, found 762.2213.


Synthesis of dicarbonyl(trimethylphosphine)[(h6-1,2,3,4,4a,8a)-1-tert-bu-
tyldimethylsilyloxy-2,3-diethyl-4-methoxynaphthalene]chromium (8) and
dicarbonyl(trimethylphosphine)[(h6--4a,5,6,7,8,8a)-1-tert-butyldimethylsil-
yloxy-2,3-diethyl-4-methoxynaphthalene]chromium (9): The reaction was
carried out with tricarbonyl complex 2 (0.39 g, 0.81 mmol) and trimethyl-
phosphine solution in toluene: (8.0 mL, 1m, 8.0 mmol). Eluent for
column chromatography: petroleum ether/dichloromethane (4/3). Overall
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yield: 0.26 g (0.49 mmol, 61%) of a black solid. Analytical HPLC:
Knauer Eurospher 100 CN, 95% n-hexane, 5% tert-butyl methyl ether,
retention times: 4.62 min (8), 5.83 min (9).


Complex 8 : Yield: 0.22 g (0.42 mmol, 52%) of a brown solid. Rf (petro-
leum ether/dichloromethane 4/3)= 0.15; 1H NMR (500 MHz, CD2Cl2):
d=7.80 (dm, 3JH,H=8.6 Hz, 1H; H5/8), 7.72 (dm, 3JH,H=8.2 Hz, 1H; H5/
8), 7.27–7.19 (m, 2H; H6/7), 3.85 (s, 3H; COCH3), 2.83 (dq, 2JH,H=


14.3 Hz, 3JH,H=7.5 Hz, 1H; CH2), 2.69 (dq, 2JH,H=14.3 Hz, 3JH,H=7.5 Hz,
1H; CH2), 2.66 (dq, 2JH,H=14.4 Hz, 3JH,H=7.5 Hz, 1H; CH2), 2.61 (dq,
2JH,H=14.4 Hz, 3JH,H=7.5 Hz, 1H; CH2), 1.33 (t, 3JH,H=7.5 Hz, 3H;
CH2CH3), 1.31 (t, 3JH,H=7.5 Hz, 3H; CH2CH3), 1.07 (s, 9H; C(CH3)3),
1.07 (d, 3JPH=7.9 Hz, P(CH3)3), 0.41 (s, 3H; SiCH3), 0.35 ppm (s, 3H;
SiCH3);


13C NMR (125 MHz, CD2Cl2): d=240.5 (d, 2JP,C=21.1 Hz,
Cr(CO)), 239.0 (d, 2JP,C=20.2 Hz, Cr(CO)), 128.2 (C1/4), 125.5, 125.4
(2 ArCH), 125.0 (C1/4), 124.9, 124.4 (2 ArCH), 101.8, 99.8, 99.8, 98.9 (C2,
C3, C4a, C8a), 63.2 (OCH3), 26.1 (C(CH3)3), 21.5, 20.9 (2CH2), 19.0 (d,
1JP,C=22.1 Hz, P(CH3)3), 18.9 (C(CH3)3), 16.2 (CH2CH3), 15.9 (CH2CH3),
�2.1, �3.1 ppm (Si(CH3)2);


31P NMR (202 MHz, CD2Cl2): d=35.0 ppm;
IR (petroleum ether): ñ=1888 (w), 1878 (vs), 1838 (sh), 1826 cm�1 (s);
MS (EI): m/z (%): 528 (1), 472 (10) [M+�2CO], 396 (5) [M+


�2CO�PMe3], 344 (77) [M+�Cr(CO)2(PMe3)], 329 (42) [M+�Cr(CO)2-
(PMe3)�Me], 287 (25) [M+�Cr(CO)2(PMe3)�tBu], 258 (37) [M+


�Cr(CO)2(PMe3)�tBu�Et], 243 (21) [M+�Cr(CO)2(PMe3)
�tBu�Et�Me], 73 (100) [SiMe3


+]; HR-MS: calculated for C26H41O4-
SiPCr 528.1917, found 528.1909.


Complex 9 : (0.04 g, 0.08 mmol, 10%) of a red solid. Rf (petroleum ether/
dichloromethane 4/3)=0.15; 1H NMR (500 MHz, CD2Cl2): d=5.85 (ddd,
3JH,H=6.5 Hz, 4JH,H=3.2 Hz, 3JPH=1.0 Hz, 1H; H5/8), 5.80 (ddd, 3JH,H=


6.6 Hz, 4JH,H=4.0 Hz, 3JPH=1.0 Hz, 1H; H5/8), 5.12 (“t”d, 3JH,H=6.2 Hz,
3JPH=1.0 Hz, 1H; H6/7), 5.00 (“t”d, 3JH,H=6.2 Hz, 3JPH=1.0 Hz, 1H; H6/
7), 3.93 (s, 3H; OCH3), 2.86 (dq, 2JH,H=13.6 Hz, 3JH,H=7.5 Hz, 1H;
CH2), 2.82 (dq, 2JH,H=13.7 Hz, 3JH,H=7.5 Hz, 1H; CH2), 2.53 (dq, 2JH,H=


13.6 Hz, 3JH,H=7.5 Hz, 1H; CH2), 2.49 (dq, 2JH,H=13.6 Hz, 3JH,H=7.5 Hz,
1H; CH2), 1.16 (t, 3JH,H=7.5 Hz, 3H; CH2CH3), 1.10 (s, 9H; C(CH3)3),
1.07 (d, 2JP,H=8.0 Hz, 9H; P(CH3)3), 1.01 (t, 3JH,H=7.5 Hz, 3H;
CH2CH3), 0.25 (s, 3H; SiCH3), 0.19 ppm (s, 3H; SiCH3);


31P NMR
(202 MHz, CD2Cl2): d=33.4 ppm. IR (petroleum ether): ñ=1898 (vs),
1892 (s), 1844 (s), 1836 cm�1 (m); MS (EI): m/z (%): 528 (4), 472 (23)
[M+�2CO], 396 (10) [M+�2CO�PMe3], 344 (100) [M+�Cr(CO)2-
(PMe3)], 329 (45) [M+�Cr(CO)2(PMe3) �Me], 287 (25) [M+�Cr(CO)2-
(PMe3)�tBu], 258 (37) [M+�Cr(CO)2(PMe3)�tBu�Et], 243 (22) [M+


�Cr(CO)2(PMe3) �tBu�Et�Me], 73 (60) [SiMe3
+]. HR-MS: calculated


for C26H41O4SiPCr 528.1917, found 528.1925.


Synthesis of dicarbonyl(trimethylphosphite)[(h6--1,2,3,4,4a,8a)-1-tert-bu-
tyldimethylsilyloxy-2,3-diethyl-4-methoxynaphthalene]chromium (10)
and dicarbonyl(trimethylphosphite)[(h6--4a,5,6,7,8,8a)-1-tert-butyldime-
thylsilyloxy-2,3-diethyl-4-methoxynaphthalene]chromium (11): The reac-
tion was carried out with tricarbonyl complex 2 (0.36 g, 0.75 mmol) and
trimethylphosphite (1.0 mL, 8.5 mmol). Eluent for column chromatogra-
phy: dichloromethane. Overall yield: 0.26 g (0.47 mmol, 60%) of the di-
carbonyl complexes 10 and 11 as a dark red solid and unreacted starting
material 2 (0.13 g, 0.27 mmol; 36%). Analytical HPLC: Knauer Euros-
pher 100 Si, 95% n-hexane, 5% tert-butyl methyl ether, retention times:
6.15 min (10), 8.15 min (11). Complex 10 : Yield: 0.22 g (0.38 mmol, 51%)
of a dark red solid. Rf (dichloromethane)=0.46; 1H NMR (300 MHz,
CDCl3): d=7.85 (d, 3JH,H=8.5 Hz, 1H; H5/8), 7.72 (d, 3JH,H=8.1 Hz, 1H;
H5/8), 7.35–7.20 (m, 2H; H6, H7), 3.86 (s, 3H; COCH3), 2.99 (dq, 2JH,H=


14.5 Hz, 3JH,H=7.5 Hz, 1H; CH2), 2.72 (m, 3H; CH2), 1.36 (t, 3JH,H=


7.5 Hz, 3H; CH2CH3), 1.33 (t, 3JH,H=7.5 Hz, 3H; CH2CH3), 1.09 (s, 9H;
C(CH3)3), 0.40 (s, 3H; SiCH3), 0.32 ppm (s, 3H; SiCH3);


13C NMR
(125 MHz, CDCl3): d=239.1 (d, 2JP,C=33.1 Hz, Cr(CO)), 237.7 (d, 2JP,C=


31.7 Hz, Cr(CO)), 128.0, 128.0 (C1, C4), 126.6, 126.0, 124.9, 124.6 (C5-
C8), 104.5, 100.0, 99.9, 97.0 (C2, C3, C4a, C8a), 63.4 (OCH3), 26.2 (C-
(CH3)3), 21.6, 20.8 (2CH2), 19.1 (C(CH3)3), 16.2 (CH2CH3), 15.7
(CH2CH3), �1.8, �2.7 ppm (Si(CH3)2);


31P NMR (202 MHz, CDCl3): d=
213.3 ppm; IR (petroleum ether): ñ=1898 (s), 1886 (vs), 1846 (m),
1836 cm�1 (s); MS (EI): m/z (%): 576 (10) [M+], 545 (5) [M+�OMe],
520 (61) [M+�2CO], 396 (74) [M+�2CO�P(OMe)3], 344 (74) [M+


�Cr(CO)2(P(OMe)3)], 329 (35) [M+�Cr(CO)2(P(OMe)3)�Me], 287 (25)
[M+�Cr(CO)2(P(OMe)3)�tBu], 258 (37) [M+�Cr(CO)2-
(P(OMe)3)�tBu�Et], 243 (29) [M+�Cr(CO)2(P(OMe)3)�tBu�Et�Me],
176 (22) [Cr(P(OMe)3


+], 73 (100) [SiMe3
+]; HR-MS: calculated for


C26H41O7SiPCr 576.1764, found 576.1757.


Complex 11: Rf (dichloromethane)=0.46; 1H NMR (500 MHz, CDCl3):
d=6.04 (dm, 3JH,H=6.5 Hz, 1H; H5/8), 6.00 (dm, 3JH,H=6.5 Hz, 1H; H5/
8), 5.23 (“t”, 3JH,H=6.2 Hz, 1H; H6/7), 5.16 (“t”, 3JH,H=6.2 Hz, 1H; H6/
7), 3.92 (s, 3H; OCH3), 3.29 (d, “, 3JPH=11.4 Hz, 9H; P(OCH3)3), 2.87
(dq, 2JH,H=13.3 Hz, 3JH,H=7.4 Hz, 1H; CH2), 2.81 (dq, 2JH,H=13.5 Hz,
3JH,H=7.4 Hz, 1H; CH2), 2.53 (dq, 2JH,H=13.3 Hz, 3JH,H=7.4 Hz, 1H;
CH2), 2.48 (dq, 2JH,H=13.5 Hz, 3JH,H=7.4 Hz, 1H; CH2), 1.17 (t, 3JH,H=


7.4 Hz, 3H; CH2CH3), 1.08 (s, 9H; C(CH3)3), 1.01 (t, 3JH,H=7.4 Hz, 3H;
CH2CH3), 0.22 ppm (s, 6H; Si(CH3)2);


13C NMR (125 MHz, CDCl3): d=
237.4 (d, 2JP,C=32.2 Hz, Cr(CO)), 237.0 (d, 2JP,C=31.7 Hz, Cr(CO)),
147.2, 144.6 (C1, C4), 133.9, 130.0 (C2, C3), 100.3, 99.4 (C4a, C8a), 88.5,
88.2, 82.2, 81.8 (C5-C8), 61.8 (OCH3), 26.0 (C(CH3)3), 20.4, 20.0 (2CH2),
18.7 (C(CH3)3), 15.7 (CH2CH3), 14.3 (CH2CH3), �2.5, �3.3 ppm (Si-
(CH3)2);


31P NMR (202 MHz, CDCl3): d=214.7 ppm; IR (petroleum
ether): ñ=1909 (vs), 1900 (sh), 1853 cm�1 (s); MS (EI): m/z (%): 576 (1)
[M+], 545 (1) [M+�OMe], 520 (7) [M+�2CO], 396 (8) [M+�2CO�P-
(OMe)3], 344 (42) [M+�Cr(CO)2(P(OMe)3)], 329 (23) [M+�Cr(CO)2-
(P(OMe)3)�Me], 287 (17) [M+�Cr(CO)2(P(OMe)3)�tBu], 258 (29) [M+


�Cr(CO)2(P(OMe)3) �tBu�Et], 243 (22) [M+�Cr(CO)2-
(P(OMe)3)�tBu�Et�Me], 73 (100) [SiMe3


+]; HR-MS: calculated for
C26H41O7SiPCr 576.1764, found 576.1767.


Procedure for the kinetic analyses : For the kinetic studies of the hapto-
tropic metal shift, the thermodynamically less favourable isomers were
dissolved in distilled NMR-grade hexafluorobenzene, which was carefully
deoxygenated prior to each use. The solution was filtered into a dry,
argon-flushed NMR tube which was sealed after inserting the external
standard ([D8]dioxane).


1H NMR spectra were recorded in appropriate
intervals (5 to 20 min) at the specified temperature. The relative concen-
tration of the two isomers was determined by the integration of the sig-
nals for the hydrogen atoms of the dimethyl(silyl) fragment.
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Biomimetic Hydrolysis of Penicillin G Catalyzed by Dinuclear Zinc(ii)
Complexes: Structure–Activity Correlations in b-Lactamase Model Systems


Bernhard Bauer-Siebenlist, Sebastian Dechert, and Franc Meyer*[a]


Introduction


b-Lactamases are a class of enzymes that efficiently catalyze
the hydrolytic opening of b-lactam rings.[1,2] Since the b-
lactam motif is a crucial subunit of the largest group of ther-
apeutically useful antibiotics, comprising the penicillin,
cephalosporin, and carbapenem families, bacteria express b-
lactamases in order to escape the action of these important
b-lactam antibiotics. Nowadays, increasing resistance against
b-lactam antibiotics poses a serious clinical problem.[3–5]


Known b-lactamase enzymes are usually grouped into sev-
eral classes.[6] Most abundant are the various serine b-lacta-
mases, the catalytic mechanism of which involves an acyl in-
termediate formed by nucleophilic attack of an active-site
serine residue on the b-lactam.[2,7,8] Over the years, success-


ful inhibitors such as sulbactam have been developed for
this class of b-lactamases. Unfortunately, serine b-lactamase
inhibitors are inactive towards enzymes of the other class of
b-lactamases, which depend on one or two zinc(ii) ions
within their active site.[9–11] These so-called metallo-b-lacta-
mases are less common, but hydrolyze a wide range of sub-
strates. Since clinically useful inhibitors are not yet avail-
able, their spread to pathogenic species has raised the con-
cern of the biomedical community.[3,5,9] A detailed mechanis-
tic picture of metallo-b-lactamase action is not only of fun-
damental interest, but may also contribute to the
development of efficient mechanism-based inhibitors.
Sequence information and X-ray crystal structures are


known for several metallo-b-lactamases, in particular for the
enzymes from Bacillus cereus and Bacteroides fragilis.[11,12]


The majority of these have similar asymmetric dinuclear
zinc-binding motifs with three histidine residues bound to
the first zinc ion and a cysteine thiolate, the carboxylate
group of an aspartate, another histidine residue, and a water
molecule bound to the second zinc atom (Figure 1).[13–18]


Either a typical tightly bridged form A or a so-called loosely
bridged form with larger Zn···Zn separation have been de-
tected in some of the crystallographic work on proteins
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from different organisms.[14,17] The latter has been repro-
duced by a shared water/hydroxide structure B in quantum


chemical studies and molecular
dynamics (MD) simulations
for the B. fragilis and B. cereus
enzymes in their free and sub-
strate-complexed forms,[19–21]


and such a more flexible non-
bridged form (B) may best be
described as an O2H3 unit be-
tween the two zinc ions. The
Zn···Zn separations are hence
found to vary between 3.4 (A)
and 4.4 L (B).
Although the dinuclear zinc


form of metallo-b-lactamases
from B. fragilis and B. cereus is usually considered as the
biologically active one, the role of the second Zn2+ ion re-
mains controversial, since the affinity of the enzyme for the
two metal ions may differ drastically (with comparable affin-
ity for both zinc ions in the case of B. fragilis, but much
lower affinity for the second zinc ion in B. cereus).[22,23] Fur-
thermore, activity is also observed for the mononuclear spe-
cies and distinct mechanisms may be relevant for the mono-
and bimetallic forms.[12,23–25] Details of the catalysis by dinu-
clear zinc metallo-b-lactamases are still a subject of contro-
versy, although it is generally postulated that interaction of
the b-lactam carbonyl group with a zinc ion polarizes the
C�O bond and allows nucleophilic attack by a metal-bound
hydroxide with fission of the C�N bond. Subsequent proto-


nation of the b-lactam nitrogen atom and dissociation of the
acyl group would liberate the ring-opened product
(Scheme 1).[24]


While the exact identity and position of the nucleophile is
unclear, calculations led to the proposal that substrate bind-
ing may induce rupture of the hydroxide bridge and an in-
crease in Zn···Zn separation in order to enhance nucleophi-
licity of the hydroxide group.[19–21] The pH profiles of the B.
cereus reaction indicate that the second zinc(ii) is not re-
quired for nucleophile activation, but it has been proposed
that it may play a role in orienting the attacking nucleophile
and in stabilizing reaction intermediates.[24,26–28] A ring-
opened form of the substrate could be detected as an inter-
mediate in the hydrolysis of nitrocefin by the B. fragilis
enzyme,[29] and its identity as a zinc(ii)-bound N-deprotonat-
ed species that results upon C�N bond-cleavage has been
corroborated by model studies.[30]


While several groups have dealt with the hydrolysis or
methanolysis of b-lactams by using simple transition-metal
salts including Zn2+ salts,[31, 32] very few studies have em-
ployed preorganized dinuclear zinc(ii) complexes as func-
tional mimics of metallo-b-lactamases.[30,33, 34] Such models
might provide valuable insights into the mechanistic role of
the second Zn2+ ion, cooperative effects of the adjacent
metal ions, and the identity of the active nucleophile. Lip-
pard and co-workers recently reported an in-depth study of
nitrocefin hydrolysis mediated by phenol- and naphtyridine-
based dinuclear zinc complexes.[33, 34] From the observation
that some mononuclear zinc(ii) complexes are as efficient in


nitrocefin hydrolysis as the dinuclear zinc(ii) complexes they
concluded that the second Zn2+ is not required for catalytic
activity. Depending on the specific system, either a bridging
or a terminal hydroxide was found to act as the nucleo-
phile.[33,34] Preferential metal-ion coordination of b-lactam
substrates by means of a monodentate carboxylate group
was inferred from 13C NMR and IR spectroscopy.[33,34]


Here we report a comparative study on the hydrolytic
cleavage of penicillin G (pen) mediated by the recently re-
ported dinuclear zinc(ii) complexes 1–4,[35–37] as well as struc-
tural and spectroscopic insights into the mode of substrate
binding. Complexes 1–4 are based on multifunctional pyra-
zolate ligands HL1–HL4, which offer the advantage to con-
strain the accessible range of metal–metal separation by


Figure 1. The active site structure of B. fragilis b-lactamase.[14]


Scheme 1. Proposed mechanism of metallo-b-lactamase.
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means of the lengths of the chelating side arms attached to
the heterocycle.[36,38–40] Hence, a Zn···Zn separation >4 L


occurs in complexes 2 and 4 with shorter chelate arms,
giving rise to a labile O2H3 unit within the bimetallic pocket,
while 1 and 3 feature much shorter Zn···Zn separations of ~
3.5 L and a more tightly bound bridging hydroxide
group.[35–37] Previous work on these complexes has indicated
that the pKa of Zn-bound water may be lowered even more
drastically if the resulting hydroxide group is involved in
strong intramolecular hydrogen bonding in the O2H3 moiety
than if trapped in a bridging position between the two metal
ions. The corresponding acids of 2 and 4 were found to have
pKa values of 7.60 and 7.57, respectively, while that of 1 has
a pKa value of 7.96 (dinuclear zinc complexes of HL


3 are
not sufficiently stable in aqueous solution).[36–38,41]


It is interesting to note that the different situations of a
Zn-O(H)-Zn bridge in 1, 3 versus a Zn-O2H3-Zn bridge in 2,
4 closely resemble the two active-site model configurations
A (“tightly bridged”) and B (“loose” or “nonbridged”) de-
scribed above, with Zn···Zn separations of ~3.5 and ~4.4 L,
respectively. The Zn-O2H3-Zn unit has previously been pro-
posed as a structural and possibly functional motif in oligo-
zinc enzymes,[35,42] and most recently this has been supported
by DFT calculations on the bovine lens leucine aminopepti-
dase (blLAP) active site.[43]


Since adducts of complexes 1–4 with penicillin G (or its
hydrolytically cleaved form) could not be obtained as single
crystals, for binding studies we also used simple b-lactams
such as N-benzylazetidinone (nba) and oxazetidinylacetate
(oaa), which contain essential structural elements of the
common antibiotics (b-lactam amide or b-lactam amide and
carboxylate, respectively). The b-lactams used in this work
comprise penicillin G (pen), 2-oxazetidinylacetate (oaa),
and cephalothin (ceph), and are shown below.


Results and Discussion


Hydrolysis of penicillin G by dinuclear zinc(ii) complexes :
We followed the time-course of penicillin G hydrolysis
mediated by complexes 1–4 by in-situ FT-IR spectroscopy.
IR spectra of b-lactams show a strong band for the lactam
C=O valence vibration. Its position is markedly shifted to-
wards higher wavenumbers relative to absorptions of car-
boxyesters, amides, and carboxylic acids, and the isolated
position of the penicillin G lactam C=O stretch at 1768 cm�1


allows a quantitative evaluation (see Figure 2). The appear-
ance of a new band for the carboxylate of the ring-opened
product around 1650 cm�1 adds an independent measure.
When complexes 1–4 were added to solutions of penicillin


G (four equivalents in DMSO/water 9:1)[44] and IR spectral
changes were followed over several hours, gradual disap-
pearance of the b-lactam n(C=O) band could be observed in
most cases. Control experiments with simple Zn2+ salts such
as Zn(NO3)2·6H2O or Zn(ClO4)2·6H2O and experiments
under basic conditions (KOtBu) in the absence of zinc ions
were carried out for comparison. This was expected to
reveal the contribution from general base and single-site re-
activity, and to provide additional information on the effect
of preorganization of the dinuclear zinc center. Plots of the
concentration ratio penicillin G/complex versus time are
shown in Figure 3. No significant differences were observed
for Zn(NO3)2·6H2O and Zn(ClO4)2·6H2O, confirming that
these salts are dissociated and that the anion has no influ-
ence.
Drastic differences in hydrolytic efficiency for the various


systems are apparent. KOtBu (without Zn2+) and complex 4
are inactive and barely promote the cleavage of penicillin G
within the time-frame investigated. For all other compounds
the reaction rate increases in the order 2<Zn2+ <1<3, and
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simple base hydrolysis can thus be ruled out. While the ac-
tivity for 2 is less efficient than that for free zinc, 1 and 3
show significantly enhanced activity. In particular, in the
presence of 3, three out of four equivalents of penicillin G
are cleaved within around 20 min. Cooperative effects of the
adjacent metal ions might thus be operative (either enhanc-
ing or diminishing b-lactamase activity with respect to a
single free zinc), but these effects apparently depend on the
particular molecular arrangement that is determined by the
ligand scaffold.
Characteristic Michaelis–Menten-type behavior involving


a substrate-binding pre-equilibrium had been observed pre-
viously for phosphate diester hydrolysis mediated by pyrazo-


late-based dinuclear zinc complexes.[36,37] A similar mecha-
nistic scheme is assumed here, but unfortunately the small
concentration range available under the experimental setup
hampered any comprehensive kinetic analysis.[45] To get
some insight in the molecular causes for the trends in reac-
tivity evident from Figure 3, substrate binding has been
studied in more detail. It should be noted that cephalothin
is not cleaved to any significant extent by any of the present
complexes within several hours, in accordance with the
known higher stability of cephalosporins over penicillins.


Binding of b-lactam substrates in solution : In b-lactam anti-
biotics such as penicillin G, several potential donor groups
are available for metal-ion binding. These comprise the car-
boxylate, the b-lactam amide (through N or O atoms), the
appended amide function, or the thioether (through the S
atom). The mode of coordination depends on the metal and
on the particular substrate and is usually inferred from spec-
troscopic data, while structural information is very scarce.
Here, binding of penicillin G (and cephalothin) to com-
plexes 1–4 has been investigated by means of electrospray
ionization (ESI) mass spectrometry as well as IR and NMR
spectroscopy; the simple substrate analogue oxazetidinylace-
tate (oaa) was used for crystallographic work.
Upon addition of the active complexes 1 or 3 to a solution


of the substrate in DMSO/aqueous TRIS buffer (8:2) at pH
7.32, 7.83, or 8.47, a change of the b-lactam n(C=O) absorp-
tion from 1768 to around 1749 cm�1 was observed within the
first few minutes. The intensity of the latter band then de-
creased gradually due to hydrolytic cleavage of the lactam
ring. A shift of 25–50 cm�1 for n(C=O) to lower wavenum-
bers has been reported as indicative of metal-ion coordina-
tion to the b-lactam oxygen atom.[46] It should be noted,
however, that prior to the onset of the hydrolytic reaction
we observed no major spectral changes upon mixing of the
complexes and penicillin G in a DMSO/water mixture in the
absence of TRIS buffer. The cause for this effect of TRIS
buffer (which is present in a large excess at concentrations
of 0.1–1.0m) is not clear at present, but it gives a further
reason for the use of nonbuffered DMSO/water in the hy-
drolysis experiments described above.
The 13C NMR spectra of the hydrolytically more inert


cephalothin in the presence of complexes 1 or 2 in
[D6]DMSO reveal a noticable downfield shift of the carbox-
ylate signal from 163.8 (free cephalothin) to 166.7 (1) or
165.8 ppm (2), but only a minor downfield shift for the lacta-
mic 13C NMR resonance from 162.8 to 164.1 (1) or
164.2 ppm (2). The positions of the carbonyl signals for the
ester group and for the appended amide do not change sig-
nificantly (less than 1 ppm). Since a downfield shift of the
carbonyl 13C NMR resonance is characteristic for metal-ion
coordination, the NMR data clearly suggest that zinc binds
to the carboxylate group, while the involvement of the b-
lactam oxygen atom in zinc coordination remains ambigu-
ous.
ESI mass spectra of solutions of complexes 1–4 in metha-


nol[47] containing one equivalent of penicillin G or cephalo-


Figure 2. IR spectral changes during the hydrolysis of penicillin G medi-
ated by 3 in DMSO/water (9:1).


Figure 3. Time course of hydrolytic cleavage of four equivalents of peni-
cillin G promoted by complex 1, 2, 3, 4, KOtBu, or Zn(ClO4)2·6H2O in
DMSO/water 9:1 (v/v). In the case of 1, 2, 3, and Zn2+ , the solid lines are
meant as a guide to the eye.[45]
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thin reveal dominant peaks for species [Zn2(L)(pen)-
(OMe)]+ or [Zn2(L)(ceph)(OMe)]


+ , respectively. In some
cases, minor signals characteristic for [Zn2(L)(pen)2-
(MeOH)2]


+ or [Zn2(L)(ceph)2]
+ are also detected. The spec-


trum for 1/penicillin G is depicted in Figure 4 as an example.
IR spectroscopy proved informative for further character-


ization of the major [Zn2(L)(pen)(OMe)]
+ species observed


in the ESI mass spectra and to differentiate between possi-
ble substrate binding modes. After mixing the respective
complex 1–4 with an equimolar amount of penicillin G in
methanol/DMSO (1:1), the b-lactam n(C=O) absorption
changes significantly from 1773 to around 1740 cm�1, while
shifts are only minor (from 1616 to around 1610 cm�1) for
the carboxylate group. The n(C=O) absorption at
~1740 cm�1 is in the range characteristic for carboxylic
esters and may indicate that in the [Zn2(L)(pen)(OMe)]


+


species detected by ESI mass spectrometry the b-lactam
ring has been cleaved by methanol to give a methyl ester.
On the other hand, the analogous [Zn2(L)(ceph)(OMe)]


+


species could be observed by ESI-MS for mixtures of the
complexes and cephalothin, despite that fact that the more
inert cephalothin is not hydrolyzed by 1–4. This suggests
that in the [Zn2(L)(pen)(OMe)]


+ and [Zn2(L)(ceph)-
(OMe)]+ species the b-lactam ring is still intact and a dis-
tinct Zn-bound methoxide is present besides the bound sub-
strate. It should be noted that ESI mass spectra of solutions
of complexes 1–4 and N-benzylazetidinone (nba) in metha-
nol show prominent signals for the respective [Zn2(L)-
(OMe)(ClO4)]


+ ions, but there is no evidence for bound
nba. Here the b-lactam derivative is at best loosely bound,
in accordance with the carboxylate being the major anchor-
ing site for pen and ceph, but again a Zn-bound methoxide
is present.
To elucidate the binding mode of b-lactam derivatives


that feature both the b-lactam C=O and a carboxylate group


in the a-position to the lactam-N, the small substrate ana-
logue oxacetidinylacetate (oaa) is more appropriate than
nba.


Solid-state structures of adducts between dinuclear zinc
complexes and oxazetidinylacetate : Since adducts between
complexes 1–4 and antibiotics penicillin G or cephalosporin
(or their cleavage products) could not be obtained in crys-
talline form, we turned to oxazetidinylacetate (oaa) as a
substrate mimic that features the essential structural frag-
ments of penicillin with both the b-lactam amide and the
free carboxylate groups as potential metal-ion binding sites.
Single crystals of complexes [Zn2(L


4)(oaa)](ClO4)2 (5) and
[Zn2(L


3)(oaa)2](H3O)(ClO4)2 (6) were analyzed by X-ray
crystallography, and molecular structures of the cations are
shown in Figures 5 and 6.


Complex 5 represents an adduct of oxazetidinylacetate
with a dinuclear zinc scaffold that is inactive. The carboxyl-
ate group of oaa has completely displaced the O2H3 bridging
unit of the starting complex 4 and is now found in a biden-
tate bridging mode within the bimetallic pocket, while the
b-lactam moiety remains uncoordinated. The zinc ions are
five-coordinate (complex 5 : t=0.86/0.79) and nested within
their respective coordination compartments with a Zn···Zn
distance of 4.184 L. An analogous structure of the [L2]�


complex was obtained, but is not discussed here due to poor
crystal quality.
In contrast to 5, binding of oaa to the most active com-


plex 3 causes de-coordination of some ligand side arms. In
the structurally characterized complex 6, an oaa substrate


Figure 4. ESI MS spectra of 1/penicillin G in MeOH; A) [Zn2(L
1)(OH)-


(ClO4)]
+ ; B) [Zn2(L


1)(pen)(OMe)]+ ; C) [Zn2(L
1)(pen)2(MeOH)2]


+ . The
inset shows the experimental and calculated isotopic distribution for
peak B.


Figure 5. View of the molecular structure of complex 5. In the interest of
clarity, all protons have been omitted. Selected interatomic distances (L)
and angles (8): Zn1�O1 2.014(2), Zn1�N1 2.013(2), Zn1�N3 2.250(2),
Zn1�N4 2.157(2), Zn1�N5 2.141(2), Zn2�O2 2.020(2), Zn2�N2 2.013(2),
Zn2�N6 2.2802, Zn2�N7 2.162(2), Zn2�N8 2.146(2), Zn1···Zn2 4.1842(5),
N1�N2 1.377(3), O1�C30 1.251(3), O2�C30 1.262(3), N9�C34 1.354(4),
O3�C34 1.218(4), N1-Zn1-O1 101.17(8), N1-Zn1-N5 127.60(9), O1-Zn1-
N5 96.95(8), N1-Zn1-N4 105.42(9), O1-Zn1-N4 96.51(8), N5-Zn1-N4
120.82(8), N1-Zn1-N3 79.53(8), O1-Zn1-N3 179.26(8), N5-Zn1-N3
82.40(8), N4-Zn1-N3 83.53(8), N2-Zn2-O2 107.38(8), N2-Zn2-N8
111.01(9), O2-Zn2-N8 97.46(8), N2-Zn2-N7 116.48(9), O2-Zn2-N7
93.43(8), N8-Zn2-N7 125.07(9), N2-Zn2-N6 79.23(8), O2-Zn2-N6
172.67(8), N8-Zn2-N6 82.73(8), N7-Zn2-N6 80.59(8), O1-C30-O2
127.1(2), O3-C34-N9 131.3(3).
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mimic is bound in a semibidentate chelating fashion to each
of the zinc ions with one short (2.006(3) L) and one signifi-
cantly longer (2.358(4) L) Zn�O bond, giving rise to a
{4+1} environment of the metal ions. The pyrazolate re-
mains as the only bridge between the two zinc ions
(d(Zn···Zn)=4.328(1) L), while the nitrogen atoms of the
dangling side arms are probably involved in hydrogen bond-
ing in a N···H···O(H)···H···N motif with a formal H3O


+ ion
included in the crystal lattice (see Figure S3 in the Support-
ing Information). However, none of those hydrogen atoms
could be located. The solid-state structure of complex 6 sug-
gests that facile de-coordination of individual side arm
donors might occur in those systems with longer ligand side
arms, due to the lower stability of the six-membered chelate
rings.[39, 48] This is assumed to also play a major role in the
hydrolytic b-lactam cleavage by complexes 1 and 3 in solu-
tion, as is corroborated by the NMR experiments described
below.
The individual ligand compartments of [L2]� and [L4]� are


reminiscent of tripodal tetradentate ligands tris(pyridylme-
thyl)amine (tpa) or alkylated derivatives of tris(aminoethyl)-
amine (tren), respectively. Dinuclear complexes of ligands
HL2 and HL4 have previously been shown to favor five-co-
ordination of the metal ions, and hence one may anticipate
that all accessible coordination sites in 5 are blocked, that is,
additional binding of further weak ligands (such as solvent
molecules) is not likely. To investigate whether a higher
degree of coordinative unsaturation may induce metal-ion
binding of the b-lactam amide, we used the ligand HL5


which bears fewer chelate side arms. The complex [Zn2(L
5)-


(oaa)(H2O)]2(ClO4)4 (7) could be obtained in crystalline
form, and its molecular structure is shown in Figure 7.


In complex 7, the carboxylate group of oaa again spans
two zinc ions that are preorganized by the pyrazolate-based
dinucleating scaffold (d(Zn1···Zn2)=4.1359(6) L). Due to
the lower denticity of the [L5]� donor compartments, addi-
tional exogeneous ligands must complete the coordination
sphere of zinc. A water molecule is found at Zn2 (and is hy-
drogen bonded to the two perchlorate counteranions, see
Figure S5 in the Supporting Information), while the b-
lactam amide oxygen atom of a second [Zn2(L


5)(oaa)-
(H2O)]


2+ coordinates to Zn1. This gives rise to an overall
tetranuclear array of two {Zn2(L


5)} subunits bridged by the
two difunctional oaa ligands.
Complex 7 represents the first crystallographically charac-


terized example of b-lactam amide oxygen atom coordina-
tion to zinc, and comparison with the structures of com-
plexes 5 and 6 reveals that the amide C�O bond is apprecia-
bly lengthened upon coordination (1.242(4) L in 7 versus
1.218(4) and 1.210(6) L in 5 and 6, respectively), while the
amide C�N bond is concomitantly shortened (1.330(4) L in
7 versus 1.354(4) and 1.346(6) L in 5 and 6, respectively).
This is accompanied by a shift of the b-lactam C=O stretch-
ing frequency from 1735 (free oaa) to 1712 cm�1 in the IR
spectrum of complex 7, indicating marked polarization of
this bond upon coordination. Such polarization is usually
proposed to activate the amide moiety for nucleophilic
attack. Interestingly, the Zn1�O3 separation involving the
b-lactam moiety (d(Zn1�O3)=2.005(2) L) is clearly shorter
than both Zn�Ocarboxylate bonds (d(Zn1�O1)=2.093(3) L,
d(Zn2�O2)=2.060(2) L), suggesting considerable strength
of the Zn�Oamide bond. In methanol, however, the tetranu-


Figure 6. View of the molecular structure of complex 6. In the interest of
clarity, all protons have been omitted. Selected interatomic distances (L)
and angles (8): Zn1�O1 2.006(3), Zn1�O2 2.358(4), Zn1�N1 1.988(4),
Zn1�N2 2.156(4), Zn1�N3 2.032(4), Zn1···Zn1’ 4.328(1), N1�N1’
1.370(7), O1�C15 1.279(6), O2�C15 1.232(6), O3�C19 1.210(6), N5–C19
1.346(6), N1-Zn1-O1 119.8(2), N1-Zn1-N3 125.9(2), O1-Zn1-N3 113.7(2),
N1-Zn1-N2 80.7(1), O1-Zn1-N2 96.3(1), N3-Zn1-N2 101.2(2), N1-Zn1-O2
95.8(1), O1-Zn1-O2 59.5(1), N3-Zn1-O2 104.8(2), N2-Zn1-O2 150.0(1),
O2-C15-O1 121.1(4), O3-C19-N5 131.7(5). Symmetry transformation
used to generate equivalent atoms: (’) 2�x, 3/2�y, z.


Figure 7. View of the molecular structure of complex 7. In the interest of
clarity, all protons have been omitted. Selected interatomic distances (L)
and angles (8): Zn1�O1 2.093(3), Zn1�O3 2.005(2), Zn1�N1 1.989(3)
Zn1�N3 2.232(3), Zn1�N4 2.060(3), Zn2�O2 2.060(2), Zn2�O4 2.031(3),
Zn2�N2 1.984(3), Zn2�N5 2.300(3), Zn2�N6 2.121(3), Zn1···Zn2
4.1359(6), O1�C16 1.248(4), O2�C16 1.254(4), O3�C20 1.242(4), N7�
C20 1.330(4), N1�N2 1.383(4), N1-Zn1-N3 81.6(1), N2-Zn2-N5 79.3(1),
N1-Zn1-N4 115.6(1), N2-Zn2-N6 120.9(1), N1-Zn1-O1 101.7 (1), N2-Zn2-
O2 106.7 (1), N1-Zn1-O3’ 129.0(1), N2-Zn2-O4 120.7(1), N3-Zn1-N4
84.8(1), N5-Zn2-N6 82.6(1), N3-Zn1-O1 175.9(1), N5-Zn2-O2 168.8(1),
N3-Zn1-O3’ 92.1(1), N5-Zn2-O4 95.3 (1), N4-Zn1-O1 91.4(1), N6-Zn2-
O2 86.3(1), N4-Zn1-O3’ 114.1(1), N6-Zn2-O4 116.6(1), O1-Zn1-O3’
87.8(1), O2-Zn2-O4 89.8(1), O1-C16-O2 126.7(3), O3-C20-N7 129.3(3).
Symmetry transformation used to generate equivalent atoms: (’) 3/2�x,
3/2�y, 1�z.
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clear assembly largely dissociates, as is evidenced by the in-
tense IR absorption at 1735 cm�1 characteristic for “free” b-
lactam in solution (a weak shoulder is observed at
1714 cm�1) as well as by the ESI mass spectrum showing a
dominant signal for [Zn2(L


5)(oaa)2]
+ . Similarly, [LZn2-


(oaa)2]
+ and [LZn2(oaa)(ClO4)]


+ are the most prominent
ions in the ESI mass spectra of solutions containing equimo-
lar amounts of oaa and one of the complexes 1–4 in metha-
nol. In the case of 3/oaa and 4/oaa, peaks assigned to
[Zn2(L


3)(oaa)(OH)]+ , [Zn2(L
3)(OH)(ClO4)]


+ or [Zn2(L
4)-


(oaa)(OH)]+ , respectively, are also observed. 13C NMR
spectra of 5·(ClO4)2, 6·(ClO4)2 and 7·(ClO4)2 reveal a slight
downfield-shift of the carboxylate signal from 175.2 ppm
(Na(oaa) in [D4]MeOH) to 176.9 (5, [D4]MeOH), 177.6 (6,
[D4]MeOH), or 177.7 ppm (7, [D6]acetone),


[49] and at most a
minor downfield-shift for the lactamic 13C NMR resonance
from 170.4 ppm to 170.4 (5), 171.5 (6), or 172.5 ppm (7). Ex-
amination of 13C NMR chemical shifts evidently is of limited
value for unambiguously assigning the oaa binding site in
solution.


NMR spectroscopy of the reaction mixtures : In the case of
dinuclear zinc complexes 1 and 2, 1H NMR spectroscopic in-
spection of the pyridyl protons proved informative to reveal
details of substrate binding during the initial stages of peni-
cillin hydrolysis. Figure 8 shows 1H NMR spectra of the free
ligand HL1, of the dinuclear zinc complex 1, and of an equi-
molar mixture of complex 1 and penicillin. The binding of
zinc by HL1 to give complex 1 has a major impact on the
chemical shift of the pyridyl signals, which are strongly shift-
ed to lower field. The effect is most pronounced for the hy-
drogen atoms in the ortho- and para-positions with respect
to the coordinating pyridyl nitrogen atoms.
After mixing equimolar amounts of complex 1 and peni-


cillin G (Figure 8, bottom), a high-field shift of all pyridyl
signals relative to that observed for complex 1 and a distinct
signal broadening is observed, most evidently for the o-H


(shifting from 9.1 to 8.8/8.5 ppm) and for the p-H (from 8.1
to 8.0/7.6 ppm). Since chemical shifts for the 1/penicillin G
mixture are between those for the free ligand HL1 and the
Zn-bound pyridyl groups in complex 1, dynamic processes
may be assumed in which one or more side-arm donors dis-
sociate from the metal ions upon binding of the substrate.
Detachment of some N-donor ligand side arms has previous-
ly been confirmed structurally in several complexes of HL3


(including 6) and may be explained by the much lower sta-
bility of the six-membered chelate rings in 1 and 3 compared
to the five-membered rings in 2 and 4. A favorable conse-
quence of such partial N-donor dissociation is the accessibil-
ity of additional binding sites at the two zinc ions after coor-
dination of the penicillin G carboxylate group within the bi-
metallic pocket. These binding sites are then available, for
example, for the activation of water and generation of a nu-
cleophilic Zn-bound hydroxide. In line with these considera-
tions complexes 1 and 3 are the most active, and a gradual
decrease of the characteristic lactam signals due to hydrolyt-
ic cleavage of the b-lactam ring was observed in the above
1H NMR experiment for 1/penicillin G. In contrast to 1, but
in accordance with the higher stability of five-ring chelates
relative to the six-ring chelates, complex 2 shows only minor
signal broadening and no significant shift of the pyridyl sig-
nals upon mixing with penicillin G (see Figure S6 in the Sup-
porting Information). Dissociation of ligand side arms is
thus unlikely in this system, though some dynamic processes
cannot be fully excluded. Closer inspection of the pyridyl
region for the mixture 2/penicillin G shows several groups of
minor peaks around the main signals for 2. These minor
peaks can be explained by binding of the chiral penicillin to
the dinuclear zinc scaffold, causing the four pyridine rings to
become inequivalent and to give separate signals in the
adduct. Though binding of penicillin to 2 evidently occurs,
no significant hydrolysis is observed over time. One may
conclude that in the substrate-bound complex 2/penicillin
either the substrate is not activated for hydrolysis, or the bi-
metallic pocket and all coordination sites are blocked, simi-
lar to the situation with complex 5, thus preventing nucleo-
philic activation at the metal ions. Lower stability of the six-
membered chelate rings in 1 and 3 is advantageous in the
present systems, since this allows for the binding of the sub-
strate within the bimetallic pocket (presumably through the
bridging carboxylate moiety) and simultaneously provides
accessible sites for nucleophile activation and/or for binding
and polarisation of the b-lactam amide oxygen atom. The
molecular structure of complex 7 bearing a ligand scaffold
with fewer donor sites corroborates these assumptions.


Conclusion


Structure–activity correlations have been deduced for a set
of dinuclear zinc(ii) complexes that mimick certain features
of a natural class of enzymes, dinuclear zinc metallo-b-lacta-
mases. Drastic differences in activity for the hydrolytic
cleavage of penicillin G by the various complexes are ascri-


Figure 8. Aromatic region from the 1H NMR spectra of HL1 (top), com-
plex 1 (middle), and of an equimolar mixture of 1 and penicillin G
(bottom) (500.13 MHz, 300 K, [D6]acetone/D2O 8:1).
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bed to a lack of accessible binding sites after incorporation
of the substrate within the bimetallic pockets of complexes 2
and 4. On the other hand, lower stability of the six-mem-
bered chelate rings in 1 and 3 allows for partial detachment
of ligand side arms and hence for open sites to be available
for nucleophile activation and/or for binding and polarisa-
tion of the b-lactam amide oxygen atom. This interpretation
is in line with structural findings for adducts between several
pyrazolate-based dinuclear zinc scaffolds and the small sub-
strate analogue oxazetidinylacetate (oaa), 5–7. While ligands
[L4]� (in 5) and [L5]� (in 7) differ by the number of donor
sites, in both 5 and 7 the carboxylate group of oaa is nested
within the bimetallic pocket. However, additional binding of
water and of the b-lactam amide oxygen atom is only possi-
ble in complex 7, in which open sites are available. The
solid-state structure of complex 6 as well as NMR evidence
for complex 1 support the idea that the longer side arms in
1 and 3 are hemilabile and can easily detach from the metal
ions to liberate accessible coordination sites, which appa-
rently is a prerequisite for b-lactamase activity.
The molecular structures of complexes 5–7 provide clear


structural confirmation that for b-lactam antibiotics (or re-
lated b-lactam derivatives) binding of zinc to the carboxyl-
ate group is favored over binding to the b-lactam amide
group. However, coordination of the b-lactam amide oxygen
atom may still be induced under suitable circumstances (as
observed in 7) or by proper orientation of the substrate
within the binding pocket, and this leads to significant
changes of the internal geometry of the b-lactam moiety
which are likely to facilitate subsequent hydrolytic ring
cleavage. It is plausible that electrostatics contribute consid-
erably to the preferential binding of an anionic carboxylate
to highly charged dinuclear zinc scaffolds {Zn2(L)}


3+ (such
as in 1–4), but a lower positive charge of the dinuclear zinc
array or involvement of the carboxylate in interactions with
positively charged protein residues or in strong hydrogen
bonding within the enzyme active site may well alter the
binding preference in favor of the neutral b-lactam amide
moiety.


Experimental Section


General procedures and methods : Compounds 1, 2, 3, and 4 were pre-
pared as reported.[36,37] N-benzylazetidinone and sodium oxazetidinylace-
tate (Na(oaa)) were synthesized according to published procedures;[50,51]


analytical data for Na(oaa): 1H NMR (500 MHz, 300 K, [D3]MeOD): d=
3.70 (s, 2H; CH2COO), 3.34 (t, 3JH,H=4.0 Hz, 2H; NCH2CH2CO),
2.88 ppm (t, 3JH,H=4.0 Hz, 2H; NCH2CH2CO);


13C NMR (125 MHz,
300 K, [D3]MeOD): d=175.2 (COO), 170.4 (C(O)N), 46.7 (CH2COO),
40.9 (NCH2CH2CO), 37.3 ppm (NCH2CH2CO); IR (KBr): ñ=1747 (s,
C(O)N), 1723 (s, C(O)N), 1618 (s, COO), 1595 cm�1 (s, COO); IR (in
MeOH): ñ=1735 (s, C(O)N), 1612 cm�1 (s, COO). Solvents were dried
according to established procedures; penicillin G sodium salt and cepha-
lothin were purchased from Sigma; all other chemicals were purchased
from commercial sources and used as-received. Microanalyses were per-
formed by the Analytical Laboratory of the Inorganic Chemistry Institute
of the University of Gçttingen (Germany). IR spectra were obtained on
a Digilab Excalibur spectrometer and recorded either as KBr pellets or
in solution using an Axiom Analytical DPR-210 dipper system. ESI-MS


spectra were obtained by using a Finnigan MAT LCQ and FAB-MS spec-
tra with a Finnigan MAT 8400. NMR spectra were obtained with a
Bruker Avance 500 and were measured at 300 K. The solvent signal was
taken as the chemical shift reference ([D6]acetone dH=2.04 ppm, dC=
29.8 ppm; [D6]DMSO dH=2.49 ppm, dC=39.7 ppm).


Synthesis of [Zn2(L
4)(oaa)](ClO4)2 (5·(ClO4)2): A solution containing the


ligand HL4 (174 mg, 0.33 mmol) in MeOH (75 mL) was treated with one
equivalent of KOtBu (37.3 mg, 0.33 mmol), two equivalents of Zn-
(ClO4)2·6H2O (248 mg, 0.67 mmol), and one equivalent of Na(oaa)
(50.3 mg, 0.33 mmol); the mixture was stirred at room temperature for
4 h. All volatile material was then evaporated under reduced pressure,
the residue was taken up in acetone (50 mL) and filtered, and the solu-
tion was layered with light petroleum to gradually yield colorless crystals
(185 mg, 57%) of the product 5·(ClO4)2.


1H NMR (500 MHz, 300 K,
[D3]MeOD): d=6.10 (s, 1H; CH


pz,4), 4.12 (s, 2H; CH2COO), 4.04 (s, 4H;
pz-CH2), 3.44 (t,


3JH,H=4 Hz, 2H; CH2
oaa), 3.25 (br s, 4H; CH2), 3.08–3.15


(m, 4H; CH2), 2.96 (t,
3JH,H=4 Hz, 2H; CH2


oaa), 2.72–2.93 (m, 20H;
CH2), 2.45 (br s, 4H; CH2) 1.28 (br s, 12H; CH3), 0.96 ppm (br s, 12H;
CH3);


13C NMR (125 MHz, 300 K, [D3]MeOD): d=176.9, 170.41, 155.35,
100.57, 55.04, 53.18, 52.28, 48.12, 42.13, 37.74, 10.32, 8.32 ppm; IR (KBr):
ñ=2977 (m), 2952 (m), 2923 (m), 2879 (m), 1744 (s), 1592 (s), 1463 (m),
1427 (m), 1404 (m), 1320 (m), 1142 (m), 1093 (vs), 912 (w), 797 (w), 738
(w), 692 (w), 623 cm�1 (s); MS (ESI): m/z : 876 (100) [Zn2(L)(oaa)-
(ClO4)]


+ ; elemental analysis calcd (%) for C34H67Cl2N9O11Zn2·H2O
(979.65): C 40.93, H 6.97, N 12.64; found: C 40.66, H 6.66, N 12.35.


Synthesis of [Zn2(L
3)(oaa)2](H3O)(ClO4)2 (6·(H3O)(ClO4)2): A solution


containing the ligand HL3 (165 mg, 0.35 mmol) in MeOH (75 mL) was
treated with one equivalent of KOtBu (39.7 mg, 0.35 mmol), two equiva-
lents of Zn(ClO4)2·6 H2O (263 mg, 0.71 mmol), and one equivalent of oaa
(53.4 mg, 0.35 mmol); the mixture was stirred at room temperature for
4 h. All volatile material was then evaporated under reduced pressure,
the residue was taken up in acetone (50 mL), the mixture was filtered,
and the solution layered with light petroleum to gradually yield colorless
crystals (200 mg, 53%) of 6·(ClO4)2.


1H NMR (500 MHz, 300 K,
[D3]MeOD): d=6.13 (s, 1H; CH


pz,4), 4.05, 4.03, 3.88, 3.46 (t, 3JH,H=4 Hz,
2H; CH2


oaa), 3.00 (t, 3JH,H=4 Hz, 2H; CH2
oaa), 2.81, 2.62, 2.47, 1.92 ppm;


all ligand-based signals were very broad; 13C NMR (125 MHz, 300 K,
[D3]MeOD): d=177.6, 171.5, 153.3, 103.4, 61.7, 58.3, 57.6, 53.1, 52.7, 44.5,
41.7, 37.2, 23.2 ppm; IR (KBr): ñ=3604 (m), 3429 (br), 2963 (m), 2926
(m), 2854 (m), 1735 (s), 1722 (s), 1592 (m), 1480 (m), 1465 (m), 1431 (m),
1390 (m), 1306 (w), 1243 (w), 1182 (w), ~1090 (vs), 1013 (w), 969 (w),
842 (w), 802 (w), 715 (w), 623 (s), 498 cm�1 (w); MS (ESI): m/z : 849 (50)
[Zn2(L)(oaa)2]


+ , 820 (70) [Zn2(L)(oaa)(ClO4)]
+ , 766 (60), 738 (55)


[Zn2(L)(oaa)(OH)]
+ , 709 (65), 467 (100) [H2L]


+ .


Synthesis of [Zn2(L
5)(H2O)(oaa)]2(ClO4)4 (7·(ClO4)4): A solution con-


taining the ligand HL5 (130 mg, 0.44 mmol) in MeOH (75 mL) was treat-
ed with one equivalent of KOtBu (49.2 mg, 0.44 mmol), two equivalents
of Zn(ClO4)2·6H2O (327 mg, 0.88 mmol), and one equivalent of Na(oaa)
(66.3 mg, 0.44 mmol); the mixture was stirred at room temperature for
4 h. All volatile material was then evaporated under reduced pressure,
the residue was taken up in acetone (50 mL), the mixture was filtered,
and the solution layered with light petroleum to gradually yield colorless
crystals (102 mg, 30%) of the product 7·(ClO4)2.


1H NMR (500 MHz,
300 K, [D6]acetone): two discrete species can be observed in solution, as
clearly identified by the CHpz,4 signals: d=6.19 and 6.14 ppm; 13C NMR
(125 MHz, 300 K, [D6]acetone): two sets of ligand-based signals are ob-
served, d=177.7, 172.5, 153.0, 152.9, 101.6, 100.6, 69.2, 57.9, 57.5, 55.9,
55.8, 54.8, 54.5, 48.1, 47.8, 46.8, 46.1, 44.83, 44.77, 42.3, 36.4 ppm; IR
(KBr): ñ=3016 (w), 2968 (w), 2920 (w), 2826 (w), 1712 (s), 1618 (s), 1523
(w), 1460 (m), 1434 (m), 1412 (m), 1359 (w), 1321 (m), 1247 (m), 1222
(m), 1154 (s), 1107 (s), 1055 (s), 963 (m), 934 (w), 806 (m), 695 (w), 623
(m), 503 cm�1 (w); IR (in MeOH): ñ=1735 (m), 1714 (w), 1613 (m), 1429
(s), 1106 (s), 1005 (vs), 877 cm�1 (w); MS (ESI in water): m/z : 679 (100)
[Zn2(L)(oaa)2]


+ , 664 (45), 650 (25) [Zn2(L)(oaa)(ClO4)]
+ , 488 (60)


[Zn(L)(oaa)]+ , 397 (10) [H3L
5(ClO4)]


+ , 297 (25) [H2L
5]+ ; MS (ESI in


MeOH): m/z : 679 (100) [Zn2(L)(oaa)2]
+ , 650 (30) [Zn2(L)(oaa)(ClO4)]


+ ,
610 (40), 596 (62); elemental analysis calcd (%) for C40H78Cl4N14O24Zn4·
H2O (1560.54): C 30.79, H 5.17, N 12.57; found: C 30.61, H 5.11, N 12.39.
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Hydrolysis of penicillin G : IR spectra
were recorded on a Digilab Excalibur
FTIR spectrometer equipped with an
Axiom Analytical DPR-210 dipper
system and an MCT detector. In a
typical experiment a solution of the
b-lactam in 1 mL of the appropriate
solvent mixture (water/DMSO 1:9 (v/
v), DMSO/MeOH 1:1 (v/v)) was
added to a solution containing the
complex at room temperature and
the measurement was started. The in-
itial concentrations of the reaction
mixtures were [complex]0=10.7mm


and [penicillin]0=42.8mm. For quan-
titative evaluation the b-lactam
signal, recorded in absorption mode,
was integrated and converted into
concentration values with the help of
a calibration curve.


Binding of cephalothin (ceph):
13C NMR spectroscopic experiments
at 308 K were carried out for solu-
tions of cephalothin (0.1m) and com-
plex (0.1m) in [D6]DMSO.


13C NMR
for free cephalothin: d=170.4
(C(O)O ester), 169.9 (C(O)N amide),
163.8 (COO), 162.8 (C(O)N lactam),
136.9, 135.1, 126.5, 126.1, 124.8, 111.7,
64.5, 58.5, 57.1, 35.7, 25.1, 20.6 ppm.
13C NMR in the presence of 1·(ClO4)2
(carbonyl region): d=170.1 (C(O)O
ester), 169.9 (C(O)N amide), 166.7
(COO), 164.1 ppm (C(O)N lactam). 13C NMR in the presence of 2·-
(ClO4)2 (carbonyl region): d=171.2 (C(O)O ester), 170.7 (C(O)N
amide), 165.8 (COO), 164.2 ppm (C(O)N lactam).


Binding of oxazetidinylacetate (oaa): ESI mass spectra were collected for
solutions that were ~0.5 mm in both oaa and the respective dinuclear
zinc complex in methanol. Only the most prominent peaks are listed. 1/
oaa: m/z : 929 (95) [Zn2(L


1)(oaa)2]
+ , 900 (100) [Zn2(L


1)(oaa)(ClO4)]
+ ,


846 (45) [Zn2(L
1)(oaa)(HCOO)]+; 2/oaa: m/z : 873 (35) [Zn2(L


2)(oaa)2]
+ ,


844 (100) [Zn2(L
2)(oaa)(ClO4)]


+, 780 (45) [Zn2(L
2)(oaa)2�pyCH3]


+ , 687
(25) [Zn2(L


2)(oaa)2�2(pyCH3)]
+ ; 3/oaa: m/z : 849 (28) [Zn2(L


3)(oaa)2]
+ ,


738 (100) [Zn2(L
3)(oaa)(OH)]+ , 709 (50) [Zn2(L


3)(OH)(ClO4)]
+ ; 4/oaa:


m/z : 905 (85) [Zn2(L
4)(oaa)2]


+ , 876 (80) [Zn2(L
4)(oaa)(ClO4)]


+ , 822
(100) [Zn2(L


4)(oaa)(HCO2)]
+ , 794 (45) [Zn2(L


4)(oaa)(OH)]+ .
1H NMR spectroscopy of the reaction mixtures : A solution containing
the penicillin G sodium salt (12.4 mmol) in 150 mL [D6]acetone and D2O
(30 mL) was added to a solution of the respective complex (12.4 mmol) in
[D6]acetone (500 mL) and D2O (50 mL). 1H NMR spectra were recorded
periodically.


X-ray crystallography : Data for complexes 5, 6 and 7 (Table 1) were col-
lected on a Stoe image plate IPDS II-system (graphite-monochromated
MoKa radiation, l=0.71073 L) at �140 8C. The structures were solved by
direct methods with the SHELXS-97 and refined with the SHELXL-97
programs.[52] The non-hydrogen atoms were refined anisotropically,
except those in disordered parts. Hydrogen atoms attached to carbon
atoms were refined with a fixed isotropic displacement parameter of
0.08 L2. The positional and isotropic thermal parameters of the hydrogen
atoms attached to O4 in 7·(ClO4)4·C3H6O were refined without con-
straints. Four oxygen atoms of two ClO4


� moieties in 5·(ClO4)2 are disor-
dered about two positions (occupancy factors: 0.572(11)/0.428(11) and
0.601(11)/0.399(11)) as well as one �NMe2 group (N4, C13, C14) in 6·-
(ClO4)2·H3O (occupancy factors: 0.556(14)/0.444(14)). Additionally the
two ClO4


� in 6·(ClO4)2·H3O are disordered about special positions and
the occupancy factors were fixed at 0.5. Face-indexed absorption correc-
tions were performed numerically with the program X-RED.[53] CCDC-
256860 (5·(ClO4)2), CCDC-256861 (6·(ClO4)2·H3O), and CCDC-256862


(7·(ClO4)4·C3H6O) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Cyclohexane-Based Low Molecular Weight Hydrogelators:
A Chirality Investigation


Arianna Friggeri,*[a] Cornelia van der Pol,[a] Kjeld J. C. van Bommel,[a] Andr( Heeres,[a]


Marc C. A. Stuart,[b] Ben L. Feringa,[b] and Jan van Esch*[b]


Introduction


Low molecular weight gelators (LMWGs) can self-assemble
in water leading to the formation of hydrogels; these gels
are jelly-like materials usually consisting of intertwined fi-
brous structures, in which water remains entrapped, thus re-


sulting in their characteristic consistency.[1] Such materials
are of considerable interest since they are intermediates be-
tween liquids and solids and as such combine properties of
both of these states, as well as presenting new properties of
their own.[1,2] Recently, LMWG hydrogel matrices have
shown great potential in the field of drug delivery as con-
trolled release systems,[3,4] as scaffolds providing cell storage
as well as directionality for cellular differentiation[5] and for
the construction of protein microarrays compatible with
enzyme assays.[6] A class of particularly interesting LMWGs
is based on the 1,3,5-benzene- and 1,3,5-cyclohexyltricarbox-
amide cores. A variety of 1,3,5-benzenetricarboxamide de-
rivatives synthesized by Meijer and co-workers have shown
interesting behaviour in organic polar and apolar solvents.
In both media chiral columnar aggregates can form,[7] and in
some cases the so-called “sergeants-and-soldiers” effect
could be observed for gelators with relatively small periph-
eral substituents (C8-alkyl chains).[8] Furthermore, deriva-
tives with polymerizable peripheral moieties can undergo
photoinitiated polymerization, forming very stable colum-


Abstract: Seven new 1,3,5-cyclohexyl-
tricarboxamide-phenylalanine deriva-
tives were synthesized in order to in-
vestigate the effect of the amino acid
chirality on the gelating properties of
these small molecules in water. Gela-
tion tests have shown that enantiomeri-
cally pure homochiral 1,3,5-cyclohexyl-
tricarboxamide-l-phenylalanine is a
non-hydrogelator as it crystallizes from
water, whereas the heterochiral deriva-
tives with either two l-phenylalanine
moieties and one d-phenylalanine
(lld), or vice versa (ddl), are very
good hydrogelators. Concentration-de-
pendent gel-to-sol transition-tempera-
ture (Tgs) curves for lld or ddl gels
show a sigmoidal behaviour, which is


in contrast to the logarithmic curves
generally observed for gels derived
from low molecular weight gelators
(LMWGs). Such sigmoidal behaviour
can be related to interactions between
fibre bundles, which give rise to inter-
twined bundles of fibres. Transmission
electron microscopy (TEM) images of
lld and ddl gels show a network of
thin, unbranched, fibre bundles with di-
ameters of 20 nm. Right-handed twist-
ed fibre bundles are present in the lld


gel, whereas left-handed structures can
be found in the ddl gel. Each bundle


of fibres consists of a finite number of
primary fibres. Gels consisting of mix-
tures of gelators, lld and ddl, and
nongelators (lll or ddd) were investi-
gated by means of Tgs measurements,
CD spectroscopy and TEM. Results
show that the incorporation of nonge-
lator molecules into gel fibres occurs;
this leads to higher Tgs values and to
changes in the helicity of the fibre bun-
dles. Furthermore, it was found that pe-
ripheral functionalization of the homo-
chiral derivatives lll or ddd by means
of a second amino acid or a hydrophilic
moiety can overcome the effect of chir-
ality; this process in turn leads to good
hydrogelators.
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nar, mesoscopic objects.[9,10] The gelation capabilities of
alkyl-substituted 1,3,5-cyclohexyltricarboxamide derivatives
in organic solvents were initially investigated by Hanabusa
et al.[11] More recently we showed that amino acid substitut-
ed derivatives function as gelators for water.[12] Moreover,
peripheral functionalization of such molecules with pH-sen-
sitive moieties leads to responsive gels that can be switched
reversibly from gel to sol by changing the pH, thus making
these materials particularly interesting for controlled drug-
delivery systems.[12]


Both 1,3,5-benzenetricarboxamide- and 1,3,5-cyclohexyl-
tricarboxamide derivatives make excellent scaffolds for the
study of chiral supramolecular architectures in protic sol-
vents. To obtain well-defined architectures of synthetic mol-
ecules in such media the right balance between forces of
limited directionality, such as hydrophobic forces, and more
directional but less stable interactions, such as hydrogen
bonds, has to be found. For natural proteins, the possibility
of creating stable hydrogen bonds, even in aqueous media,
derives from the presence of hydrophobic regions within the
protein where such interactions can take place. Similarly, for
1,3,5-cyclohexyltricarboxamide amino acid based gelators,
the hydrophobic moieties of the amino acid substituents are
needed for the protection of the hydrogen-bonding network
from the surrounding solvent, allowing self-assembly and
subsequently gelation in water to take place.[12] In some
cases, as has often been observed with many other gelator
systems, very slight changes to the gelator structure can in-
fluence the gelation behaviour dramatically.[13] Chirality, for
example, often determines whether a compound will func-
tion as a gelator or not. Whereas racemic mixtures are
sometimes less efficient gelators than the corresponding
enantiomerically pure products,[14, 15] the opposite effect has
been observed in other cases.[13,16, 17] Very recently, Hirst
et al. have shown that changing the chirality of one amino
acid of a dendritic organogelator can lead to changes in the
gelation behavior in organic solvents.[18]


Herein we report that changes in chirality effect the gela-
tion behaviour of amino acid-substituted 1,3,5-cyclohexyltri-
carboxamide derivatives in water (Scheme 1), which lead to
novel hierarchical self-assembled systems. In particular, we
show that the enantiomerically pure homochiral 1,3,5-cyclo-
hexyltricarboxamide-phenylalanine derivative (lll or ddd)
is a non-hydrogelator that can be transformed into a good
gelator for water simply by changing the chirality of one of
the three substituents (lld or ddl). The consequences of
the chirality changes made to the structure of this cyclohex-
yltricarboxamide derivative are not only reflected in the ge-
lation behaviour of the system, but are also apparent at the
microscopic level through changes in the gel fibre morphol-
ogy. CD spectroscopy, transmission electron microscopy
(TEM) and gel-to-sol transition-temperature measurements
demonstrate that interactions between homochiral and het-
erochiral derivatives can take place, thus leading to changes
in supramolecular chirality and thermostability of the gels.
Furthermore, we show that although the chirality of the
amino acid plays a very important role in determining the


gelating capability of 1,3,5-cyclohexyltricarboxamide-phenyl-
alanine, this effect can be counteracted. For nongelating ho-
mochiral derivatives, substitution at the acid terminus of the
amino acid with a second amino acid or with hydrophilic R
groups generally leads to the formation of very good hydro-
gelators.


Results


Synthesis : The synthesis of enantiomerically pure homochi-
ral 1,3,5-cyclohexyltricarboxamide-phenylalanine (either lll


or ddd) was carried out according to literature proce-
dures.[12] The products were obtained in good yield. Protect-
ing-group chemistry (Scheme 2) was used for the synthesis
of the heterochiral compounds (lld and ddl). Reaction of
l-phenylalanine methyl ester with 7 (obtained via mono-
functionalization of cis,cis-1,3,5-cyclohexyltricarboxylic
acid), deprotection to the cyclohexanecarboxylic acid 9, sub-
sequent reaction with d-phenylalanine methyl ester, and fi-
nally hydrolysis of the three methyl esters gave lld-product
11. Switching the l- and d-amino acids in this synthetic
route results in the isolation of the heterochiral ddl-product
12.


Gelation experiments : Gelation tests were carried out by
dissolving the compound of interest in water by heating, and
subsequently allowing the sample to cool. Owing to the pH-
sensitive nature of the synthesized compounds, gelation tests
could also be performed by first dissolving the compound of
interest with 0.1n NaOH, and subsequently adding 0.2n
HCl to cause gelation. The enantiomerically pure homochi-
ral compounds, lll and ddd, did not show gelation behav-
iour in water, nor in a variety of organic solvents, up to a ge-
lator concentration of 15 mm (1 wt %). Soft gels could only
be obtained in ethanol and 2-propanol; in all other solvents


Scheme 1. Molecular structure of amino acid substituted 1,3,5-cyclohexyl-
tricarboxamide derivatives.
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tested, including water, formation of a crystalline needle-
like precipitate could be observed with the naked eye. The
heterochiral compounds, lld and ddl, on the other hand,
are very good gelators for water, yielding clear, homogene-
ous gels which become slightly opaque at high gelator con-
centrations. These compounds possess a critical gelation
concentration (cgc) of 0.5 mm (0.04 wt %) (Figure 1).[19] All
gels displayed very good stability over time, as no changes
were observed in these systems for more than one year. No-
ticeably, the shape of the curve depicting Tgs (that is the
temperature at which the gel turns into a solution) as a func-


tion of the gelator concentration is sigmoidal, whereas for
LMWGs such curves are usually logarithmic. At low gelator
concentrations (0.5–2.0 mm) the phase-transition tempera-
tures are between 20 and 40 8C, whereas at high gelator con-
centrations (3.0–6.0 mm) Tgs values are around 120 8C. This
seems to indicate that distinct gelator aggregates form at
these two different concentration levels. Since a difference
in the clarity of the samples was also observed, turbidity
measurements as a function of the gelator concentration
were performed to see if the parallel between phase transi-
tion temperature changes and aggregation could further be
substantiated. A small but significant jump in turbidity was
observed at around 2 mm (Figure 2), which corresponds
quite well to the concentration at which the large change in


Scheme 2. Synthesis of lld. a) Benzyl alcohol, CDI, DMSO/ethyl acetate; b) H-l-Phe-OMe·HCl, Et3N, DMT-MM, MeOH; c) Pd/C, H2, MeOH/iPrOH/
CH2Cl2; d) H-d-Phe-OMe·HCl, Et3N, DMT-MM, MeOH; e) NaOH (aq)/MeOH. CDI: 1,1’-carbonyldiimidazole, DMT-MM: 4-(4,6-dimethoxy-1,3,5-tri-
azin-2-yl)-4-methylmorpholinium chloride.


Figure 1. Gel-to-sol transition temperatures (Tgs) as a function of gelator
(^: lld, &: ddl) concentration in water.


Figure 2. Concentration dependent absorption (at 700 nm) of lld gels in
water.
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Tgs occurred. The presence of different gelator aggregates
was furthermore confirmed by cryo-TEM images of low
(1.0 mm) and high (4.0 mm) gelator concentration gels (see
below).


Mixtures of lld with ddl, lll or ddd, and of ddl with
lll and ddd, of different ratios, respectively, were also
tested for gelation in water. The appearance of the gels ob-
tained was investigated (Table 1). Gels consisting of either
lld or ddl compounds were homogeneous and did not con-
tain any crystalline material at all ratios of the two compo-
nents. On the contrary, mixtures of lld with lll or ddd


(and of ddl with lll or ddd) led to the formation of clear
gels at high percentages of the heterochiral component (i.e. ,
the gelator), and to gels containing more and more needle-
like crystals as the percentage of the homochiral component


(i.e., the nongelator) increased. For lld samples containing
lll or ddd, the lowest percentage of lll, which led to the
formation of a gel containing crystalline material, was ap-
proximately 48 %; the lowest percentage of ddd was about
36 %. These results provide a strong indication that nongela-
tors lll and ddd are the cause of crystallization in the
mixed samples, as presented in Table 1.[20]


To determine whether gels containing two components
consist of self-assembled aggregates (generally fibres) in
which both components are present, or of a mixture of ag-
gregates of the individual components, the temperatures at
which the gels turn into solutions (Tgs) were measured. Such
measurements can provide an indication of molecular inter-
actions in LMWG gels.[4,21] Tgs values of mixtures of ddl


and ddd, lld, or lll, as depicted in Figure 3, show that at
low concentrations of ddl the mixed gels exhibit much
higher Tgs values than the pure ddl gel. Analogous results
were obtained with mixtures of lld and ddd or lll (data
not shown). Higher Tgs values are generally obtained for
LMWGs upon increasing the gelator concentration, whereby
a greater number, longer or thicker gel fibres are formed,
making the gel network thermally more stable. However, it
is remarkable that at comparable gelator concentration, for
example, 1.5 mm, the samples that also contain non-hydroge-
lator show much higher Tgs values than the sample contain-
ing only ddl (Figure 3). Therefore, a larger number of gel
fibres, longer or thicker fibres, must be present in the mixed


sample, which can only be ach-
ieved if the non-hydrogelator is
also incorporated into the gel
fibres.


Although the amino acid
chirality in 1,3,5-cyclohexyltri-
carboxamide phenylalanine de-
termines the gelating properties
of the product, this effect can
be overcome by simple changes
to the molecular structure.
Scheme 1 shows a variety of ge-
lators based on 1,3,5-cyclohex-


yltricarboxamide-l-phenylalanine with the R group being
either a hydrophilic moiety or a second amino acid. All of
these molecules (1–6) are good hydrogelators (Figure 4),
even though the three phenylalanines are of l chirality.[12] In
particular, the gelation tests carried out on compounds 3–6
show that, although some differences in Tgs values occur be-
tween the different gelators, the chirality, or non-chirality, of
the second amino acid does not strongly influence the gela-
tion capability of these molecules.


Circular dichroism studies : CD measurements were per-
formed to determine if the chirality of the different 1,3,5-cy-


Table 1. Aggregation state and appearance (app.) of mixtures of ddl with lll or ddd, and of lld with lll,
ddd, or ddl, at room temperature (RT) in water (total concentration of each sample: 4.5 mm).[a]


lll ddd lll ddd ddl


ddl (%) RT App. RT App. lld (%) RT App. RT App. RT App.


77 g t g c 79 g c g t g o
71 g t g c 64 g c cg w g o
53 cg w cg w 52 cg w cg w g o
48 cg w cg w 34 cg w cg w g o
32 cg w cg w 32 cg w cg w g o
30 cg w cg w 30 cg w cg w g o
21 cg w cg/p w 22 cg/p w cg w g o


[a] g: gel, cg: gel containing crystalline material, p: precipitate, c: clear, t: turbid, w: white, o: opaque.


Figure 3. Gel-to-sol transition temperatures (Tgs) as a function of gelator
concentration for ddl (&) and 1:1 mixtures of ddl and ddd (^), ddl and
lld (M ), or ddl and lll (~) in water.


Figure 4. Gel-to-sol transition temperatures (Tgs) as a function of gelator
(1: M , 2 : &, 3 : �, 4 : &, 5 : ^, 6 : ~) concentration in water.
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clohexyltricarboxamide phenylalanine compounds is reflect-
ed in the self-assembled gelator aggregates. lld and ddl


gels in water present opposite CD absorptions (as was to be
expected) at 227–228 nm,[22] and a gel consisting of a 1:1
mixture of the two didnNt give any CD absorption in this
region (Figure 5). Variable-temperature CD performed on a


2.40 mm gel of lld showed that the intensity of the CD
signal decreases upon heating of the sample, that is, upon
going from a gel to a solution (Figure 6). The CD signal ob-


served for the gel therefore derives from the chirality of the
self-assembled aggregates making up the gel, and not from
the chirality of the individual gelator molecules.[7,23] Com-
plete loss of the CD signal did not occur even at 90 8C, be-


cause the sample though liquid still contained some small
gelator aggregates.[24]


CD spectroscopy of gel samples of lld or ddl mixed with
lll and ddd was carried out to determine if interactions be-
tween the gelator and nongelator molecules can be detected
by using this technique. Interestingly, 1:1 gels of gelator lld


and of nongelator lll showed a modest positive CD signal,
whereas both lld and lld + ddd gels gave rise to negative
signals (Figure 7).[25] In a similar fashion, gels of gelator ddl


with nongelator ddd gave a negative CD signal, whereas
gels of ddl only, or of ddl + lll, gave positive peaks (see
Supporting Information for figure).[25] CD sign inversions
have previously been observed by Shinkai and co-workers
for cholesterol-based gelators in organic solvents, and they
were related to the variable cooling speeds of samples
during gel preparation.[23] However, in this case, all samples
were prepared and handled identically and the CD sign in-
versions observed for duplicate samples were found to be
reproducible. Therefore, these results prove that interactions
are taking place at the molecular level in the gels between
gelators lld and ddl, and non-hydrogelators lll and ddd,
respectively. Such interactions most probably derive from
the incorporation the nongelator molecules into the gel
fibres, as was also suggested from the Tgs measurement re-
sults, thus leading to a change in the morphology of the gels.
With respect to eventual molecular interactions taking place
in a gel containing lld and ddd (or ddl and lll), no
changes in CD sign were observed in the spectra. Such re-
sults are indicative of either a lack of molecular interactions
between these particular gelator and nongelator combina-
tions, which seems highly improbable due to the large
changes observed in the Tgs measurements, or of the fact


Figure 5. CD spectra of 2.4 mm gels of ddl, lld, and ddl+lld 1:1 in
water.


Figure 6. Temperature dependent CD spectra of a 2.4 mm lld hydrogel.


Figure 7. CD spectra of 2.4 mm lld + lll (a) and lld + ddd (c)
hydrogels in 1:1 ratios (inset: spectrum of 2.4 mm lld gel).
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that the CD sign of the mixed gelator/nongelator samples is
determined by the nongelator; that is, mixed samples con-
taining the nongelator lll lead to a positive CD sign, while
samples containing the nongelator ddd lead to a negative
CD sign. The gels were investigated by TEM to clarify this
matter further.


Transmission electron microscopy studies : TEM was em-
ployed to obtain visual insight into the gel structure mor-
phology, and to shed light on the interactions between the
different derivatives of 1,3,5-cyclohexyltricarboxamide phe-
nylalanine in the gels. Gels of lld or ddl (2.0 mm) consist
mainly of very long, thin fibre bundles with very uniform di-
ameters of approximately 20 nm (Figure 8). A few thicker


bundles, 50–80 nm, which seem to arise from the intertwin-
ing of thinner bundles are also present (Figure 8c); fibre
branching was not observed. Considering that each gelator
molecule is approximately 14–15 O wide, the cross-section
of a gel fibre bundle 20 nm in diameter should therefore
consist of 13–15 monomolecular-thick fibres (primary
fibres). Furthermore, several right-handed fibres can be dis-
tinguished in the Pt-shadowed electron micrographs of the
lld gel (Figure 8a and b), whereas left-handed helices are
present in the ddl gel (Figure 8c and d). To determine
whether gelator concentration affects gel morphology, 1.0
and 4.0 mm gels of lld were investigated by cryo-TEM. Fig-
ure 9a shows that in the 1.0 mm gel fibre bundles of approxi-
mately 15 nm in diameter are mainly present, whereas in the
4.0 mm gel 100–200 nm bundles, deriving from intertwined
thinner bundles, can predominantly be found (Figure 9b and
c). The presence of such larger intertwined bundles at high
gelator concentrations is in excellent agreement with the
higher turbidity and Tgs values observed for these gels.


Mixing of gelators lld and ddl with nongelators lll and
ddd led to detectable changes in gel fibre morphology that
reflect the results obtained with CD spectroscopy. TEM
images of a gel containing lld + ddd show straight fibres


as well as some right-handed
helical fibres, while for a lld +


lll gel left-handed helical
fibres are visible (Figure 10).
Such a change in handedness,
brought about by mixing the
lll component with the lld ge-
lator, confirms the change in
CD sign observed for the same
system (see above). In the case
of ddl, mixing with lll did not
cause changes in the fibre helic-
ity, whereas mixing with ddd


led to the formation of right-
handed helical fibres. There-
fore, it seems that the presence
of the nongelator lll leads to
left-handed helical fibres, and
vice versa for the nongelator
ddd. Interestingly, this behav-
iour has been observed in other
peptide-based aggregates. The
l-chirality of such peptides, al-
though the structure is quite
different from that of 1,3,5-cy-


clohexyltricarboxamide-phenylalanine gelators, leads to b-
sheet ribbons with an intrinsically left-handed twist.[26] Final-
ly, a gel containing the two gelators lld and ddl is observed
to consist mainly of straight, non-helical fibres (see Support-
ing Information for figure), which agrees with the fact that
no signal was observed in the corresponding CD spectrum.
Such a lack of specific fibre handedness could be due to in-
corporation of the two types of gelator molecules, lld and
ddl, within the same fibre.


Discussion


These results highlight the importance of different types of
interactions and their relative contributions with respect to
the gelating capability of a compound in water. In the case
of the homochiral 1,3,5-cyclohexyltricarboxamide-phenylala-
nine (lll or ddd) compounds, molecular interactions occur


Figure 8. TEM images 2.0 mm lld (a, b) and ddl (c, d) hydrogels (scale
bars a and c: 1 mm, b and d: 500 nm).


Figure 10. TEM images of 2.4 mm lld+ddd (a) and lld+lll (b) hydro-
gels in 1:1 ratios (scale bars: 250 nm).


Figure 9. Cryo-TEM images of
1.0 mm (a) and 4.0 mm (b, c)
lld hydrogels (scale bars:
500 nm).


H 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 5353 – 53615358


A. Friggeri, J. van Esch et al.



www.chemeurj.org





not only in a one-dimensional fashion, but also in two and
three dimensions, thereby causing precipitation of the com-
pound in water. Although a crystal structure of this com-
pound could not be obtained, that of 1,3,5-cyclohexyltricar-
boxamide-l-tyrosine was solved (Figure 11).[12] It can there-


fore be assumed that 1,3,5-cyclohexyltricarboxamide-l-phe-
nylalanine molecules would be arranged in a similar fashion.
The molecules stack through the formation of a triple chain
of intermolecular hydrogen bonds and the individual stacks
are packed hexagonally, giving rise to hydrophobic areas in
which the phenyl rings of neighbouring tyrosines (or phenyl-
alanines) come together.[12] Changing the chirality of one
phenylalanine from l to d causes the molecules to lose their
symmetry, thus assuming a different overall shape. However,
their ability to aggregate in a stack-like fashion remains un-
impaired. The loss of molecular symmetry, or the fact that
the resulting fibres can be constituted of stacked molecules
with either matching (d on d) or different (d on l) chiral
centres above and below each other, gives rise to a more
disordered system which makes crystallization unfavourable,
and thus causes gelation to occur. Similarly, the peripheral
substituents (R groups) of compounds 1–6 also inhibit
strong 2D and 3D interactions from taking place, making
these 1,3,5-cyclohexyltricarboxamide-l-phenylalanine deriv-
atives good hydrogelators in spite of the fact that all three
amino acid have the same chirality.


In the case of homochiral derivatives lll and ddd crystal-
lization occurs independently of concentration; this indicates
that the interactions between the stacks of molecules (in the
second and third dimensions) are energetically favourable.
However, for the heterochiral derivatives lld and ddl, pri-
mary gel fibres form at low gelator concentrations, reflecting
the fact that one-dimensional aggregation is in this case en-
ergetically more favourable than 2D and 3D interactions.
These primary fibres subsequently aggregate into bundles
with very monodisperse diameters of approximately 20 nm.
The formation of such monodisperse aggregates by self-as-
sembling peptides was recently ascribed by Boden et al.[26]


to the intrinsic chirality of their system. They showed that
aggregation occurs via increasingly complex structures and
leads to the formation of fibre bundles (referred to as fi-
brils) of finite width due to the competition stemming from
the free energy gain from the attraction between primary
fibres, and the energy loss from the elastic distortion that
occurs when the twisted fibres aggregate into a bundle of
fibres. In this paper, we have furthermore shown that lld


gels consist of larger fibre bundles deriving from intertwined
thinner bundles (cryo-TEM) at high gelator concentrations.
The transition from the thinner aggregates to the larger
ones follows a sigmoidal relationship as a function of the ge-
lator concentration (see Figures 1 and 2: dropping ball and
turbidity measurements). Such sigmoidal behaviour is simi-
lar to that generally encountered in concentration depen-
dent studies of surfactant solutions, where the cooperative
formation of micelles occur.[27] Evidently, once fibres bun-
dles are formed in lld gels, interactions between bundles
arise that lead to the formation of larger intertwined aggre-
gates. Apparently, a certain bundle concentration is needed
to make the formation of large intertwined bundles more fa-
vourable, in analogy to micellar systems.


Conclusion


In summary, we have shown how the gelation behaviour of
1,3,5-cyclohexyltricarboxamide phenylalanine derivatives in
water can be controlled by either varying the chirality of
one of the amino acids, or by peripheral functionalization of
the compound with a second amino acid or a hydrophilic
moiety. Whereas homochiral 1,3,5-cyclohexyltricarboxamide
phenylalanine does not gelate water, its heterochiral var-
iants are good hydrogelators. The chiral nature of the inves-
tigated gelators is reflected microscopically in their CD ac-
tivity, and at a macroscopic level in the helical fibre mor-
phologies observed by TEM. These two techniques, as well
as gel-to-sol transition temperature measurements, have
made it possible to conclude that heterochiral gelator and
homochiral nongelator molecules interact with each other
within individual gel fibres. Such interactions can lead to
changes in the gel fibre helicity, and in the gel-to-sol transi-
tion temperatures of the materials. Furthermore, once the
fibre bundles are formed, interactions between them can
also take place. These interactions lead to large intertwined
bundles; their concentration-dependent formation is strik-
ingly analogous to the formation of micelles in surfactant
solutions. The straightforward design of amino acid substi-
tuted 1,3,5-cyclohexyltricarboxamide-based molecules has
enabled us to investigate the apparently serendipitous effect
of chirality on gelation in a methodical fashion, thus obtain-
ing a better understanding of these hierarchical self-assem-
bled architectures.


Figure 11. X-ray crystal structure of 1,3,5-cyclohexyltricarboxamide-l-ty-
rosine: a) view along the a axis showing the packing of the individual
stacks (arrow: disordered carbonyl, solid circle: hydrophobic area,
dashed circle: hydrophilic area); b) side view of a single stack showing
the intermolecular triple hydrogen bonding motif.
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Experimental Section


General : All chemicals were purchased from Aldrich or Fluka and used
without further purification. NMR experiments were performed by using
a Varian Gemini NMR spectrometer operating at 200 MHz, or a Varian
VXR NMR spectrometer operating at 300 MHz. All spectra were record-
ed in [D6]DMSO unless stated otherwise. MS spectra were measured on
a JOEL JMS-600H or a Science API 3000 mass spectrometer.


Synthesis : The syntheses of compounds 1–3 were carried out according to
literature procedures.[12] Yields were not optimized.


CHex(Am-l-Phe-l-Ala)3 (4): Compound 4 was synthesized according to
literature procedures,[12] by using H-l-Phe-l-Ala-OMe·xTFA (4.8 g,
13 mmol). After the reaction was completed, the precipitate was filtered
off, washed with MeOH, and dried in vacuo to give 4 (0.54 g, 24%).
1H NMR: d=1.03–1.32 (m, 2 H), 1.27 (d, 3J=7.3 Hz, 3H; CH3), 2.12
(br m, 1H), 2.68 (t, 1 H; CH2), 2.98 (d, 3J=13.9 Hz, 1 H; CH2), 4.19 (m,
1H; CH), 4.48 (m, 1H; CH), 7.20 (m, 5H; Ar), 7.97 (d, 3J=9.2 Hz, 1H;
NH), 8.37 (d, 3J=7.0 Hz, 1H; NH); 13C NMR: d = 17.19, 37.54, 42.06,
47.63, 53.34, 126.17, 127.93, 129.17, 138.01, 171.31, 174.01; elemental anal-
ysis calcd (%) for C45H54N6O12·5 H2O: C 56.24, H 6.71, N 8.74; found: C
56.38, H 6.51, N 8.60; EI-MS: m/z : calcd for C45H54N6O12: 870.38; found
434.1 [M�2)/2]2�, 870.5 [M]� .


CHex(Am-l-Phe-d-Ala)3 (5): Compound 5 was synthesized similarly to 4
by using H-l-Phe-d-Ala-OMe·xTFA (4.8 g, 13 mmol); yield: 0.54 g, 24%;
1H NMR: d=1.08–1.39 (m, 2 H), 1.18 (d, 3J=7.3 Hz, 3H; CH3), 2.15
(br m, 1 H), 2.72 (t, 1H; CH2), 2.90 (q, 1 H; CH2), 4.17 (m, 1H; CH), 4.53
(m, 1 H; CH), 7.18 (m, 5H; Ar), 7.92 (d, 3J=9.2 Hz, 1 H; NH), 8.28 (d,
3J=7.7 Hz, 1 H; NH); 13C NMR: d = 17.47, 31.15, 42.11, 47.38, 53.33,
126.26, 127.93, 129.23, 137.72, 170.95, 173.91; elemental analysis calcd
(%) for C45H54N6O12·4.25 H2O: C 57.04, H 6.65, N 8.87; found: C 56.70, H
6.10, N 8.68; EI-MS: m/z : calcd for C45H54N6O12: 870.38; found: 893.5
[M+Na]+ .


CHex(Am-l-Phe-b-Ala)3 (6): Compound 6 was synthesized similarly to 4
by using H-l-Phe-b-Ala-OMe ·xTFA (4.6 g, 13 mmol); yield: 1.18 g,
80%; 1H NMR: d = 1.03–1.40 (m, 2 H), 2.14 (m, 1H), 2.32 (m, 2 H), 2.71
(t, 1 H; CH2), 2.89 (d, 1H; CH2), 3.23 (m, 2 H), 4.40 (m, 1H; CH), 7.19
(m, 5 H; Ar), 7.94 (d, 3J=8.4 Hz, 1 H; NH), 8.07 (s, 1 H; NH), 12.24
(br m, 1H); 13C NMR: d = 31.11, 33.79, 34.80, 37.89, 42.14, 53.60, 126.20,
127.95, 129.14, 137.90, 171.30, 172.87, 173.94; elemental analysis calcd
(%) for C45H54N6O12·2H2O: C 59.01, H 6.49, N 9.17; found: C 58.92, H
6.38, N 8.91; EI-MS: m/z : calcd for C45H54N6O12: 870.38; found: 869.3
[M�H]� .


CHex(COOH)2(COOBz) (7): CDI (37.5 g, 0.24 mol) was added to a solu-
tion of cis,cis-1,3,5-cyclohexanetricarboxlic acid (50 g, 0.24 mol) in a mix-
ture of DMSO (250 mL) and ethyl acetate (1 L). The solution was stirred
for an additional 2 h. Benzyl alcohol (24.8 g, 0.24 mol) was subsequently
added and the mixture was stirred overnight. The main part of the sol-
vent was removed in vacuo. To the remaining viscous solution water
(500 mL) was added and the aqueous fraction was extracted with ethyl
acetate (3 M 300 mL). The aqueous layer was brought to pH 1 by using 2n
HCl (aq). The acidified aqueous layer was extracted with ethyl acetate
(3 M 300 mL) and the combined organic layers were washed with brine,
dried with Na2SO4, and evaporated to dryness to give pure 7 as a white
solid (38.16 g, 52%). 1H NMR: d=1.26 (m, 3H; CHex), 2.09 (m, 3H;
CHex), 2.25–2.65 (m, 3 H; CHex), 5.09 (s, 2 H; CH2Ar), 7.35 (m, 5H;
Ar), 12.27 (br s, 2 H; COOH); 13C NMR: d = 29.3, 29.5, 39.5, 64.5, 126.8,
127.0, 127.4, 135.2, 172.8, 174.5; elemental analysis calcd (%) for
C16H18O6·


1=2 H2O: C 60.93, H 6.08; found C 60.94, H 6.01; EI-MS: m/z :
calcd for C16H18O6: 306.1; found 306.0 [M]+ .


CHex(Am-l-Phe-OMe)2(COOBz) (8): A solution of 7 (3.06 g,
10.0 mmol), H-l-Phe-OMe·HCl (4.73 g, 22.0 mmol), Et3N (3.03 g,
30.0 mmol), and DMT-MM[28] (6.08 g, 22.0 mmol) in MeOH (50 mL) was
stirred overnight at room temperature. The resulting precipitate was fil-
tered off, rinsed with MeOH (50 mL), and dissolved in CH2Cl2 (200 mL).
The organic layer was washed with 0.5n HCl (3 M 100 mL), brine
(100 mL), dried with MgSO4, and evaporated to dryness. The crude prod-
uct was dissolved in CH2Cl2 and MeOH (75 + 110 mL). Slow evapora-


tion of the CH2Cl2 resulted in the precipitation of pure 8 as a white solid
(2.80 g, 45%). 1H NMR: d=1.05–1.35 (br m, 3 H; CHex), 1.55, 1.70, 1.85
(3 M br m, 3 M 1H; CHex), 2.1–2.4 (br m, 3H; CHex), 2.8–3.1 (m, 4H;
CH2Ar), 3.57, 3.58 (2 M s, 2M 3H; OMe), 4.43 (m, 2 H; CH), 5.08 (s, 2 H;
OCH2Ar), 7.17 (m, 10H; Ar), 7.35 (m, 5H; Ar), 8.19, 8.23 (2 M d, J=
3.7 Hz, 2M 1 H; NH); 13C NMR: d=29.7, 35.5, 39.9, 40.6, 40.8, 50.8, 52.1,
52.3, 64.5, 125.4, 126.8, 127.0, 127.1, 127.4, 128.0, 135.1, 136.2, 136.3,
171.1, 172.7, 172.8, 172.9; elemental analysis calcd (%) for C36H40N2O8: C
68.77, H 6.41, N 4.46; found: C 68.55, H 6.43, N 4.72; EI-MS: m/z : calcd
for C36H40N2O8: 628.3; found: 627.4 [M�H]� .


Similarly, with H-d-Phe-OMe·HCl, CHex(Am-d-Phe-OMe)2(COOBz)
was obtained as a white solid (4.00 g, 64%). elemental analysis calcd (%)
for C36H40N2O8: C 68.77, H 6.41, N 4.46; found: C 68.50, H 6.49, N 4.66.


CHex(Am-l-Phe-OMe)2(COOH) (9): 10 % Pd/C (ca. 100 mg) was added
to a solution of 8 (2.4 g, 3.82 mmol) in MeOH/iPrOH/CH2Cl2 (100 +


100 + 200 mL); after the addition the mixture was degassed and subse-
quently stirred vigorously under a H2 atmosphere for 3 d. After removal
of the catalyst by filtration (double paper filter) the resulting solution
was evaporated to dryness to give pure 9 as a white solid (2.00 g, 97%).
1H NMR: d=1.1–1.3 (br m, 3H; CHex), 1.55, 1.70, 1.85 (3 M br m, 3M 1 H;
CHex), 2.1–2.3 (br m, 3 H; CHex), 2.75–3.1 (m, 4H; CH2Ar), 3.6 (s, 6 H;
OMe), 4.42 (m, 2H; CH), 7.20 (m, 10H; Ar), 8.23 (m, 2 H; NH), 12.2
(br s, 1 H; COOH); 13C NMR: d=24.4, 29.8, 35.5, 40.9, 50.8, 52.3, 125.4,
127.1, 128.0, 136.2, 171.1, 173.0, 174.7; elemental analysis calcd (%)
C29H34N2O8: C 64.66, H 6.37, N 5.20; found: C 64.56, H 6.41, N 5.40; EI-
MS: m/z : calcd for C29H34N2O8: 538.2; found: 539.3 [M+H]+.


Similarly, CHex(Am-d-Phe-OMe)2(COOH) was obtained as a white
solid (3.13 g, 95%). elemental analysis calcd (%) for C29H34N2O8·


1=4H2O:
C 64.14, H 6.40, N 5.16; found: C 64.13, H 6.52, N 5.19.


CHex(Am-l-Phe-OMe)2(Am-d-Phe-OMe) (10): DMT-MM (0.95 g,
3.60 mmol) was added to a solution of 9 (1.85 g, 3.44 mmol), H-d-Phe-
OMe·HCl (0.78 g, 3.60 mmol), Et3N (0.50 g, 5.00 mmol) in MeOH
(50 mL). The mixture was stirred overnight after which the formed pre-
cipitated was filtered off, washed with MeOH (3 M 30 mL), and dried to
give pure 10 as a white solid (1.09 g, 45%). 1H NMR: d=1.05–1.80 (br m,
6H; CHex), 2.15 (br m, 3H; CHex), 2.75–3.10 (m, 6H; CH2Ar), 3.58 (s,
9H; OMe), 4.43 (br m, 3H; CH), 7.19 (s, 15H; Ar), 8.20 (br s, 3 H; NH);
13C NMR: d=30.0, 35.5, 41.1, 50.8, 52.2, 125.4, 127.1, 128.0, 136.2, 171.1,
173.1; elemental analysis calcd (%) for C39H45N3O9·


1=2H2O: C 66.09, H
6.54, N 5.93; found: C 66.16, H 6.48, N 5.99; EI-MS: m/z : calcd for
C39H45N3O9: 699.3; found: 700.2 [M+H]+ .


Similarly, CHex(Am-d-Phe-OMe)2(Am-l-Phe-OMe) was obtained as a
white solid (1.64 g, 54%). Elemental analysis calcd (%) for
C39H45N3O9·


1=2H2O: C 66.09, H 6.54, N 5.93; found C 66.00, H 6.41, N
5.91.


CHex(Am-l-Phe-OH)2(Am-d-Phe-OH) (11, lld): A suspension of 10
(0.90 g, 1.29 mmol) in a mixture of MeOH (50 mL) and 2n NaOH (aq)
(50 mL) was stirred for 2 d, after which the now-clear solution was fil-
tered, added to H2O (100 mL), and subsequently acidified to pH 1 by
using concentrated HCl (aq). The formed gel precipitate was filtered off,
washed with H2O (3 M 50 mL), and dissolved in hot MeOH/H2O (5:1, ap-
proximately 400 mL). This solution was evaporated to dryness, the re-
maining solvent was stripped off using a mixture of toluene and MeOH
(1:1, 3 M 50 mL), and the solid was dried in vacuo to give pure 11 as a
white solid (0.63 g, (74 %). 1H NMR: d=1.05–1.70 (m, 6 H; CHex), 2.13
(m, 3H; CHex), 2.75–3.10 (m, 6H; CH2Ar), 4.36 (br m, 3H; CH), 7.18 (s,
15H; Ar), 8.04 (m, 3H; NH), 12.6 (br s, 3H; COOH); 13C NMR: d=30.1,
35.5, 41.1, 52.1, 125.3, 127.0, 128.0, 136.7, 172.1, 173.0; elemental analysis
(%) calcd for: C36H39N3O9·2H2O: C 62.33, H 6.25, N 6.06; found: C
62.22, H 5.94, N 6.03; EI-MS: m/z : calcd for C36H39N3O9: 657.3; found:
656.5 [M�H]� .


Similarly, CHex(Am-d-Phe-OH)2(Am-l-Phe-OH) (12, ddl) was obtained
as a white solid (0.83 g, 59%). Elemental analysis for C36H39N3O9·H2O: C
63.99, H 6.12, N 6.22; found: C 63.85, H 6.11, N 6.13.


Gelation tests : Gelation was considered to have occurred when a homo-
geneous substance was obtained which exhibited no gravitational flow
upon inversion of the container (generally a glass vial) in which it was
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found. Gel-to-sol transition temperatures (Tgs) were determined by using
the “dropping ball” method, which consisted of carefully placing a steel
ball (65 mg, 2.5 mm in diameter) on top of prepared gels in 2 mL glass
vials and subsequently placing these vials in a heating block.[4] The tem-
perature of the heating block was increased by 5 8C h�1 and the Tgs was
defined as the temperature at which the steel ball reached the bottom of
the vial, as observed by a CCD camera. All Tgs measurements were car-
ried out in duplicate or triplicate. The error on Tgs values was �5 8C. All
gels were allowed to stand at room temperature for one week before any
measurements/characterization was carried out.


CD spectroscopy: CD spectra were measured using a JASCO J-715 spec-
tropolarimeter. Gel samples were prepared in closed vials and after
standing at room temperature for one week the gels were transferred to
an optical cell (0.5 mm optical path length) for measurement. Variable-
temperature CD on a 2.28 mm lld gel was carried out by increasing the
temperature in steps of 5 8C, allowing ample equilibration time, to a max-
imum of 96 8C to prevent drying out of the samples due to water evapo-
ration. All measurements were carried out in duplicate. No contribution
from linear dichroism was observed, as no change in absorption was mea-
sured when the sample cell was rotated by 908.


TEM measurements : Samples were prepared by taking a piece of the gel,
placing it on a carbon-coated copper grid (400 mesh), and removing most
of it after 1 min. Samples were shadowed with platinum at a 308 angle.
All samples were examined using a JEOL 1200 EX transmission electron
microscope operating at 100 kV. For cryo-TEM measurements, a few mi-
croliters of gel were deposited on a bare 700 mesh copper grid. After
blotting away the excess of liquid the grids were rapidly plunged into
liquid ethane. Frozen hydrated specimens were mounted in a cryo-holder
(Gatan, model 626) and observed in a Philips CM 120 electron micro-
scope, operating at 120 KV. Micrographs were recorded under low-dose
conditions on a slow-scan CCD camera (Gatan, model 794).
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C2 Isomers of C84F40 and C84F44 Are Cuboid and Contain Benzenoid and
Naphthalenoid Aromatic Patches


Adam D. Darwish,[a] Natalia Martsinovich,[a] Joan M. Street,[b] and Roger Taylor*[a]


Introduction


The major driving force accounting for the regiochemistry
and preferred addition levels in polyaddition to fullerenes is
the formation of aromatic substructures. In the parent mole-
cules, electron delocalisation is inhibited by the increase in
strain that would arise on introduction of double bonds into
pentagons. Fullerenes thus have a low intrinsic aromaticity.


Additions are therefore the main reactions and occur at
the 6:6-bonds where the electrons are localised. This howev-
er reduces the strain in the pentagons through sp2 to sp3


transformations, and delocalisation is increased.[1] It is mani-
fest in octahedral cycloadditions to [60]fullerene in which
eight of the hexagons acquire increased delocalisation;[2]


one reaction uniquely produces two such rings together with
three groups of fused hexagons having some naphthalenoid
character.[3] Triscycloaddition adjacent to the hexagonal
end-caps of [78]fullerene isomers[4] may also be partly
driven by the resulting increased aromaticity.


Delocalisation is, however, only partial in each of these
examples, because only three of the carbon atoms adjacent
to the “aromatic” rings (four in the case of the naphthale-


noid rings) are sp3 hybridised, so significant strain remains.
By contrast, a range of halogenated fullerenes have been
isolated and characterised, in which all six carbon atoms ad-
jacent to the benzenoid rings are sp3 hybridised. Delocalisa-
tion is effectively complete, the rings are planar and their
bond lengths are equal. These comprise three isomers of
C60F36,


[5] two isomers of C70F38,
[6] one isomer of C60Cl28,


[7] one
of C70Cl28


[8] and two isomers of both C60Cl30
[7] and C78Br18.


[9]


These compounds contain up to four planar benzenoid rings.
The simple 19F NMR spectrum of D3-C74F38 was also inter-
preted in terms of a structure having six benzenoid rings.[10]


A very large amount of data, summarised recently,[11] is
now available concerning fluorination of fullerenes, but few
data are available for fluorination of higher fullerenes. A
mass spectrometric study showed the preferential formation
of C76F38, C78F38, C82F44, C84F40 (two isomers) and C84F44 but
no structural information could be deduced because of the
small sample sizes.[12] Fluorination of [76]- and [78]fullerenes
gave C76Fn : n=32, 36, 38 (main isomer of C1 symmetry),
40 (five isomers, one of C2 symmetry), 42, 44, together
with C76F39OH, and C78Fn : n=38, 42, together with
C78F39OH.[13]


We now describe the isolation and structural characterisa-
tion of C2 isomers of C84F40 and C84F44, both derived from
[84-D2(IV)]fullerene[14] through fluorination of [84]fullerene
with either MnF3 or CoF3 at 500 8C.


Abstract: A 1:1 mixture of C84F40 and
C84F44, both derived from the D2(IV)
isomer, has been isolated from the flu-
orination of [84]fullerene with either
MnF3 or CoF3 at 500 8C. The 1D and
2D COSY 19F NMR spectra showed
that each derivative is cuboid, having
benzenoid rings at four of the six octa-


hedral sites; the two remaining sites
have naphthalenoid rings for C84F40,
and two slightly offset benzenoid rings


for C84F44. The benzenoid rings each
have six adjacent sp3-hybridised carbon
atoms whilst the naphthalenoid moiet-
ies have eight, thus facilitating full de-
localisation. In terms of the number
and size of aromatic patches, C84F44 is
the most aromatic fullerene derivative
yet isolated.
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Results and Discussion


The EI mass spectrum (Figure 1, 70 eV) of HPLC-isolated
fraction ii (see Experimental Section) showed the presence
of C84F44 (1844 amu) and C84F40 (1768 amu), together with F2


loss fragments. The relative concentration of C84F44 is exag-
gerated by its higher volatility; thus at high probe tempera-
tures, the spectrum showed only C84F40.


The 19F NMR spectrum (Figure 2) shows that both com-
ponents are present in equal amounts, and comprises 42
equal intensity lines (some almost coincident), consistent
only with a 1:1 mixture of C2 isomers of C84F40 and C84F44.
This was confirmed by a 2D COSY spectrum, the F–F cou-
plings of which enabled separation into two series of lines:


Twenty-two lines, no. 38, 37, 36, 35, 34, 33, 32, 31, 28, 27, 22,
21, 18, 15, 12, 11, 7, 5, 4, 3, 2, 1, assigned to C84F44; Twenty
lines, no. 42, 41, 40, 39, 30, 29, 26, 25, 24, 23, 20, 19, 17, 16,
14, 13, 10, 9, 8, 6, assigned to C84F40. Thus both compounds
are derived from the more abundant D2(IV) isomer of
[84]fullerene, as the minor D2d isomer would give half the
number of lines. The 19F NMR spectrum exhibits some
unique features that make it possible to solve the structures:


1) The spectrum comprises many pairs of very similar reso-
nances, particularly the following: 42,41 versus 40,39; 38
versus 37; 35 versus 34; 32
versus 31; 28 versus 27;
23,22 versus 21,20; 12 versus
11. This shows that two
components of either very
similar structure or high
symmetry are present, dif-
fering only in the location
of the four additional fluo-
rine atoms in C84F44.


2) There are ten upfield multiplets, six of which (38, 37, 36,
35, 34, 33) belong to C84F44, and four (42, 41, 40, 39)
belong to C84F40. From numerous 19F NMR spectra of
fluorofullerenes obtained previously, we showed that up-
field multiplets are due to the central fluorine in motif
A. The solved structures contain six and four such motifs
for C84F44 and C84F40, respectively; addition of the four
extra fluorine atoms must occur at sites that result in for-
mation of two additional motifs of A. C84F44 multiplets
37,38 couple to 34,35, which provides important evidence
for the proposed structure.


3) In fluorofullerenes, fluorine atoms attached to carbon
atoms having two sp2 neighbours (F in A) are the most
downfield peaks, and are always coupled to the most up-
field peaks. This is precisely observed here: for C84F40


the four downfield peaks (6, 8, 9, 10) couple, respective-
ly, to upfield peaks (39, 40, 42, 41), whilst for C84F44 the
six downfield peaks (1, 2, 3, 4, 5, 7) couple , respectively,
to upfield peaks (36, 33, 38, 37, 35, 34). The downfield


peaks are coupled together
in pairs (1–2, 3–4, 5–7, 6–8,
9–10), which is a key feature
in elucidating the structure.


4) Given the ubiquitous forma-
tion of aromatic derivatives
in highly addended fuller-
enes, the very specific 40
and 44 F addition levels ob-
tained here and previous-
ly[12] indicated the formation
of aromatic compounds.
This requirement results in
a perfect fit with the NMR
data. All of the carbon
atoms adjacent to the aro-
matic ring must have ad-


Figure 1. EI mass spectrum (70 eV) for the mixture of C84F44 and C84F40


(fraction ii, see Experimental Section).


Figure 2. 19F NMR spectrum (376 MHz) for the mixture of C84F44 and C84F40 (fraction ii, see Experimental Sec-
tion), showing peak labelling (cf. Figure 3).
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dends, and there are only two possible structures for
each of C84F40 and C84F44 that meet this requirement;
one set has C2 symmetry (see Schlegel diagrams,
Figure 3), the other has D2 symmetry. (N.B. Because


identification of the lowest locant pathway is formidable
in these highly addended molecules, the numbering for
the parent molecule[14] is retained here for simplicity).
The D2 option is further ruled out by the NMR data, by
theoretical calculations that show that the C2 isomer of
C84F40 is much more stable than the D2 isomer by 19.6 or
44.4 kcalmol�1 (DFT or AM1, respectively), and also by
the options for addition (see below).


5) For C84F40 there are four pairs of symmetry-equivalent
fluorine atoms that will give upfield peaks (39, 40, 41,
42) in the spectrum. These are attached collectively to
positions 8 (=16), 13 (=21), 63 (=71) and 66 (=74)
(Figure 3), and their very similar locations account for
the similar positions in the spectrum. The corresponding
downfield peaks in the spectrum (F in A) are due to flu-
orine atoms located on positions 25 (=35), 31 (=41), 62
(=52) and 46 (=56), and similar qualifications apply.
Further confirmation of the structure comes from the
couplings of the downfield peaks, namely 5 coupled to 6,
and 7 coupled to 8, which is uniquely required by the
structure, with 1,4-conjugated couplings as follows: 25–
46 (�35–56); 31–52 (�41–62). The resultant structure is
unique in not only being cuboid (see Figure 4), but also
in having two naphthalenoid rings present. This latter
feature would not be feasible in a lower fullerene, but
the lower curvature in the larger fullerene now makes
this possible. A related result is the optimised molecular
structure for C80H44 which is cuboid with six planar ben-
zenoid rings at the octahedral sites.[15] Another structural
feature is the resemblance of the motifs surrounding the


aromatic rings centred on the C2 axis to that found in
C60F18.


[16]


6) For C84F44, addition of the four extra fluorine atoms to
C84F40 with minimum loss of aromaticity can occur only


in the naphthalenoid ring.
There are a number of op-
tions and constraints: the
feasible addition patterns in
naphthalene are either 1,4-,
2,3- 2,6-, 1,5- or 9,10 (see
B), the added fluorine
atoms must have two sp2


neighbours in order to ac-
count for their downfield lo-
cation in the spectrum and
they must be coupled and
non-equivalent. The neigh-
bour requirement rules out
both 2,3-addition and 9,10-
addition, and only 1,4-addi-
tion will give the maximum
aromaticity in the product
(six benzenoid rings). This
conjecture was confirmed
by the calculated (DFT)


lower stability (41.4–47.8 kcalmol�1) of the structure re-
sulting from addition to the 1,5-naphthalene-like posi-
tions (i.e., positions 27, 50, 37, 60), compared with the
1,4-addition alternatives. These latter involve either posi-
tions 27 and 48 (=37 and 58) or 29 and 50 (=39 and 60).
The product of the former option is calculated (DFT) to
be more stable than that from the latter by
6.3 kcalmol�1, so that only one isomer of C84F44 should
be formed. As these fluo-
rine atoms are 1,4-conjugat-
ed, they should be coupled,
just as is found for the two
additional downfield peaks.
A consequence of the addi-
tion of the four extra fluo-


Figure 3. Schlegel diagrams for C2-C84F40 (left) and -C84F44 (right) showing location of the benzenoid and naph-
thalenoid rings; *=F, the larger circles (*) are for fluorine atoms (see bold F in A) that give upfield multip-
lets in the NMR spectrum. The C2 axes pass through the central aromatic ring. (N.B. The cage numbering dif-
fers from the NMR peak numbering of Figure 2).


Figure 4. Structure of C2-C84F40 viewed along the axis that bisects the cen-
tral bonds of the naphthalenoid rings.
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rine atoms to sites 27/48 and 37/58 is to create two equiv-
alent pairs of motifs A on positions 10 (=18) and 67 (=
75). Not only is this precisely observed, but the new mul-
tiplets should be either 1,3- or 1,2-coupled to the fluo-
rine atoms on positions 8 (=16) and 66 (=74), respec-
tively. This is seen also in the NMR spectrum, with cou-
pling between multiplets (37, 38)/(34, 35), as noted
above.


Note that if C84F44 involved location of the two additional
benzenoid rings on carbon atoms (26, 27, 28, 49, 48, 47)=
(36, 37, 38, 59, 58, 57) (giving a D2 product) then addition of
the additional fluorine atoms to the 1,4-naphthalene-like po-
sitions would, according to calculations (DFT), give two
structures of approximately equal energy, so that two iso-
mers of C84F44 would have been expected rather than the
one observed.


Conclusion


In summary, we have isolated and characterised a mixture
of C2 isomers of C84F40 and C84F44, shown that they each con-
tain six aromatic patches, two of which in C84F40 are unique-
ly naphthalenoid, the remainder are all benzenoid. These ar-
omatic rings occupy octahedral sites making these deriva-
tives cubic, a shape not observed previously in fullerene de-
rivatives.


Experimental Section


[84]Fullerene was provided by Hoechst in a crude mixture comprising ap-
proximately 95% higher fullerenes. It was separated by using high-pres-
sure liquid chromatography (HPLC) with a 250N10 mm Cosmosil 5 PYE
column and toluene/heptane (1:1) elution. A total of 75 mg was fluorinat-
ed with MnF3 (1.42 g) in three batches at 500 8C by the general method
described previously.[1] The reactivity of [84]fullerene is low and a 50%
recovery (HPLC of a toluene extract) of unreacted fullerene was ob-
tained. A further 28 mg of recovered [84]fullerene was fluorinated with
CoF3 (615 mg) at 500 8C; this is a more vigorous fluorinating reagent, so
only a 20% recovery of unreacted fullerene was obtained. This low reac-
tivity reinforces our recent observation[6] that fluorination of [70]fullerene
is significantly slower than that of [60]fullerene, that is, reactivity of full-
erenes decreases with increasing size.


HPLC of the product, using the 5 PYE column (1:1 toluene/heptane at
4.2 mLmin�1) gave fractions (i–iv) eluting at the following times: i)
4.0 min (mainly C84F44); ii) 4.4 min (a mixture of C84F44 and C84F40); iii)
5.1 min (a mixture of C84F40 and C84F38); iv) 7.4 min (C84F40).


Of these fractions (some of which contained traces of oxides), only frac-
tion ii was of a quantity (ca. 2 mg) sufficient to give a satisfactory 19F
NMR spectrum, with resonances (all 1F multiplets unless indicated) at
d=122.89 (t, J=18 Hz), 124.45 (t, J=16 Hz), 125.98, 126.14, 126.52,
126.70 (2F), 128.77 (dd, J=8, 39 Hz), 129.55 (dd, J=19, 47 Hz), 130.65
(dd, J=20, 48 Hz), 132.34 (s), 135.45 (t, J=10 Hz), 137.36 (d, J=23 Hz),


138.23 (d, J=37 Hz), 140.27 (dd, J=11, 24 Hz), 140.48 (d, J=42 Hz),
140.82 (dd, J=5, 18 Hz), 141.20 (J=43 Hz), 142.42, 142.98, 143.08,
144.05, 144.13, 144.35 (d, J=14 Hz), 145.14 (d, J=6 Hz), 149.52, 150.08
(d, J=39 Hz), 150.47 (d, J=45 Hz), 151.33 (dd, J=6, 33 Hz), 151.59,
154.46 (d, J=5 Hz), 154.80 (d, J=7 Hz), 160.23 (9, J=19 Hz), 161.22 (m,
2F), 163.59 (dt, J=8, 25 Hz), 164.51 (dt, J=12, 45 Hz), 164.90 (dt, J=12,
45 Hz), 167.13 (dt, J=10, 25 Hz), 167.36 (dt, J=7, 21 Hz), 168.43 (dt, J=
8, 25 Hz), 168.63 ppm (dt, J=6, 21 Hz).


Density functional theory (DFT) calculations were by performed using
the AIMPRO program[17] in the cluster approach. The program uses
pseudopotentials and basis sets consisting of atom-centred Gaussian orbi-
tals (s, p for carbon; s, p, d for fluorine). Semiempirical AM1[18] calcula-
tions were carried out by using the program MOPAC.[19]
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Introduction


In recent work, we have used sterically hindered phospho-
lide anions to study the synthesis of phosphametallocenes
containing the late transition metals.[1–3] The challenge in
this area stems from the fact that incoming electrophiles


tend to react initially at the phosphorus atom of the phos-
pholide[4–6] so that, for soft metals, phosphido-bridged
dimers[7] are often obtained in place of the desired h5-sand-
wich complexes. These may be seen even in cases which
appear particularly favourable to h5-coordination, as exem-
plified in Equation (1).[8]


Phosphacobaltocenes and phosphanickelocenes are there-
fore difficult targets because the drive for the m2-mode
might be expected to rise as the number of M-L antibonding
electrons in the sandwich complexes increases from Fe to


Abstract: The reaction of the bulky
phospholide salt Li(2,5-
tBu2PC4H2)·2THF (1; THF= tetrahy-
drofuran) with [NiCp*(acac)] (HCp*=
pentamethylcyclopentadiene, Hacac=
acetylacetone) gives the green air-sen-
sitive phosphanickelocene [NiCp*(2,5-
tBu2PC4H2)] (2) in yields of about
85%. An X-ray structural determina-
tion of 2 shows long Ni�ring bonds and
“delocalised” ring P�C and C�C bonds
characteristic of a classical 20-valence-
electron (ve) nickelocene. The elec-
tronic structure of 2 has been clarified
through a combined Amsterdam densi-


ty functional (ADF) and photoelectron
spectroscopic study, which indicates
that the higher lying semi-occupied
molecular orbital (SOMO) (�5.82 eV)
has a’ symmetry and that the phospho-
rus “lone pair” is energetically low-
lying (�8.15 eV). Oxidation of phos-
phanickelocene 2 by AgBF4 occurs
quantitatively to give the correspond-


ing air-sensitive orange phosphanickel-
ocenium salt [NiCp*(2,5-tBu2PC4H2)]-
[BF4] (3). This complex has also been
characterised by an X-ray crystallo-
graphic study, which reveals long Ni�
Ca and short Ca


�Cb bonds in the phos-
pholyl ligand indicative of a SOMO
having a’’ symmetry. PMe3 reacts with
2 at room temperature to provoke a
ring-slip reaction that gives the 18ve
complex [NiCp*h1-(2,5-tBu2PC4H2)-
(PMe3)] (4), but shows no reaction
with the phosphanickelocenium salt 3
under the same conditions.


Keywords: density functional calcu-
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Ni. We have recently had some
success in using the 2,5-di-tert-
butylphospholyl ligand 5[1] to
prepare a variety of unusual di-
amagnetic phosphametallocenes
6–8[1,2] and the first stable
monophosphacobaltocene 9,[3]


and were interested to employ
the same ligand in an attempt
to generate and understand an
example of the still-unknown
class of paramagnetic phospha-
nickelocenes.[9–11]


A number of previous studies
could potentially have given
rise to phosphanickelocenes.
The earliest, employing heavily
substituted di- and triphospho-
lide anions, gave diamagnetic
mononuclear 18ve ring-slipped
sandwich complexes 10[12] and
11.[13] One of these was fluxio-
nal,[13] but neither showed para-
magnetism. A related nickel h3-triphosphacyclopentenyl
complex was also prepared.[14] The study most closely resem-
bling the work presented here involved the reaction of a tet-
ramethylphospholide anion with [NiCl2] which gave an 18ve
bridged dimeric species 12.[7] Finally, a much more recent
study using triphospholide anions in reactions with [Ni-
(PPh3)2Cl2] and [NiCl(PPh3)NO] gave 18ve monomers and
dimers (Scheme 1) but no evidence for a 20ve species.[15, 16]


The phosphanickelocene 2 and phosphanickelocenium salt 3
described here therefore constitute the first genuine 20- and
19ve sandwich complexes of phospholyl ligands at nickel
centres.


Synthesis : Monophosphanickelocene 2 can be prepared in
excellent yield by addition of the lithium phospholide
Li(2,5-tBu2PC4H2)·2THF (1)[17,18] to [NiCp*(acac)][19,20] in
THF at �78 8C [Eq. (2)]. After the mixture had been
warmed to room temperature, an extraction into degassed
pentane and purification by sublimation (40 8C, 1O
10�2 mmHg), gave 2 as air-sensitive green needles in yields
of about 85%.


Complex 2 is stable in dry degassed pentane, toluene and
dichloromethane and may be handled briefly (1–2 min) in
air in the solid state. Electrochemical studies show a clean
and reversible oxidation wave (+0.03 V in THF, SCE) and
the phosphanickelocene undergoes a quantitative reaction


Abstract in French: La r action du sel de phospholure en-
combr Li(2,5-tBu2PC4H2)·2THF 1 (THF= tetrahydrofura-
ne) avec [NiCp*(acac)] (HCp*=pentam thylcyclopentadi2-
ne, Hacac=acetylacetone) fournit le phosphanickeloc2ne
[NiCp*(2,5-tBu2PC4H2)] 2, produit vert et sensible 4 l’air,
avec un rendement de 85%. La structure de 2 au rayons -X,
qui met en  vidence des liaisons Ni-cycle longues et les liai-
sons PC et CC d localis es, est en bon accord avec une struc-
ture classique de m talloc2ne 4 20  lectrons de valence (VE).
D’apr2s des  tudes de spectroscopie photo lectronique (PES)
et des calculs ADF (Amsterdam Density Functional), la com-
binaison nonliante du phosphore se trouve 4 �8.15 eV et la
SOMO la plus haute, de sym trie a’, est 4 �5.82 eV. Le phos-
phanickeloc2ne 2 subit 4 une oxydation propre en pr sence
de AgBF4 pour fournir quantitativement le sel de phosphanic-
keloc nium [NiCp*(2,5-tBu2PC4H2)][BF4] 3, produit orange
et sensible 4 l’air. La structure de 3 aux rayons-X met en  vi-
dence des liaisons Ni-Ca et Ca-Cb courtes, ce qui est en
accord avec la SOMO de sym trie a’’ qui est calcul par
ADF. En r action avec la trim thylphosphine, 2 subit un glis-
sement de cycle pour donner le complexe 4 18e [NiCp*h1-
(2,5-tBu2PC4H2)(PMe3)] 4. Dans les mÞmes conditions, le sel
de phosphanickeloc nium 3 reste inerte.


Scheme 1. Interaction of the triphospholide source 13 with NiII precur-
sors.
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with silver tetrafluoroborate in dichloromethane to give,
after removal of elemental silver, an air-sensitive solution of
the phosphanickelocenium salt [NiCp*(2,5-tBu2PC4H2)][BF4]
(3) [Eq. (3)]. The orange-gold complex 3 obtained after re-
crystallisation from chloroform–toluene is stable in degassed
dichloromethane but is unstable over protracted periods in
tetrahydrofuran.[21] It may be handled for short periods in
air.


X-ray diffraction studies: Good quality monocrystals of
phosphanickelocene 2 suitable for an X-ray diffraction study
were obtained by reduced pressure (1.10�2 mmHg) sublima-
tion at 40 8C and measured under a stream of cold nitrogen
at 150 K. Refinement converged straightforwardly upon a
classical sandwich complex where the eclipsed Cp* and
phospholyl ligands straddle a mirror plane lying perpendicu-
lar to the phospholyl ligand and bisecting the P and Ni
atoms (Figure 1, Table 1). Sites of residual electron density


were found between the centroid-Ni-centroid axis and the
Cb atoms on the side of the five-membered rings remote
from the nickel atom. In total, they represented two elec-
trons.


Crystals of the phosphanickelocenium salt 3 were grown
by diffusion of toluene into a chloroform solution of the
complex and were also measured under cold nitrogen at
150 K (Figure 2, Table 1). As with the isoelectronic phospha-
cobaltocene,[3] the ligands are slightly staggered and the
complex shows a C13-Ct1-Ct2-P1 dihedral angle of 17.78.
The shortest heavy atom contacts between the anion and
the cation (both 3.06 P) are from F4 to C15 and C16 and
the influence of the anion appears to be reflected in an ab-
normally long P1�C4 bond (1.800(2) P). Sites of residual
electron density totalling one electron were found in similar
zones to those in 2.


For comparative purposes, the phosphaferrocene 17 was
prepared by using classical chemistry [Eq. (4)], sublimed
and also investigated crystallographically (150 K, Figure 3).
It provides a useful benchmark for the class of [MCp*(2,5-
tBu2PC4H2)] structures, which also includes M=Co+ ,[2]


Rh+ ,[2] Co[3] and Ru.[17]


The phospholyl and pentamethylcyclopentadienyl ligands
in the phosphanickelocene 2 display ring bond lengths and
angles that are quite similar to those in the phosphaferro-
cene 17 (Figure 4). These confirm a broadly cylindrical elec-
tron density distribution about the centroid-Ni-centroid axis
which is in sharp contrast with more localised bonding
schemes found for the slipped di- and triphospholyl ligands
in the 18ve nickel-containing complexes 10[22] and 11.[13] The
major differences between the phosphaferrocene 17 and the
phosphanickelocene 2 are found in the metal–ring distances.
These are all longer in 2 but show a distinct trend, moving
from M�Cb (7.3% longer in the Ni case) to M�Ca (6.1%)
and M�P (4.2%) with values to the Cp* also being between
7.0 to 5.7% longer in 2. The disproportionately small in-
crease in the Ni�P bond length and preferential dissociation
of the carbon atoms from the phosphametallocene with in-
creasing electron count suggest the possibility of a soft po-
tential surface for an h5- to h1- ring shift. This is investigated
below.


Although the phosphanickelocenium structure 3 is pertur-
bed by the presence of the anion, it shows a distinct shorten-
ing (by 1.5%) of the mean Ca�Cb and lengthening of the
Cb�Cb’ and Ni�Ca separations (2.1 and 4.8% respectively)
relative to the phosphaferrocene 17 (Figure 5). The Ni�Ca


Figure 1. Molecular structure of phosphanickelocene 2. Selected inter-
atomic lengths [P]: P2�C1 1.774(2), C1�C2 1.419(3), C2�C2’ 1.419(4),
C7�C8 1.422(3), C8�C9 1.427(3), C9�C9’ 1.424(4). Primed and unprimed
atoms are related by the molecular mirror plane.
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bonds also lengthen disproportionately (+4.8%) relative to
Ni�P and Ni�Cb (+2.0 and +2.8%, respectively). These
data unambiguously identify the a’’ symmetric orbital (pas,
Figure 6) as the principal phospholyl component of the
SOMO.[23] Similar changes are found in the isoelectronic
phosphacobaltocene 9[3] but, except for the degree of Cb


�Cb’


lengthening, the effects are
more pronounced in the phos-
phanickelocenium case.


Nuclear magnetic resonance
measurements : Complexes 2
and 3 give distinctive solution
1H NMR spectra[24] that exhibit
the classical arrangement of
high-field CH and low-field tBu
and Cp* protons which typify
alicyclic nickelocene and nickel-
ocenium salts,[24, 25] as a result of
positive ligand spin density at
the ring carbon atoms. For the
phosphanickelocene 2, both the
CH and CMe shifts lie slightly
downfield from their analogues
in [NiCp2] and [NiCp*2 ] ;


[26] these
downfield shifts are also in
agreement with DFT results
which show greater mean spin
density on the Cp* ring carbon
atoms than those of the phos-
pholyl ligand CH carbon atoms
in 2 (see Table 2).


The phosphanickelocenium salt 3 shows Cp* proton
chemical shifts close to those found in the related nickeloce-
nium salts[24] but a numerically small value for the CH
proton shifts. As with the corresponding phosphacobalto-
cene 9, this reflects the relatively small spin density at the
phospholyl b carbon atoms.[3] The broad upfield-shifted 31P


Table 1. A summary of data pertaining to the crystal structures of complexes 2, 3, 4 and 17 and their refine-
ment.[a]


Compound 2 3 17 4


Mr [Daltons] 389.16 475.99 386.32 465.25
space group Pnma P21/c P1̄ P21/n
a [P] 11.4882(3) 13.431(5) 10.7778(4) 11.035(5)
b [P] 17.7814(7) 10.089(5) 12.8962(3) 14.378(5)
c [P] 10.5541(5) 17.431(5) 16.5175(5) 17.114(5)
a [8] 90 90 78.753(2) 90
b [8] 90 92.190(5) 79.230(1) 108.550(5)
g [8] 90 90 70.839(2) 90
U [P�3] 2155.95(14) 2360.3(16) 2108.19(11) 2574.3(17)
Z 4 4 4 4
1calcd [gcm


�3] 1.199 1.340 1.217 1.200
F(000) 840 1004 832 1008
m [cm�1] 0.975 0.927 0.792 0.886
h [8] �16 to 15 �17 to 17 �15 to 15 �15 to 15
k [8] �25 to 16 �10 to 13 �18 to 18 �18 to 20
l [8] �14 to 14 22 to 22 �23 to 23 �24 to 23
size [mm] 0.18O0.12O0.08 0.20O0.16O0.04 0.18O0.18O0.18 0.32O0.24O0.08
independent refl 3238 5390 12202 7383
refined refl 2740 4158 9369 5961
wR2 [I>2s(I)] 0.1203 0.0837 0.0921 0.1005
R1 0.0447 0.0326 0.0376 0.0336
GOF on F2 1.019 1.030 1.047 1.090
max peak; min hole [eP�3] 2.49(8); �0.55(8) 0.42(6); �0.36(6) 0.40(6); �0.45(6) 0.53(8) �0.36(8)


[a] All structures measured on collected on a Kappa CCD diffractometer using graphite-monochromated
MoKa radiation of l=0.71070 P at 150 K. In all cases reflections with intensity >2s(I) were refined on F2


using direct methods in SHELXL. CCDC-258269 (2), CCDC-258270 (3), CCDC-258271 (17), CCDC-258272
(4) 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.


Figure 2. Molecular structure of phosphanickelocenium salt 3. Selected
bond lengths [P]: P1�C1 1.786(2), P1�C4 1.800(2), C1�C2 1.400(2), C2�
C3 1.443(2), C3�C4 1.390(2), C13�C14 1.454(2), C14�C15 1.410(3), C15�
C16 1.447(3), C16�C17 1.415(2), C17�C13 1.429(2).


Figure 3. Molecular structure of one of the two crystallographically dis-
tinct molecules found in the unit cell of phosphaferrocene 17. Mean se-
lected interatomic lengths [P]: P1�C1 1.785(2), C1�C2 1.417(2), C2�C3
1.411(2), C13�C17 1.423(2), C13�C14 1.427(2), C14�C15 1.424(3).
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resonance (�190 ppm, n1/2 350 Hz) found in the phospha-
nickelocenium salt 3 implies a small and negative electron
spin density at phosphorus[3] and is consistent with the a’’-
symmetric SOMO found in the gas-phase calculations for 3.
The formal reduction of 3 to 2 populates the a’-symmetric
orbital and places significant unpaired spin density on the
phosphorus. Consistently, no 31P resonance could be detect-
ed for 2 between �3000 ppm.


Photoelectron spectroscopy : The He I and He II photoelec-
tron (PE) spectra of [NiCp*(2,5-tBu2PC4H2)] (2) are shown
in Figure 7 and ionisation energies (IEs) are given in
Table 3. The spectra are consistent with a genuine metallo-


cene formulation and the low-energy region, bands A–C,
strongly resembles those found in [NiCp*2 ] and [NiCp2].


[27]


The first two ionisations are little separated and appear at
essentially the same energy as the degenerate e1g pair in
[NiCp*2 ] . The remaining bands are in accord with earlier
work but the multiplicity and overlapping nature of ionisa-
tions between 7–9 eV means that, except for the phospho-
rus-derived bands, the individual components can only be
ordered precisely by numerical calculation (below).


Band D, at 8.94 eV, is more intense in the PE spectrum of
2 than in that of [NiCp*2 ]. It also shows diminished relative
intensity in the He II spectrum, as does band C. Such char-
acteristics are consistent with ion states associated with the
phosphorus atom of the phospholyl ring. These ionisations
are very similar to those of the corresponding phosphacobal-
tocene 9 (8.24, 8.89 eV)[3] and are markedly easier to effect
than those in simple organic compounds containing sp2-hy-


Figure 4. A comparison of bond lengths (P) for the phospholyl ligand in
[NiCp*(2,5-tBu2PC4H2)] (2 ; normal text) and [FeCp*(2,5-tBu2PC4H2)]
(17; bold; mean values from the two crystallographically distinct mole-
cules). Left: intracyclic separations, right: distances to the metal.


Figure 5. A comparison of bond lengths (P) for the phospholyl ligand in
[NiCp*(2,5-PC4tBu2H2)][BPh4] (3 ; normal text) and [FeCp*(2,5-
PC4tBu2H2)] (17; bold; mean values from the two crystallographically dis-
tinct molecules). Left: intracyclic separations, right: distances to the
metal.


Figure 6. Phospholyl p-symmetric combinations.


Table 2. Paramagnetic shifts for selected sandwich phosphametallocenes
[MCp*(2,5-tBu2PC4H2)] quoted relative to phosphaferrocene 17 (cations
as BF4 salts). 1H NMR data for Cp*, CH and tBu protons and 31P data
for phosphorus.


CH Cp* tBu P solvent


Co+ [2] (7) �0.5 �0.6 0.1 �63 CDCl3
Fe (17) 0 0 0 0 C6D6


Co[3] (9) 20.3 �40.6 �5.5 47 C6D6


Ni+ (3) 52.8 �110.9 �11.6 121 CD2Cl2
Ni (2) 184.7 �261.2 �14.4 C6D6


Figure 7. He I and He II PE spectra for [NiCp*(2,5-tBu2PC4H2)] 2.


Table 3. Calculated and experimental IE for [NiCp*(2,5-tBu2PC4H2)] (2),
comparison with those of [NiCp2] and [NiCp*2 ], and assignments of the
metallocene bands.


Orbital MCp2 IEcalcd [eV] IEexptl [eV] MCp2


analogue a Spin b Spin 2 [NiCp*2 ] assignment


42a’ e1g* 5.65 – 5.82 (A) 5.82 2E1g


32a’’ e1g* 5.80 –
31a’’ e1u 7.40 7.10 7.39 (B1) 7.47 4E1u,


2E1u


41a’ e1u 7.41 7.18
40a’ e2g 7.74 7.42 7.67 (B2) 7.71 4A2g,


4E2g.


30a’’ e2g 7.97 7.58
39a’ a1g 7.99 7.64
38a’ Ps 8.33 7.97 8.24 (C) 8.40 2A2g,


4E1g,
2E2g


29a’’ e1g 8.78 8.11
37a’ e1g 9.02 8.52 8.94 (D) 8.50 2E1g
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bridised phosphorus centres such as phosphinines,[28–30] phos-
phaalkynes[31,32] or phosphaalkenes,[33,34] and other phospha-
metallocenes.[35–37] However, they remain high with respect
to classical phosphines[38] so that the phosphorus centre
must be characterised as weakly basic.


Density functional calculations: Geometry optimisations
were performed for 2, 3 and 17 with spin states 1, 1/2 and 0,
respectively. Cs symmetry was assumed. Little energy differ-
ence was found between structures with a staggered or
eclipsed conformation of the rings and the results for a stag-
gered conformation are reported. Figure 8 compares the ex-


perimental with the calculated distances. The results are in
good agreement with the X-ray data; in particular, the
series trends outlined above are reproduced by the DFT cal-
culations. The geometry of [NiCp*(2,5-tBu2PC4H2)] was also
optimised with a spin state of 0. This was found to lie
0.42 eV higher in energy than the triplet state consistent
with the paramagnetic state observed experimentally for 2.


Key orbitals are shown as isosurfaces in Figure 9. The two
half-occupied orbitals of 2, 42a’ and 32a’’, resemble strongly
the e1g orbitals of nickelocene and are metal ligand anti-
bonding. Their occupancy is the cause of the longer Ni�P
and Ni�C bond lengths found for 2 compared with 17 where
they are unoccupied. The higher lying SOMO 42a’ is of a’
character. It shows strong localisation on the phosphorus
atom. The calculated energy gap to the lower-lying SOMO
32a’’, which has a node at phosphorus is 0.16 eV, in accord
with the quasidegeneracy of the PE ionisations. For 3 only


32a’’ is half-occupied. The shortening of Ca
�Cb and length-


ening of the Cb
�Cb’ compared with 17 is consistent with the


nodal properties of 32a’’. Also the node at P accounts for
the small change in M�P distance between 17 and 3, where-
as the half-filling of 42a’ results in a significant increase in
Ni�P bond length in 2.


Calculated spin densities for 2 and 3 are shown in Table 4.
The P has a large positive spin density in 2 as a consequence
of the population of 42a’ and a small negative spin density


in 3 as inferred from the NMR studies. In both cases the
spin density on the Cp* ring carbon atoms is greater than
that on the phospholyl ligands, and that on the phospholyl b
carbon atoms of 3 is the smallest.


The calculated IEs are given in Table 3 and have been
used to assign the PE bands. Agreement between the calcu-
lated and experimental values is very good for the first band
that is assigned to the two high-lying half-occupied orbitals
42a’ and 32a’’.


Band A shows the greatest intensity increase in the HeII
spectrum. This is generally the case with metallocene e1g


Figure 8. A comparison of experimental (normal text) and calculated
(bold) bond lengths concerning the phospholyl ligand (2,5-tBu2PC4H2) in
2 (top), 3 (middle) and 17 (bottom). Left: intracyclic separations, right:
distances to the metal (P).


Figure 9. ADF-calculated isosurfaces for the SOMOs a) 42a’ and b) 32a’’
and principal phosphorus-containing orbitals c) 38a’ and d) 37a’ in 2.


Table 4. Calculated spin densities on atoms in 2 and 3.


Atom 2 3


Ni 1.003 0.428
P 0.131 �0.025
Ca 0.068 0.106
Cb 0.074 0.026
Cp* C 0.112, 0.117, 0.111 0.134, 0.029, �0.028
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ionisations and may be attributed to a shape resonance.[39]


Band B1 is assigned to ionisations from orbitals 31a’ and
41a’, the equivalent of the e1u orbitals of [NiCp*2 ] . The metal
bands associated with orbitals 39a’’, 30a’’ and 40a’ contribute
to band B2 which shows an intensity increase with increasing
photon energy attributable to Ni 3d character in the associ-
ated orbitals. Band C arises from orbitals 38a’ and 29a’’ and
band D from 37a’. The surfaces in Figure 9 show that 38a’
has P ring s character, whereas 37a’ shows the phosphoyl
ring p orbital bonding with a Ni d orbital.


A calculation on the PC4H4 anion has the energy ordering
P ring p > C ring p > P s. Thus, the ordering of the de-
rived orbitals is reversed upon complexation. The p orbitals
are stabilised by bonding to the Ni and the 37a’ a spin orbi-
tal experiences further exchange stabilisation.


The metal e1g orbitals show little change in IE upon pass-
ing from the phosphacobaltocene to the phosphanickelocene
but the e2g and a1g orbitals show the sharp rise in IE typically
found in [MCp2] complexes. The “metallocene” formulation
of 2 is therefore clearly confirmed.


Chemical stability; reaction with trimethylphosphine : Given
the existence of products 10–12,[7,12,13] and the stronger cal-
culated binding of sp2 phosphorus than carbon to the metal
centre in some phosphametallocenes,[40,41] it seems likely
that the energy barrier for ring slippage reactions of the
phospholyl ligands at nickel may be relatively small. Fur-
thermore, the spatial accessibility of the lone pairs in unhin-
dered phosphanickelocenes and phosphanickelocenium salts
will probably drive the ring-slip process. Thus, to provide a
broad approximation of the interaction of unhindered phos-
phanickelocene derivatives with themselves, 2 and 3 were al-
lowed to react with trimethylphosphine.[42] The phosphanick-
elocenium salt 3 proved inert even upon stirring at room
temperature with excess trimethylphosphine over several
days. However, reaction between 2 and PMe3 occurred in-
stantaneously and quantitatively in dichloromethane at
25 8C to give an air-stable deep purple diamagnetic complex
which was shown to be 4 by X-ray diffraction [Eq. (5)].


No further reaction was observed with excess PMe3. Com-
plex 4 gives a mass spectrum base peak corresponding to
[M+�PMe3], but gentle heating under a dynamic vacuum
gave no evidence for the liberation of trimethylphosphine or
the regeneration of 2.


The X-ray structure of 4 (Figure 10) shows the near-
planar phospholyl ring anticipated for h1-ligated phospholyl


metal complexes[22,43] and a lesser degree of C�C bond
length alternation than the bridged dimer 12,[7] thus suggest-
ing some residual phospholyl aromaticity and charge separa-
tion in the complex. The structure shows strong indications
of steric crowding. The most significant of these are the per-
fect intercalation of the C15 atom between the phospholyl
tert-butyl groups and the fold angle of 20.58 made between
the mid-point of the C2�C3 bond with the P1 and Ni1
atoms. This ensures that the phosphorus lone pair is orient-
ed towards the Cp* ligand in a position poorly adapted to
further coordination.


In the light of the existence of dimer 12 and the chemistry
above, a final series of experiments was undertaken to inves-
tigate the interaction of the relatively unhindered phospho-
lide salt K(3,4-Me2PC4H2)


[44] with [NiCp*(acac)] [Eq. (6)].
Reaction at �78 8C in THF gave an intense purple-red dia-
magnetic solution that, upon extraction with pentane and
crystallisation, gave a deep purple microcrystalline powder.
The high-field 31P NMR shift and mass spectrum showing a
peak corresponding to the molecular ion [NiCp*(3,4-
Me2PC4H2)]2


+ indicate the formation of an Arliguie/Ephriti-
khine-type[7] dimer 18, so it is improbable that the presence
of the Cp* ligand in 2 (as opposed to the two phospholyls in
EphritikhineUs case) suffices in itself to explain the stability
of the monomeric form.


Figure 10. Molecular structure of adduct 4. Selected interatomic lengths
[P] and angles [8]: Ni�P1 2.2195(7), Ni1�P2 2.1412(6), P1�C4 1.806(2),
P1�C1 1.799(2), C1�C2 1.365(2), C2�C3 1.426(2), C3�C4 1.369(2); P1-
Ni1-P2 98.41(2).
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To investigate the energetics of the dimerisation further
by means of theoretical calculation we compared the energy
of the sterically unencumbered monomer, [Ni(h-PC4H4)2]
(19) with the dimer [{Ni(h-PC4H4)(m-PC4H4)}2] (20). The
SCF energy for the dimer was found to be 140 kJmol�1


more stable than two monomers, a clear indication that the
metallocene-like monomer 2 would be stabilised by the
steric bulk of the ring substituents.


Discussion


This study provides the first demonstration that, under ap-
propriate conditions, phosphanickelocenes and phosphanick-
elocenium salts can exist as stable entities. These results are
in accord with the high aromaticity associated with the phos-
pholide anion[45–48] and underline its similarities with cyclo-
pentadienides.[49] The inherent stability of the 19ve phospha-
nickelocenium sandwich configuration is not entirely clear
at this stage because of the absence of useful phosphorus-
containing reference structures. Nonetheless, it seems evi-
dent that the 20ve (phosphanickelocene) configuration be-
comes unstable with respect to other structures as the hin-
drance about the phosphorus atom decreases or as the
number of phosphorus atoms within the phospholyl rings in-
creases.


The role of hindrance seems to be reasonably clear-cut.
For monophospholyl ligands, no clear evidence for ring slip-
page from the h5- to h3-coordination mode has appeared to
date.[50] However, both in EphritikhineUs[7] and our work it
has been possible to observe 18 ve nickel-containing struc-
tures that are formally the products of an h5- to h1-ring shift
occurring in a phosphanickelocene structure.[51–53] The X-ray
data suggesting that the carbon atoms preferentially peel
away from the metal centre upon moving from phosphafer-
rocene 17 to phosphanickelocene 2, and the DFT results
showing the high electron density at the phosphorus atom of
2, seem to indicate that the preferred structure for a simple
unencumbered “monophosphanickelocene” will be a dimer
such as 18. The 20ve configuration will become stable when


the hindrance in the coordination sphere rises sufficiently to
prevent the phospholyl ligand from adopting an orientation
favourable to bridging: a situation that clearly exists in the
structure found for 4. The factors determining the structural
changes upon passing from 2 to 10 and 11 are less obvious.
1,1’,2,2’,4,4’-hexa(tert-butyl)nickelocene is unknown and the
cocondensation of nickel atoms with 1,2,4-tri(tert-butyl)cy-
clopentadiene gives the h3-cyclopentenyl nickel complex
21[54] so it is possible that the 18ve structure observed in
11[13] may reflect steric issues.[55] However, the hindrance in
complex 10[12] is rotationally quite nicely equilibrated and in
this case the multiple tBu substitution alone seems unlikely
to impose a ring-slipped 18ve configuration. The difference
in the electronic structure can be more reasonably attributed
to the lowered HOMO–LUMO gap in the polyphospholyl
ligand and the consequent increase in its ligand field
strength.[40,56,57]


A number of other simple phosphametallocene redox
pairs[3,58,59] are known but the phosphanickelocene–phospha-
nickelocenium couple described here provides an interesting
case where significant electron spin can be switched on to or
away from the phosphorus atom by redox chemistry at the
directly bound nickel centre. Research aimed at clarifying
the implications of this effect is in progress.


Experimental Section


General : All operations were performed either by using cannula techni-
ques on Schlenk lines under an atmosphere of dry nitrogen or in a Braun
Labmaster 130 drybox under dry purified argon. Hydrated [Ni(acac)2]
was dried by azeotropic distillation with toluene[60] and Li(2,5-
tBu2PC4H2)·2THF (1) was prepared as described previously.[1,18] THF and
[D6]benzene were distilled from sodium-benzophenone ketyl and pentane
from sodium-benzophenone ketyl-tetraglyme under an atmosphere of
dry nitrogen and stored over activated 4 P molecular sieves prior to use.
Chloroform and dichloromethane were distilled from P4O10 under nitro-
gen and also stored for short periods over 4 P molecular sieves. The elec-
trochemical measurement is referenced to SCE and was made on a Digi-
tal DEA-1 apparatus at platinum electrodes under dry argon in THF
using a 0.3m nBu4NBF4 electrolyte. NMR measurements were made on a
Bruker AM 200 spectrometer and are referenced to internal C6D5H or
C4D7HO and external H3PO4. Mass spectra were obtained under 70 eV
electron impact by using direct inlet methods on a Hewlett Packard
5989B spectrometer. HeI (21.22 eV) and HeII (40.81 eV) photoelectron
spectra were recorded by using a PES laboratories Ltd 0078 spectrometer
interfaced to an Atari microprocessor. They were calibrated by using He,
Xe and N2.


Theoretical methods : Calculations were performed by using density func-
tional methods of the Amsterdam Density Functional Package (version
2000.02).[61,62] Type IV basis sets were used with triple x accuracy sets of
Slater type orbitals, with a single polarisation function added to the main
group atoms. The cores of the atoms were frozen up to 2p for Ni, 1 s for
C and 2p for P. The generalised gradient approximation (GGA non-
local) method was used, using Vosko, Wilk and NusairUs local exchange
correlation[63] with non-local exchange corrections by Becke,[64] non local
correlation corrections by Perdew.[65] Ionisation energies were calculated
by direct calculations on the molecular ions in their ground and appropri-
ate excited states and subtraction of the energy of the neutral molecule.


Pentamethylcyclopentadienyl-2,5-di(tert-butyl)phospholylnickel(ii) (2): A
solution of [Ni(acac)2] (0.500 g, 1.95 mmol) in dry and degassed THF
(25 mL) was cooled to �78 8C and treated dropwise with a THF (15 mL)


L 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 5381 – 53905388


D. Carmichael, J. C. Green et al.



www.chemeurj.org





suspension of LiCp* (0.277 g, 1.95 mmol) which had been precooled to
�78 8C. The solution was warmed slowly to �10 8C and, after stirring
until red, recooled to �78 8C and further treated with a solution of
Li(2,5-tBu2PC4H2)·2THF (0.710 g, 1.95 mmol) in THF (20 mL) at �78 8C.
After slow warming to room temperature, the green mixture was evapo-
rated to dryness, extracted into pentane (30 mL) and filtered through
celite. Further evaporation to dryness followed by sublimation (70 8C,
0.01 mmHg) gave green air- and moisture-sensitive single crystals of 2
(0.660 g, 87%). 1H NMR (200 MHz, [D6]benzene): d=263.0 (s, n1/2=


1060 Hz; Cp*), 15.7 (s, n1/2=140 Hz; tBu), �180.3 ppm (s, n1/2=1200 Hz;
CH); meff


[66,67]=2.78 BM ([D6]benzene 298 K); MS (70 eV): m/z (%): 388
(100), [M+], 331 (64) [M+�C4H9], 316 (98) [M+�C5H12].


Pentamethylcyclopentadienyl-2,5-di(tert-butyl)phospholylnickel(iii) tetra-
fluoroborate (3): Phosphanickelocene 2 (0.100 g, 0.26 mmol) was dis-
solved in dry degassed dichloromethane (15 mL) and the solution was
treated at room temperature with solid silver tetrafluoroborate (0.028 g,
0.26 mmol). The orange-red solution was stirred for 15 min, filtered
through a celite pad to remove deposited elemental silver and evaporat-
ed to dryness. Recrystallisation from CHCl3/toluene gave orange air-sen-
sitive needles of [NiCp*(2,5-tBu2PC4H2)][BF4] (3 ; 0.90 g, 74%). 1H NMR
(200 MHz, CD2Cl2): d=112.7 (s, n1/2=1340 Hz; Cp*), 12.9 (s, n1/2=


120 Hz; tBu), �48.4 ppm (s, n1/2=560 Hz; CH); 31P NMR (80 MHz,
[D6]benzene): d=�190.2 ppm (s, n1/2=350 Hz).


Pentamethylcyclopentadienyl-2,5-di(tert-butyl)phospholyliron(ii) (17):
[Cp*Fe(CO)2Br] (0.58 g, 1.76 mmol) and Li(2,5-tBu2PC4H2)·2THF (1;
0.63 g, 1.82 mmol) were stirred in THF (20 mL) for 30 min. The orange-
red solution was evaporated to dryness, extracted into dry degassed
xylene (100 ml) and refluxed under a stream of nitrogen for 3 h. After fil-
tration through celite and evaporation to dryness in vacuo, the product
was purified by sublimation (130 8C, 0.01 mmHg). Slightly air-sensitive
orange single crystals of 17 (0.37 g, 54%) were collected and stored
under nitrogen. 1H NMR (200 MHz, [D6]benzene): d=4.35 (d, 3J(P,H)=
4.6 Hz; H3), 1.79 (s, Cp*), 1.30 ppm (s, tBu); 13C NMR (50 MHz,
[D6]benzene): d=117.3 (d, 1J(P,C)=61.3 Hz; C2), 82.4 (s; CMe), 79.4 (d,
2J(P,C)=4.8 Hz; C3), 34.3 (d, 2J(P,C)=14.0 Hz; CMe3), 33.9 (d, 3J(P,C)=
7.3 Hz; CMe3), 13.1 ppm (s, CMe); 31P NMR (80 MHz, [D6]benzene): d=
�79.3 ppm; MS (70 eV): m/z (%): 386 (100) [M+], 329 (15) [M+�C4H9],
314 (45) [M+�C5H11].


Pentamethylcyclopentadienyl{h1-2,5-di(tert-butyl)phospholyl}trimethyl-
phosphinenickel(ii) (4): A solution of 2 (0.100 g, 0.26 mmol) in dichloro-
methane (20 mL) was treated with trimethylphosphine (ca. 0.05 g, excess)
at room temperature. After stirring for 20 min, the mixture was concen-
trated to about 1 mL and allowed to crystallise. Deep purple air-sensitive
crystals of 4 (0.113 g, 95%) were collected and dried in vacuo. X-ray
quality crystals were grown from pentane by slow evaporation of the sol-
vent. 1H NMR (200 MHz, [D6]benzene): d=7.14 (dd, 2J(P,H)=10.2, 3J-
(P,H)=2.1 Hz; H3), 1.63 (dd, 3J(P,H)=2.0, 0.5 Hz; Cp*), 1.61 ppm (d, 3J-
(P,H)=0.4 Hz; tBu); 13C NMR (50 MHz, [D6]benzene):d=170.6 (dd, 1J-
(P,C)=16.1, 3J(P,C)=3.8 Hz; C2), 125.5 (d, 2J(P,C)=9.7 Hz; C3), 102.7
(s; CMe), 36.3 (d, 2J(P,C)=13.3 Hz; CMe3), 35.8 (d, 3J(P,C)=5.9 Hz;
CMe3), 14.9 (d, 1J(P,C)=28.7 Hz; PMe), 11.3 ppm (d, 3J(P,C)=4.0 Hz;
CMe); 31P NMR (80 MHz, [D6]benzene): d=�7.8 (s), �9.8 ppm (s); MS
(70 eV): m/z (%): 388 (100) [M+�PMe3], 331 (63) [M+�PMe3


+�C4H9],
316 (88) [M+�PMe3


+�C5H11].


Bis(pentamethylcyclopentadienyl)-bis-m2-(3,4-dimethylphospholyl)dinick-
el(ii) (18): A �78 8C solution of [Ni(acac)2] (0.196 g, 0.76 mmol) in dry
and degassed THF (50 mL) was treated dropwise with a THF (15 mL)
suspension of LiCp* (0.108 g, 0.76 mmol), which was precooled to
�78 8C. After warming slowly to 0 8C, the deep red solution was recooled
to �78 8C and treated with a solution of K(3,4-Me2PC4H2) (0.200 g,
0.76 mmol) in THF (20 mL) at �78 8C. After slow warming to room tem-
perature, the deep purple mixture was evaporated to dryness, extracted
into pentane and filtered through celite. Concentration gave purple es-
sentially air-stable microcrystals of 18 (0.28 g, 67%). 31P NMR (80 MHz,
[H8]THF): d=�129 ppm. MS (70 eV): m/z (%): 608 (12), [M+], 304
(100) [(M/2)+].
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Mesoporous Silica Nanoreactors for Highly Efficient Proteolysis
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Introduction


Over the last decade, mesoporous silicas (MPSs) have
emerged as a new type of solid host for enzyme immobiliza-
tion/catalysis due to their open pore structure, uniform pore
size distribution, and large pore volume.[1–6] The stability
and reusability of entrapped enzymes are enhanced for en-
zymatic hydrolysis of small organic molecules, however, the
reaction efficiency is generally lower than that of free en-
zymes in solution.[1,3,7–9] Additionally, MPS-based nanoreac-


tors are expected to have a significant effect on reactions in-
volving proteins, as the MPS pore size is comparable to pro-
tein size and the internal surface may show a specific affinity
for the reactants.


Proteolysis by trypsin is an essential step for generating
peptide fingerprints for protein identification in proteomic
analysis.[10] The conventional time-consuming digestion pro-
cess suffers from incomplete digestion and low protein-se-
quence coverage.[11] Efforts to increase tryptic digestion effi-
ciency by immobilizing enzymes in confined zones of a ca-
pillary,[12,13] packed beads,[14] porous silicon,[15] and porous
polymer monoliths[16] have been reported. These microreac-
tors, varying in size from several hundred nanometers[16] to
millimeters,[12, 13,17] could offer the advantages of rapid analy-
sis, reduced sample consumption, and reduced cost. Very re-
cently, we have developed a new device for protein diges-
tion that is based on a highly ordered mesoporous silica,
FDU-12.[18] Interestingly, this class of nanoreactors was
found to simultaneously achieve highly efficient substrate
entrapping and unfolding, enzyme flashing, and protein di-
gestion, distinguishing them from microscale fluidic devi-
ces.[12,13, 17]


Herein, we investigate the unique influence of MPS on
the enzymatic digestion of biomolecules. The widely studied
MPS SBA-15 was employed as a nanoreactor for tryptic di-
gestion of myoglobin because both its surface character and
macrostructure can be independently modified to allow the
exhaustive study of each individual effect.


Abstract: Protein digestion inside the
nanoreactor channels of mesoporous
silica (SBA-15) is reported, and evalu-
ated by using peptide-mass mapping.
Both proteases and substrates were ef-
ficiently captured within these biocom-
patible nanoreactors. After 10 minutes,
the mass spectrum of the protein di-
gests released from the mesoporous-
silica-based nanoreactors revealed the
presence of eight peptides covering


58 % of the protein sequence with an
intense signal (signal/noise ratio >70).
In comparison, the conventional over-
night in-solution digestion of proteins
under otherwise identical conditions
generated only three peptides (27% se-


quence coverage). We propose that this
order-of-magnitude increase in the pro-
teolytic reaction rate is mainly attribut-
ed to two factors: substrate enrichment
within mesoporous silica channels and
enzyme immobilization. The surface
properties and macrostructure of the
mesoporous silica were studied to
reveal their significant influence on
proteolytic reactions.


Keywords: mass spectrometry ·
mesoporous materials · nanoreac-
tors · peptides · proteolysis
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Results and Discussion


Mesoporous silica SBA-15[19] consists of one-dimensional
mesochannels packed in a two-dimensional hexagonal struc-
ture. SBA-15 materials of different particle size and surface
character were synthesized to construct the silica-based
nanoreactors for accommodation and reaction of the pro-
tease (trypsin, Mr=25400 Da, pI is this the isoelectric point
(IEP) =8.23) and the substrate (myoglobin, Mr=16900 Da,
pI=7.36). Transmission electron microscopy (TEM) images,
X-ray diffraction (XRD) patterns, and N2-sorption isotherms
(Figure 1; see Supporting Information SI-1 and SI-2) were
used to confirm that the SBA-15 materials consisted of
highly ordered, hexagonally arranged mesochannels with a
pore diameter of ~8 nm. These different materials were em-
ployed as nanoreactors for protein adsorption and tryptic di-
gestion.


At pH 6.5, trypsin and myoglobin are positively charged
and were rapidly (less than 1 min) captured into the nega-
tively charged mesochannels of SBA-15. After entrapment,
no protein was detected in the supernatant with UV-visible
spectrometry. It is widely accepted that when the mesopore
diameter is sufficiently large for “comfortable” entrapment
of biomolecules, proteins penetrate deep into mesoporous
networks rather than adsorb onto the external surface.[1,4, 20]


In our case, the pore diameter (~8 nm) of SBA-15 is twice
the globular diameter of proteins (~4 nm); therefore, we be-
lieve that the majority of the proteases and substrates were
completely entrapped within the mesochannels. Moreover,
the rapid entrapment of 15 wt % myoglobin or trypsin
within SBA-15 was also ob-
served. This rapid and high-ca-
pacity absorption is caused by
in-pore entrapment instead of
external site binding.[21]


The subsequent proteolysis of
the entrapped myoglobin was
triggered by adjusting the pH
of the buffer from acidic
(pH 6.5) to basic (pH 8.2). The
electrostatic interaction be-
tween the proteins and the neg-
atively charged silica walls
limits the motion of entrapped
enzymes and proteins, however,
the high-capacity (up to
50 wt %) adsorption of proteins
within the mesochannels of
SBA-15 suggested that the ra-
tional translational and rota-
tional motions of entrapped
proteins had been preserved to
achieve such a crowded “pack-
ing”.[21] This is mainly due to
the open pore structure of mes-
oporous silica and the noncova-
lent interaction between the


silica surface and the protein. The motions of entrapped bio-
molecules may allow them to move inside the mesochannels
to meet each other and achieve the desired digestion.
During the rapid buffer pH alteration, no protein was re-
leased from the mesochannels into solution, as monitored
by means of UV-visible spectrometry. Matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry[22] was used to analyze the digestion products
generated from different nanoreactors. Proteolysis efficiency
was evaluated based on protein identification results using
peptide-mass fingerprinting (PMF) and the peptide peak in-
tensity in the PMF spectra (Figure 2).[23]


Figure 1. Typical TEM image of a mesoporous silica SBA-15 sample (S-2-
SH) with thiol functionalization after removal of the block copolymer by
solvent extraction.


Figure 2. PMF spectra of myoglobin proteolysis products from protein digestion in SBA-15 (S-2-SH) nanoreac-
tors (top) and in solution (12 h; bottom).
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Substrate-enrichment effect : Surprisingly, the mass spectrum
of the product obtained from the 10 minute proteolysis of
myoglobin inside the mesochannels of SBA-15 (sample S-2-
SH) yielded intense peaks (signal/noise ratio (S/N)>70).
This mass spectrum provided the confident identification of
8 peptides (Table 1, Figure 2, and Supporting Information
SI-3), with a MOlecular Weight SEarch (MOWSE) score of


164 (a score of 61 is the identification threshold value for
peptide peaks of S/N>3). Thus, highly efficient proteolysis
was achieved in SBA-15 nanochannels. In contrast, even
after a 12 h incubation period of predenatured myoglobin in
solution in the presence of trypsin, its PMF failed to be
identified (MOWSE score of 57, below the threshold for
identification). In fact, in-solution digestion generated only
two peptides at the similar S/N level after a 6 h reaction and
three peptides after overnight incubation (based on analysis
of the mass spectrum). The difficulty in digesting this rigid-
structure protein by free enzymes has been reported in
other studies.[11] It is noteworthy that in our case, we applied
the same enzyme/substrate ratio (E/S=1:2) for both in-solu-
tion and in-nanoreactor digestion. For the in-solution meas-
urements, the autolysis signals from the free enzyme signifi-
cantly complicated the mass spectra and interfered with pro-
tein identification. But, as shown in Figure 2, enzyme en-
trapment in nanoreactors minimized undesired autodiges-
tion while maintaining a remarkably high proteolytic
efficiency, one advantage of enzyme immobilization. The


isoelectric points of trypsin and myoglobin are 8.23 and
7.36, respectively. It suggests that in the buffer solution of
pH 7.5–8.0, the trypsin can be tightly attached to the silica
surface, and its motion and collision at high concentration
can be well restrained. This could partially explain why au-
tolysis of the trypsin is avoided in our system and the diges-
tion of substrate protein was preferred predominantly.
Moreover, the processing of the proteolytic reaction also de-
pends on the accessibility of the tryptic cleavage sites of the
protein. We have found that the myoglobin entrapped in
mesopores undergoes an in situ unfolding, which makes its
cleavage sites more exposed;[18] whereas, the trypsin is able
to resist to some extent the denaturing force exerted by
mesoporous silica and remains active in the same way that it
does in the partially denaturing environment of 2m
urea.[18,29]


Accordingly, the increased number of identified peptides
obtained from protein digestion in the MPS-based nanoreac-
tors resulted in a higher sequence coverage compared to
those obtained from in-solution proteolysis (58 % vs 27 %).
Furthermore, a close comparison of the mass spectrum in-
tensity due to a single peptide (m/z=748.4, Figure 2) gener-
ated from digestion in the silica-based nanoreactors and
from digestion using typical solution methods, revealed that
the S/N ratio was increased 15-fold by digestion in the nano-
reactors using the identical instrumental settings. Although
the peak signal of MALDI spectra is generally only semi-
quantitative, the reproducible PMF from five pairs of solu-
tion and nanoreactor samples, and the large difference in
peak intensity between in-nanoreactor and in-solution sam-
ples, strongly indicated that proteolysis within nanoreactors
generates far more abundant peptides in much less time
than the in-solution reaction. Prolonged digestion in SBA-15
nanoreactors did not produce additional peptide peaks or
higher sequence coverages, suggesting that the proteolytic
reaction within the nanoreactors rapidly reached its equilib-
rium status within the initial 10 minutes. In contrast, in-solu-
tion proteolysis produces additional peptides during the
course of several hours (sequence coverage increased from
20 % at 6 h to 27 % at 12 h).


We have discussed the interesting discovery of substrate
unfolding (which can substantially facilitate proteolysis) in
MPS-based nanoreactors elsewhere:[18] in this paper, we
mainly emphasized the substrate enrichment within the reg-
ular arrays of mesochannels in SBA-15, which we suggest is
responsible for the remarkable acceleration of the proteolyt-
ic reaction. According to previous studies,[24] the reaction
rate of proteolysis is dependent on the concentration of the
enzyme and substrate, the pH, the temperature, and the ex-
istence of inhibitors or activators. In our case, all these fac-
tors were kept constant for both in-solution and in-nano-
reactor proteolysis. However, the local concentration of the
protease and substrate (trypsin and myoglobin) was dramat-
ically increased to ~100 times that of those in solution by
their entrapment within the SBA-15 nanoreactor (according
to the pore volume of SBA-15 and the solution volume;
Figure 3).


Table 1. Comparison of the proteolytic efficiency of trypsin/MPS biocata-
lysts and free enzyme.


SBA-15
samples[a]


Protein
score


Peptide
matches[b]


Sequence
coverage


S-26-Ext 52 3 13%
S-6-Ext 51 3 20%
S-2-Ext 97 5 44%
S-2-SH 164 8 58%
S-2-MW 78 4 23%
S-2-Cal 0 0 0%
free trypsin (6 h) 40 2 20%
free trypsin (12 h) 57 3 27%


[a] SBA-15 samples are denoted as S-X-Ext, -SH, -MW, and -Cal. X rep-
resents the particle size measured by a laser-light-scattering spectrome-
ter; -Ext, -MW, and -Cal indicate that templates of the sample were re-
moved by ethanol extraction, microwave digestion, and calcinations, re-
spectively; -SH signifies that the sample was thiol-functionalized (2 wt %)
by an in situ synthesis,[10] and templates were removed by ethanol extrac-
tion. [b] Theoretically, myoglobin can generate 18 peptides (containing at
least 2 amino acids) without missed cleavages, but some of them are too
small to be detected by MALDI-TOF, such as YK, HK, or FK. General-
ly, sequence coverage is a preferred parameter for evaluating protein
identification and it can reflect digestion efficiency when other experi-
mental conditions are optimized. Apparently, the ideal sequence cover-
age is 100 %, which is rarely achieved due to the limitation of instrumen-
tal sensitivity, detection bias, and so forth, and it significantly depends on
the S/N cutoff defined in a database search. In our case, the best hit for a
specific SBA-15-based nanoreactor is 79% using peptide peaks with S/
N>20, or 58% with S/N>70. The values are high enough for confident
identification given that the common threshold is around 20–25 %.
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Because we used a large E/S ratio (1:2), increasing the
enzyme concentration was expected to have little influence
on the overall reaction rate.[24] Therefore, we expected at
least a 100-fold increase in the reaction rate obtained within
SBA-15 nanoreactors, compared with the in-solution reac-
tion, as a result of the increased substrate concentration (if
we assume that the reaction follows first-order kinetics). In
our experiments, the proteolysis rate in the mesochannels of
SBA-15 was estimated to be 300–400 times faster than
that for in-solution digestion according to PMF signal inten-
sity and reaction time to reach equilibrium. The order-of-
magnitude agreement between the observed kinetics and
the kinetics predicted by simple concentration arguments
supports our model of substrate enrichment within the
nanoreactor.


Surface-character effect : Different surface properties of
SBA-15 resulted in drastically different performances as
solid hosts for enzymatic catalysis. It has been reported that
specific surface functionalization can modify the activity of
enzymes entrapped within MPSs for small-molecule hydrol-
ysis compared with the free enzyme.[5,7]


In the present study, placing trypsin inside thiol-function-
alized SBA-15 (S-2-SH) demonstrated the highest catalytic
efficiency, while the enzyme entrapped in the S-2-Cal
sample showed the lowest activity (S-2-SH>S-2-Ext>S-2-
MW@S-2-Cal, see Table 1 and the Experimental Section)
when all other factors were held constant. Ethanol extrac-
tion was found to be effective in both removing the organic
templates (block copolymers) from mesoporous silica and
providing an optimized mesoscopic environment for highly
efficient biocatalysis. In comparison, removal of the block
copolymer templates by calcination resulted in poor perfor-
mance (no peptides detected for sample S-2-Cal). We sus-
pect that the mesoporous silica treated by ethanol extraction
features abundant hydroxyl groups on the silica wall. The
strong interaction between protein substrates and silanol
groups (Si�OH) abundant on the mesochannel walls would
likely accelerate the unfolding process and expose more
cleavage sites to be accessed by proteases.[18,25] The channel-
wall interactions with trypsin do not appear to cause confor-
mational changes sufficient enough to deactivate the catalyt-
ic properties of the enzyme. However, the complicated
effect of chemical treatment of the MPS inner wall on bio-


molecule interactions requires
further study to elucidate the
underlying mechanisms.


Macrostructure effect : The
macrostructure of MPS has not
been previously recognized as
an important factor for enzy-
matic catalysis in nanoreactors.
However, when we prepared
SBA-15 solids with different
particle sizes (Figure 4) and


tested their performance as hosts for proteases, macrostruc-
ture was found to play a significant role. Our results indicate
that a decrease in the particle size of mesoporous silica pro-
duces an increase in the proteolytic efficiency of SBA-15
nanoreactors (S-2-Ext>S-6-Ext>S-26-Ext), as evaluated by
the number of identified peptides and sequence coverage
(Table 1). Because the pore size, pore volume, surface area,
and the surface character of each SBA-15 varied only slight-
ly (see Supporting Information SI-2), the differences in pro-
teolytic efficiency are attributed to the effect of SBA-15 par-
ticle size. By reducing the particle size, the particle outer
surface area is increased leading to a higher number of sur-
face-accessible channels. We believe that this facilitates the
release of peptide digestion products back into solution.[21]


Conclusion


It has been previously discovered that molecular crowding
in biological cells can induce order-of-magnitude enhance-
ments in catalysis reaction rates for large molecules and pro-


Figure 3. Schematic illustration of proteolysis occurring in solution (left) and in mesoporous silica SBA-15
nanoreactors (right).


Figure 4. SEM images of mesoporous silica SBA-15 samples: a) S-2-Ext,
b) S-6-Ext, and c) S-26-Ext. d) Particle size distribution measured by a
laser-light-scattering spectrometer (Horiba LA-300).
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teins, compared with in-solution reactions.[26,27] In our case,
the remarkable enhancement of proteolytic efficiency within
molecular-scale nanoreactors based on mesoporous silica
suggests a new strategy for designing biomimetic nanosys-
tems. However, it is likely that additional research is neces-
sary (e.g., kinetic studies) to truly understand why mesopo-
rous-silica-based nanoreactors work so efficiently. The com-
plexity of our reaction system and relative crudeness of our
kinetic experiments limited our attempt to establish a reli-
able kinetic model. However, we have uncovered several
new factors (compared with classic kinetic factors: enzyme
concentration, substrate concentration, pH, ionic strength,
and temperature)[28] affecting the rate of the proteolytic re-
action and final performance of protein identification, such
as surface characteristics and macrostructure. The detailed
analysis of these factors should lead to a deep understanding
of the nature of proteolysis in silica-based nanoreactors, and
is the focus of our continued work.


Experimental Section


Synthesis of mesoporous silica : Mesoporous silica SBA-15 materials were
prepared by using the block copolymer EO20PO70EO20 (Pluronic P123) as
the structure-directing agent according to the established procedure
(ref. [19]). For a typical synthesis, P123 (2.0 g, 0.4 mmol) and potassium
chloride (6.7 g, 90 mmol) were dissolved in HCl (2.0m, 60 mL) at 40 8C.
To this solution, tetraethyl orthosilicate (TEOS, 4.2 g, 20 mmol) was
added under vigorous stirring. After stirring for 24 h, the mixture was
transferred into an autoclave and heated at 100 8C for another 24 h. The
solid products were collected by filtration, washed with water, and dried
at room temperature in air. The final product was assigned the name S-2-
X, in which X designates the postsynthesis treatment parameters.


The SBA-15 samples (S-2-, S-6-, and S-26-) with different particle sizes of
2, 6, and 26 mm, respectively (�2, �6, and �26, respectively, represent
the particle size measured by a laser-light-scattering spectrometer) were
synthesized according to the above procedure with different KCl concen-
trations of 1.5, 0.75, and 0.0m, respectively.


The as-synthesized SBA-15 sample (S-2-) was calcined by slowly increas-
ing the temperature from room temperature to 500 8C at a rate of
8 8C min�1 and heating at 500 8C in air for 6 h. The final product was as-
signed the name S-2-Cal. The as-made SBA-15 samples (S-2-, S-6-, S-26-)
were also exposed to ethanol extraction (Ext) and microwave (MW) di-
gestion to remove the block copolymer species. These samples were as-
signed the names S-2-Ext, S-6-Ext, S-26-Ext, and S-2-MW.


The S-2-SH sample was mesoporous silica SBA-15 (S-2-) functionalized
with thiol (2 wt %) and was prepared by a one-step method according to
the above procedure, except that a mixture of TEOS (98 wt %) and 3-
mercaptopropyltrimethoxysilane (MPTS: 2 wt %) was used as the silica
source instead of pure TEOS. The block copolymer templates were re-
moved by ethanol extraction.


The mesostructures of the samples were characterized by analysis of
XRD patterns and TEM images (see Supporting Information SI-1, SI-2).


Process of proteolysis : For the proteolysis in the MPS samples, the MPS
solid (2.5 mg) was first placed in a 2.0 mL vial and incubated with protein
solution (0.4 mL) containing myoglobin (50 mg) in sodium phosphate
buffer (pH 6.5). The mixture was then agitated on an Eppendorf Ther-
momixer at 8 8C for 10 min for complete protein adsorption in the MPS.
The MPS beads were pelleted by centrifugation and washed twice with
millipore water. Then, the trypsin solution (10 mL, 2.5 mgmL�1 in 0.1 % tri-
fluoroacetic acid (TFA)) was added to the vial containing the MPS beads
and the same buffer and then placed under vortex conditions for 10 min.
The beads containing the protein/trypsin/SBA-15 composite were then


quickly washed and pelleted, as described previously, before removing
the supernatant. There was no absorption at l=280 nm for any superna-
tant or wash-off, as analyzed by means of UV/Vis spectrometry. Finally,
the mesoporous silica beads were incubated with aqueous NH4HCO3 so-
lution (0.2 mL, 25 mm) and agitated for 10 min at 37 8C. The digestion
products in the supernatant were obtained by centrifugation. For in-solu-
tion proteolysis without MPS beads, myoglobin (50 mg, previously dena-
tured at 100 8C for 5 min) in NH4HCO3 buffer was mixed with the trypsin
solution (10 mL, 2.5 mgmL�1) to reach a total volume of 0.25 mL, and the
mixture was incubated at 37 8C for 6 or 12 h. The protease/substrate ratio
was fixed as 1:2 in both cases, rather than entrapping a large amount of
enzyme to digest trace proteins, as is often carried out for sol–gels and
silica supports.


The digestion products were diluted fivefold with 0.1 wt % TFA in water
and mixed with a matrix solution (saturated a-cyano-4-hydroxycinnamic
acid in 50 % acetonitrile, 0.1% TFA) in a 1:1 ratio. The mixture (0.5 mL)
was spotted on the MALDI sample plate. All tryptic digests were ana-
lyzed by PMF on an Applied Biosystems 4700 proteomics Analyzer.
Each peptide product released from different trypsin/SBA-15 samples
was loaded onto 5 spots on a MALDI target. The PMF spectrum of each
spot was obtained by accumulation of 2000 laser shots. The method was
optimized to achieve spot-to-spot reproducibility. The acquired PMF
data were then submitted to the Swissprot database for protein identifica-
tion using GPS Explorer Software with a mass tolerance of 80 ppm, a S/
N threshold of 70, and a maximum miss cleavage of 1. The identification
results for proteolysis within different SBA-15 materials is represented
by the average of the five spectra of each peptide sample.
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A New Protocol for the Consecutive a- and b-Activation of Propiolates
towards Electrophiles, Involving Conjugate Addition of Tertiary Amines and
Intramolecular Silyl Migration


Yuji Matsuya, Kousuke Hayashi, and Hideo Nemoto*[a]


Introduction


Alkynes conjugated with an electron-withdrawing group or
groups (EWG) have been recognized as very versatile tools
in organic synthesis, because of their ability to undergo a va-
riety of carbon–carbon or carbon–heteroatom bond-forming
reactions.[1] The ability of these compounds to act as Mi-
chael acceptors towards nucleophiles has been well-docu-
mented,[2] and this type of conjugate addition reaction has
often been catalyzed by trialkylphosphines or tertiary
amines.[3] In particular cases, the phosphine-catalyzed system
has been reported to bring about “umpolung”, which facili-
tates an abnormal nucleophilic attack at the a-position to
form a phosphonium ylide. This unique reaction pattern has
been applied to the synthesis of dehydroamino acids[4] and
several substituted furan derivatives.[5] Consequently, the
catalytic activation of conjugated alkynes toward nucleo-


philes can be achieved at both the a- and b-positions de-
pending upon the reaction conditions (Scheme 1).


Anionic b-activation of terminal alkynes has been conven-
tionally achieved by direct deprotonation; this method takes
advantage of the relatively low pKa value of the proton at-
tached to the sp carbon. However, the formation of these
acetylides requires the use of a stoichiometric amount of a
strong metal base.[1,6] Recently, methods for the mild and
metal-free catalytic b-activation of conjugated terminal al-
kynes by indirect deprotonation using tertiary amines or
phosphines have been reported; these methods provide effi-
cient syntheses for propargylic alcohol,[7] 1,3-dioxolane,[7]


and tetronic acid derivatives.[8] Anionic a-activation of con-
jugated alkynes is based upon the formation of an allene–


Abstract: Herein, we present a novel
approach for the consecutive a- and b-
activation of conjugated alkynes and
demonstrate the application of this
methodology towards the C�C bond-
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alkyne, followed by an aldol-type addi-
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Scheme 1. Phosphine-catalyzed a- or b-activation of alkynes towards nu-
cleophiles.
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enolate, which is produced either by the Michael-type addi-
tion of particular nucleophiles[9] or by hydrometalation[10]


followed by reaction with electrophiles. A Lewis acid medi-
ated Chalcogeno–Morita–Baylis–Hillman reaction,[11] an
amine-catalyzed reaction of acetylenedicarboxylates with al-
dehydes or imines,[12] and a phosphine-assisted intramolecu-
lar cycloaddition reaction[13] have been also reported. Thus,
various activation methods are applicable for conjugated al-
kynes, increasing their versatility as a synthetic tool.


As mentioned previously, treatment of conjugated termi-
nal alkynes with tertiary amines brings about self-dimeriza-
tion[14] or a domino process in the presence of aldehydes
under suitable reaction conditions.[7] Since these reactions
are triggered by anionic b-activation through indirect depro-
tonation of the terminal alkynes, the introduction of an ap-
propriate substituent at the b-position would prevent such
reactions and enable simple a-activation to occur, by the
conjugate addition of a tertiary amine. Although such
amine-catalyzed processes, including subsequent reactions
with aldehydes, relate to the Morita–Baylis–Hillman reac-
tion of conjugated alkenes, which involves b-elimination for
regeneration of the amine catalysts,[15] conjugated alkynes
cannot participate in the b-elimination process owing to the
lack of an a-proton. However, we envisaged that b-activa-
tion might be possible, provided that the substituent at the
b-position was able to migrate onto the alkoxide group in an
intramolecular fashion. If this did prove possible, novel con-
secutive a- and b-activation of conjugated alkynes toward
electrophiles could be realized (Scheme 2).


Based on this concept, we have found a new domino-type
C�C bond forming reaction between propiolates and alde-
hydes, which is mediated by tertiary amines (metal-free and
traceless activators).[16] Herein we describe, details of our
studies into these reactions, and their application towards
the synthesis of formylcoumarin.


Results and Discussion


The intermolecular reaction : After taking both the silyl
groupLs migrating ability and its affinity to oxygen into con-
sideration, we chose 3-silylated propiolates as potential sub-
strates for the reaction (Scheme 2) The simplest one, methyl
3-trimethylsilylpropiolate (1a) was treated with the tertiary
amine 1,4-diazobicyclo[2.2.2]octane (DABCO) in refluxing
benzene. After five hours under these conditions the propio-
late 1a was completely recovered (Table 1, entry 1). In the


presence of an aromatic aldehyde, however, rapid consump-
tion of the aldehyde was observed and two products were
produced (entry 2); these were separated and purified by
column chromatography. The NMR spectra of these prod-
ucts clearly showed the presence of one methyl ester and
two aromatic constituents, suggesting that the products were
composed of the propiolate and the aldehyde in a 1:2
manner. The structure of the major product 2 was confirmed
by the spectral data, which included a 2D NMR spectrum,[17]


and the geometry of the olefin was determined by an NOE
experiment between the olefinic proton and the methyne
proton. More sterically demanding substrates (1b and 1c)
were also utilized, but a considerable decrease in the reac-
tion rate was observed in these cases as shown by entries 3
and 4. Although 1b produced the corresponding products 2
and 3, the product ratio was reversed as a result of the pro-
longed reaction time.


The experiment shown in Scheme 3 verified that product
3 arose from product 2. Exposure of the isolated sample of


Scheme 2. Our new concept for the consecutive a- and b- activation of al-
kynes towards electrophiles.


Table 1. Reaction of silylated propiolates 1 with DABCO in the presence
(or absence) of an aromatic aldehyde.[a]


Entry Substrate t [h] Yield [%][b] Ratio (2 :3)


1[c] 1a 5 complete recovery of 1a –
2 1a 0.666 78 78:22
3 1b 18 41 37:63
4 1c 24 no reaction –


[a] The reaction was carried out using the selected aldehyde (0.5 mmol),
propiolate (1 mmol), and DABCO (1 mmol) under an Ar atmosphere.
[b] Isolated yields (2 + 3) based on the aldehyde. [c] In the absence of
aldehyde (control experiment).


Scheme 3. Conversion of product 2 into product 3.
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compound 2 to DABCO in refluxing benzene resulted in its
gradual conversion to compound 3. This transformation can
be explained by base-induced isomerization of the double
bond followed by hydrolysis of the resulting silyl enol ether.
Thus, this new reaction, involving the simultaneous forma-
tion of two C�C bonds, potentially provides a new general
method for preparing multifunctionalized olefins 2 by con-
trolling the reaction time.


With these findings in our hands, we focused on optimiz-
ing the reaction conditions. Various trigger nucleophiles and
solvents were tested with the propiolate 1a and benzalde-
hyde (Table 2). As a nucleophile, triethylamine was inert
under the reaction conditions and 1,8-diazabicyclo-
[5.4.0]undec-7-ene (DBU) produced a poor result (entries 1
and 2). Although quinuclidine and 3-quinuclidinol afforded
moderate to good yields, the saturated product 3 was also
formed as a result of the relatively slow reaction rate (en-
tries 3 and 4). DABCO, with its bicyclo[2.2.2]octane skele-
ton, was the most promising nucleophile among the tertiary
amines (entry 5). Heating was
found to be required for suffi-
cient progress of the reaction
(entry 6). By using 10 mol% of
DABCO (entry 7), a compara-
ble yield to entry 5 was ob-
tained, implying that DABCO
participated in the reaction in a
catalytic fashion; although a
prolonged reaction time caused
a decrease in the amount of the
olefin product 2 isolated. Sever-
al other solvents such as THF,
1,2-dichloroethane, and DMF
were also utilized, but were
found to be ineffective for the
reaction (entries 8–10).


For the next step in our
study, these reactions were per-
formed under optimum condi-
tions with a variety of different
aldehydes in order to evaluate
the generality of the synthetic
process. Various aromatic alde-
hydes were observed to proceed
in a similar manner through the
successive C�C bond-forming
processes, yielding highly func-
tionalized olefins 2 as a major products with exclusive ster-
eoselectivity (Table 3, entries 1–10). One notable feature
was that ortho-substituted benzaldehydes did not produce
compound 3, presumably because of the inefficiency of the
isomerization due to steric repulsion between the ortho and
allylic substituents. 4-Chlorobenzaldehyde, a slightly elec-
tron-deficient substrate, afforded predominantly product 3k
on a comparable timescale (entry 11), probably due to the
higher acidity of the benzylic methyne proton in the initial
product 2k. Highly electron-deficient aromatic aldehydes


such as 4-nitro and perfluoro derivatives did not produce
any of the products already identified, despite the fact that
the aldehydes were completely consumed in the reaction
(entries 12 and 13). A notable change in the course of the
reaction was observed upon the use of 2,6-dimethylbenzal-
dehyde (entry 14). The products 2n and 3n were not detect-
ed in the reaction, and instead the alkyne 4n was produced
as the sole product from the reaction in high yield. Similarly,
aliphatic aldehydes were found to afford only the alkyne
products 4o–q (entries 15–17). This dramatic change, which


Table 2. Investigation into the optimum reaction conditions required for
the synthesis of 2.


Entry Amine Solvent Conditions Yield [%] Ratio (2 :3)


1 Et3N benzene reflux, 2 h 0 –
2 DBU benzene reflux, 2 h 11 100:0
3 quinuclidine benzene reflux, 3 h 68 21:79
4 3-quinuclidinol benzene reflux, 2 h 43 37:63
5 DABCO benzene reflux, 40 min 73 74:26
6 DABCO benzene RT, 24 h 0 –
7 DABCO[a] benzene reflux, 4 h 62 63:37
8 DABCO THF reflux, 40 min 24 100:0
9 DABCO DCE[b] reflux, 40 min 4 100:0
10 DABCO DMF RT, 2 h 10 100:0


[a] A catalytic amount (10 mol% to aldehyde) of DABCO was used. All
other experiments were carried out using 2 equiv of amine. [b] 1,2-di-
chloroethane.


Table 3. Reaction of propiolate 1a with various aldehydes under the optimum conditions.[a]


Entry R t [min] Yield [%] of (2+3) Ratio (2 :3)[b] Yield [%] of 4


1 a Ph 40 73 74:26 0
2 b 2-Me-C6H4 40 56 100:0 0
3 c 3-Me-C6H4 50 64 78:22 0
4 d 4-Me-C6H4 40 78 78:22 0
5 e 2-MeO-C6H4 40 quant.[c] 100:0 0
6 f 3-MeO-C6H4 45 50 76:24 0
7 g 4-MeO-C6H4 50 83 83:17 0
8 h 2-Br-4,5-(MeO)2-C6H2 30 51 100:0 0
9 i 1-naphthyl 120 44 100:0 0
10 j 2-naphthyl 30 72 63:37 0
11 k 4-Cl-C6H4 40 43 37:63 0
12 l 4-NO2-C6H4 120 0[d] – 0[d]


13 m pentafluorophenyl 120 0[d] – 0[d]


14 n 2,6-(Me)2-C6H3 60 0 – 73
15 o nPr 50 0 – 63
16 p iPr 40 0 – 78
17 q tBu 30 0 – 94


[a] The reactions were carried out using the selected aldehyde (0.5 mmol), propiolate (1 mmol), and DABCO
(1 mmol) in benzene (1 mL) under an Ar atmosphere. [b] These products could be separated by column chro-
matography. [c] Isolated in a desilylated form. [d] Afforded a complex mixture.
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depends upon the structure of aldehydes, has provided us
with a greater insight into the reaction mechanism (vide
infra).


We propose the following reaction mechanism (Scheme 4)
for this new domino-type process on the basis of several of
our experimental results. The reaction of ethyl 2-butynoate


or 1-trimethylsilyl-1-propyne with benzaldehyde and
DABCO under identical conditions resulted in the complete
recovery of all of the substrates (Scheme 5). This fact indi-


cates that both the TMS and electron-withdrawing carbonyl
groups are essential for the progress of the reaction. Thus,
the sequence starting with the 1,4-addition of the trigger nu-
cleophile, followed by an aldol-type addition to the alde-
hyde and subsequent silyl migration is a plausible proposal
for the initial process. This process also includes the consec-
utive a- and b-activation of the propiolate as expected. The
ammonium ylide intermediate 7, thus formed, possibly equi-
librates with the a-silyloxy alkylidenecarbene 8,[18] which
arises from a net a-elimination of the tertiary amine. With
regard to the ammonium ylide/alkylidenecarbene equilibri-
um, it has been reported that the large polarization value
and the high dissociation energy barrier of the ammonium
ylide, estimated by the MOPAC program with 2-propylide-
necarbene and trimethylamine as simplified model mole-
cules, make the ylide form much more stable than the corre-
sponding carbene.[19] Accordingly, we presumed that the
equilibrium between 7 and 8 lay mostly to the ylide form 7,
although the possibility that the functional groups attached


to the olefin carbon may have affected the equilibrium
could not be ruled out. However, the alkylidenecarbene 8
seems to be an important potential precursor for the alkyne
products 4, as such 1,2-rearrangement reactions (path A)
are well-established processes and have significant prece-
dents.[20,21] When the alkyne 4d (R=pTol)[22] was reacted
with p-tolualdehyde and DABCO, immediate decomposition
occurred to form a complicated mixture, the NMR spectrum
of which showed no existence of the olefin product 2d ;
whereas the alkyne 4q (R= tBu) was recovered unchanged
under the same conditions (Scheme 6). These results clearly


suggest that the alkyne 4 is not a precursor of the olefin 2,
but is a dead end product of the reaction, although the sta-
bility of this compound depends upon the nature of the sub-
stituent R. One possible explanation to account for the for-
mation of the olefin 2 is that a direct C�H insertion of the
aldehyde onto the alkylidenecarbene 8 (path B) occurs. In
general, the reaction of carbenes and aldehydes has been re-
ported to result in the formation of oxirane or dioxorane de-
rivatives via carbonium ylides;[23] this is also the case for al-
kylidenecarbenes,[20] and such direct insertion processes of
aldehydes have not yet been observed. In addition, we can
provide no explanation for the complete change of the reac-
tion course (path A or B), via the common carbene inter-
mediate 8, with the structure of the aldehydes. It is not clear
from the available data whether path B is a good model for
the present reaction or not. Thus, we propose the more
plausible reaction pathway, path C, which includes nucleo-
philic addition of the anion center of the ylide 7 to the alde-
hyde, followed by an intramolecular 1,2-hydride shift to pro-
duce the olefin 2. Path C would have an advantage over
path A, provided that the equilibrium between 7 and 8 is
fully biased towards the ylide form 7, and the hydride shift
would result in the extrusion of the tertiary amine through
an addition–elimination process in a 1,4-fashion. It is impor-
tant to note that we regard all of the transformations men-
tioned above (from 1a to 8 or 9) as a sequence of reversible
processes, as this assumption allows us to rationalize that
the susceptibility of the intermediate 9 to the irreversible
1,2-hydride shift may control the direction of the reaction
towards either product 2 or 4, respectively. As shown in
Table 3, relatively electron-rich aromatic aldehydes afforded
product 2 (and in some cases product 3) in good overall
yields, whereas highly electron-poor aldehydes produced
neither products 2 or 4 and instead afforded complicated
mixtures. These results imply that the former substrates
have considerably faster reaction rates for the hydride shift
compared to the latter, presumably, because the transition
states are effectively stabilized by donation from the p-elec-


Scheme 4. Proposed reaction mechanism.


Scheme 5. Other alkyne reactions.


Scheme 6. Reactivity of alkynes 4 d and 4 q.
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tron system of the p orbital on the aromatic ring into the
s*C�H orbital at the benzylic position. Otherwise, especially
in the case of the latter substrates, the reaction would favor
path A producing the alkyne 4, which may decompose due
to its inherent instability under the reaction conditions to
afford the complex mixtures observed. The fact that the ali-
phatic aldehydes produced alkynes 4 exclusively might also
have been explained in the same manner, except that the al-
kynes 4, thus formed, are stable under the reaction condi-
tions. In the case of 2,6-dimethylbenzaldehyde, exclusive for-
mation of 4 was also observed;[24] this can be rationalized by
postulating that the effective p–s* interaction in the hy-
dride-shift transition state may have been impeded by di-
minished coplanarity of the aromatic plane with the plane of
the conjugated olefin (hydride acceptor); this would be en-
forced by the steric repulsion of the two ortho-substituents.
Alternatively, there is a possibility that the intermediate 7
could not react with the sterically congested 2,6-dimeth-
ylbenzaldehyde to afford the alkyne product 4 through
path A.


Recently, an acylation reaction of a vinylselenonium ylide
with an aromatic aldehyde has been reported.[25] The overall
process involved in this reaction is similar to the last step of
our reaction (from 7 to 2). The mechanism proposed in this
report involves the intermediacy of an allenoate anion origi-
nating from a betaine (corresponding to 9) produced by b-
elimination of selenide through base-induced deprotonation.
This mechanism was deduced from the observation that no
deuterium was incorporated in the product of the reaction
when using benz[D]aldehyde as a substrate. However, when
our reaction was performed using benz[D]aldehyde, com-
plete incorporation of deuterium into the products 2 and 3
was observed (Scheme 7). This deuterium was entirely re-


tained in product 2 even in the presence of an excess
amount of a proton source, such as MeOH, in the reaction
medium. In addition, the use of electron-rich aromatic alde-
hydes has been reported to decrease the acylation efficiency
of the vinylselenonium ylide, which is opposite to the ten-
dency found in our reaction. These contrasts strongly indi-
cate that our reaction involves the hydride shift mechanism,
instead of deprotonation.


The intramolecular reaction : Following studies on this
domino-type reaction focused on the intramolecular varia-
tion. For this purpose, trimethylsilylpropiolic esters derived
from salicylaldehydes were chosen as substrates on the basis
of their ready availability and the suitable distance between


the two reaction sites for the cyclization, the formyl group
and the alkyne part. The substrates (10a–f) were prepared
from substituted salicylaldehydes and 3-trimethylsilylpro-
piolic acid in moderate to good yields (52–88%) using 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDCI) and 4-dimethylaminopyridine (DMAP).[26] When
the parent substrate 10a was allowed to react with two
equivalents of DABCO in refluxing benzene, the cyclization
produced the 3-formylcoumarin 11a in a 63% yield
(Table 4, entry 1). Unlike the intermolecular reaction, when


other solvents were used for the reaction comparable yields
were obtained (entries 2–4), with the combination of THF
and quinuclidine bringing about a superior result with re-
gards to reaction rate (entry 5). The results of the coumarin-
forming reactions for variously substituted compounds
under optimum conditions are summarized in Table 4 (en-
tries 5–10). In all cases the 3-formylcoumarin derivatives
were produced in moderate to good yields with the excep-
tion of the chloro-substituted compound 10 f, which afforded
product 11 f in a low yield as a result of the competitive
cleavage of the ester bond.


The coumarin nucleus is widely found in nature, and bio-
logically significant activities of coumarin derivatives have
made the development of new methodologies for the mild
and concise construction of the coumarin nucleus impor-
tant.[27] Although there are well-established methods based
on Pechmann condensation or Knoevenagel condensation,
the harsh reaction conditions involved limit the scope of
these reactions and the functional group compatibility.
Recent reports on coumarin formation utilizing the Morita–
Baylis–Hillman reactions of salicylaldehydes with acrylates
suffer from a lack of regiocontrol in the cyclization step
(coumarins or chromenes) and produce low yields of target
compounds.[28] In particular, efficient approaches for the syn-


Scheme 7. Experiments using benz[D]aldehyde.


Table 4. Formylcoumarin-forming reactions.


Entry R[a] Amine Solvent t [h] Yield
[%][b]


1 a H DABCO benzene 8 63
2 a H DABCO DCE[c] 5 62
3 a H DABCO DMF[d] 0.5 39
4 a H DABCO THF 3 64
5 a H quinuclidine THF 0.666 64
6 b 5-Me DABCO THF 2.5 81
7 c 5-MeO DABCO benzene 7 47
8 d 4-MeO DABCO THF 1 46
9 e 5,6-benzo quinuclidine THF 0.333 50
10 f 5-Cl DABCO THF 1 26


[a] The numbering on the aromatic ring starts from the carbon bearing
the formyl group and proceeds clockwise. [b] Isolated yields. [c] 1,2-Di-
chloroethane. [d] The reaction was performed at 80 8C.
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thesis of 3-formylcoumarins are quite limited.[29] The reac-
tion described here may provide a new and general method-
ology for the synthesis of 3-formylcoumarins.


A similar reaction mechanism to that depicted in
Scheme 4 is proposed for the coumarin-forming reaction
(Scheme 8). After the cyclization, subsequent silyl migration


gives the ammonium ylide 14 (or the carbene 15), which
reacts with water to form the formylcoumarin concomitant
with silanol elimination. The ylide 14 did not participate in
the reaction with another aldehyde, even when an equimolar
amount of benzaldehyde was present in the reaction mix-
ture. The decreased flexibility in the conformation of the
ylide 14 compared to ylide 7 is the most likely explanation
for this distinct difference between the intra- and the inter-
molecular reactions.


Other possible reaction pathways leading to the formyl-
coumarins 11 are illustrated in Scheme 9. A bond-insertion
process is one of the principal features of alkylidenecarbene


reactions, and is a feature that is attributed to their strongly
electrophilic nature.[20] For example, the O�Si insertion reac-
tions of several b-silyloxy alkylidenecarbenes to form silylat-
ed dihydrofurans has been reported.[18] If a similar insertion
reaction occurs in our case, the alkylidenecarbene 15 may
be transformed into an oxetene intermediate 16, which can
be also derived from the betaine 13 by an addition–elimina-
tion process. Electrocyclic ring-opening of the oxetene 16


and subsequent transformation would afford the formylcou-
marin 11 via the acylsilane 17.[30] Additionally, there is a pos-
sibility that the products 11a–f arise from an intramolecular
C�H insertion reaction (formation of 18) followed by a rear-
rangement, as the intramolecular C�H insertion of alkylide-
necarbenes is a well-known process.[31]


However, these possibilities were excluded by the follow-
ing experiments. Firstly, the acylsilane 17[32] was exposed to
the coumarin forming conditions (DABCO, benzene,
reflux), but was recovered unchanged by the reaction condi-
tions (Scheme 10). Secondly, deuterated salicylaldehyde[33]


was transformed into the substrate [D]10a (60% D-incorpo-
ration), which upon treatment with DABCO in refluxing
benzene generated the formylcoumarin [Da]11a, the deuteri-
um in which was retained on the same carbon as the sub-
strate. These results unambiguously verified that the formyl-
coumarin-forming reaction did not involve the pathways
shown in Scheme 9.


The fact that the formyl hydrogen in the products 11a–f
originated from an external proton sources was confirmed
by the experiment shown in Scheme 11. When the reaction


was performed in the presence of a small amount of
[D4]MeOH, the deuterium was incorporated into the formyl
group of the product.[34] Although we initially expected that
a deuterated enol ether product 19 would be formed, we
could not trap it because of its immediate hydrolysis in the
workup process. The mechanism above suggests that water
is essential to regenerate the tertiary amine. In fact, the re-
action using 10 mol% of the amine was very sluggish in the
absence of water, while addition of water into the reaction


Scheme 8. A plausible reaction mechanism for the formation of the for-
mylcoumarins.


Scheme 9. Alternative reaction pathways for formylcoumarin formation.


Scheme 10. Experiments conducted to clarify the reaction mechanism of
formylcoumarin formation.


Scheme 11. Coumarin-forming reaction in the presence of [D4]MeOH.
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medium improved the yield of the 3-formylcoumarin by up
to 50% (Table 5).


Conclusion


In this paper, we described the novel consecutive activation
of conjugated alkynes mediated by tertiary amines. The key
step in these reactions involves an intramolecular migration
of the silyl group. Our intended application of these reac-
tions is in the preparation of multifunctionalized olefins
through domino-type C�C bond formations by using aro-
matic aldehydes. In addition, it was found that the reaction
was applicable to an intramolecular version, which has lead
to a new 3-formylcoumarin synthesis. However, it is worth
noting that the second reaction partner in this synthesis was
not an aldehyde but water. As a result of our studies it has
been shown that the silylated propiolates have great poten-
tial as a versatile tool in organic synthesis. The concept de-
scribed here could, we believe, open new possibilities for
the chemistry of conjugated alkynes. Further synthetic appli-
cations of the reaction provided by this work are currently
underway in our laboratory, and will be reported in due
course.


Experimental Section


General remarks : All nonaqueous reactions were carried out under an
Ar atmosphere. Reagents were purchased from commercial sources and
used as received. Anhydrous solvents were prepared by distillation over
CaH2 or purchased as high-grade reagents. 1H and 13C NMR spectra were
obtained on a Varian Gemini 300 (300 MHz for 1H and 75.46 MHz for
13C NMR spectra) instrument or a Varian UNITY plus 500 (500 MHz for
1H and 125 MHz for 13C) instrument, using tetramethylsilane or chloro-
form as an internal reference. Mass spectra were recorded on a JEOL D-
200 or a JEOL AX 505 mass spectrometer, and the ionization method
was electron impact (EI, 70 eV). IR spectra were recorded on a Perkin–
Elmer 1600 spectrometer. Melting points were taken using a Yanagimoto
micro melting point apparatus and are uncorrected. Column chromatog-
raphy was carried out by employing Cica Silica Gel 60N (spherical, neu-
tral, 40–50 mm or 63–210 mm).


General procedure for the reaction of propiolate 1a with aldehydes : A
solution of methyl 3-trimethylsilylpropiolate (156 mg, 1 mmol),[35] alde-
hyde (0.5 mmol), and DABCO (112 mg, 1 mmol) in anhydrous benzene
(1 mL) was refluxed for 0.5–2 h. After this time, the reaction mixture was
cooled to room temperature and diluted with CH2Cl2 (20 mL) producing
a brown solution. This solution was washed with hydrochloric acid


(10%), and a color change noted from brown to pale yellow. The organic
layer was then washed with brine and dried over MgSO4. After evapora-
tion of the solvent the residue was purified by silica-gel column chroma-
tography (CH2Cl2 then 10% AcOEt/CH2Cl2), which afforded the prod-
ucts 2, 3, or 4 as a colorless oils. The yields from these reactions are
listed in Table 3.


Methyl (Z)-4-oxo-4-phenyl-2-[phenyl(trimethylsilyloxy)methyl]but-2-
enoate (2a): 1H NMR (CDCl3): d=�0.03 (s, 9H), 3.41 (s, 3H), 5.56 (d,
J=1.7 Hz, 1H), 6.12 (d, J=1.7 Hz, 1H), 7.17–7.31 (m, 7H), 7.43 (t, J=
7.3 Hz, 1H), 7.66 ppm (d, J=8.1 Hz, 2H); 13C NMR (CDCl3): d=�0.31,
51.55, 75.48, 117.55, 126.86, 128.11, 128.17, 128.38, 128.47, 132.88, 136.31,
139.68, 159.82, 165.55, 197.13 ppm; IR (neat): ñ=1724, 1669 cm�1; MS
(EI): m/z : 368 [M]+ ; HRMS: calcd for C21H24O4Si: 368.1444 [M]+ ;
found: 368.1443.


Methyl 2-benzoyl-4-oxo-4-phenylbutyrate (3a): 1H NMR (CDCl3): d=


3.10 (d, J=6.4 Hz, 2H), 3.70 (s, 3H), 5.80 (t, J=6.4 Hz, 1H), 7.46 (t, J=
7.3 Hz, 4H), 7.58 (t, J=7.3 Hz, 2H), 7.97 ppm (d, J=7.3 Hz, 4H);
13C NMR (CDCl3): d=33.18, 52.25, 52.28, 128.64, 128.94, 133.77, 135.34,
171.82, 195.11 ppm; IR (neat): ñ=1729, 1686 cm�1; MS (EI): m/z : 296
[M]+ ; HRMS: calcd for C18H16O4: 296.1049 [M]+ ; found: 296.1046.


Methyl (Z)-4-oxo-4-(2-methylphenyl)-2-[(2-methylphenyl)(trimethylsilyl-
oxy)methyl]but-2-enoate (2b): 1H NMR (CDCl3): d=�0.07 (s, 9H), 2.29
(s, 3H), 2.61 (s, 3H), 3.41 (s, 3H), 5.82 (br s, 1H), 5.83 (d, J=1.3 Hz,
1H), 7.06–7.22 (m, 5H), 7.32 (t, J=7.3 Hz, 1H), 7.44 (d, J=7.7 Hz, 1H),
7.52 ppm (d, J=7.7 Hz, 1H); 13C NMR (CDCl3): d=�0.40, 19.05, 21.54,
51.45, 72.72, 118.43, 125.09, 126.15, 127.78, 128.00, 130.52, 131.56, 131.59,
131.75, 135.25, 135.57, 137.88, 139.83, 159.85, 165.67, 198.56 ppm; IR
(neat): ñ=1725, 1667 cm�1; MS (EI): m/z : 396 [M]+ ; HRMS: calcd for
C23H28O4Si: 396.1757 [M]+ ; found: 396.1759.


Methyl (Z)-4-oxo-4-(3-methylphenyl)-2-[(3-methylphenyl)(trimethylsilyl-
oxy)methyl]but-2-enoate (2c): 1H NMR (CDCl3): d=�0.01 (s, 9H), 2.25
(s, 3H), 2.29 (s, 3H), 3.45 (s, 3H), 5.51 (d, J=1.7 Hz, 1H), 6.15 (d, J=
1.7 Hz, 1H), 6.99 (d, J=7.3 Hz, 1H), 7.04–7.12 (m, 3H), 7.18 (t, J=
7.7 Hz, 1H), 7.24 (d, J=7.3 Hz, 1H), 7.45–7.47 ppm (m, 2H); 13C NMR
(CDCl3): d=�0.27, 21.17, 21.27, 51.54, 75.48, 117.15, 123.95, 125.84,
127.47, 127.92, 128.17, 128.83, 128.92, 133.68, 136.26, 137.73, 137.94,
139.57, 160.27, 165.63, 197.27 ppm; IR (neat): ñ=1725, 1668 cm�1; MS
(EI): m/z : 396 [M]+ ; HRMS: calcd for C23H28O4Si: 396.1757 [M]+ ;
found: 396.1759.


Methyl 2-(3-methylbenzoyl)-4-oxo-4-(3-methylphenyl)butyrate (3c):
1H NMR (CDCl3): d=2.38 (s, 6H), 3.08 (d, J=6.8 Hz, 2H), 3.70 (s, 3H),
5.77 (t, J=6.8 Hz, 1H), 7.33 (t, J=7.7 Hz, 2H), 7.39 (d, J=7.7 Hz, 2H),
7.76 (d, J=7.7 Hz, 2H), 7.79 ppm (s, 2H); 13C NMR (CDCl3): d=21.33,
33.27, 52.19, 52.42, 125.83, 128.74, 129.16, 134.49, 134.52, 135.45, 138.81,
171.90, 195.33 ppm; IR (neat): ñ=1738, 1695 cm�1; MS (EI): m/z : 324
[M]+ ; HRMS: calcd for C20H20O4: 324.1361 [M]+ ; found: 324.1360.


Methyl (Z)-4-oxo-4-(4-methylphenyl)-2-[(4-methylphenyl)(trimethylsilyl-
oxy)methyl]but-2-enoate (2d): 1H NMR (CDCl3): d=�0.04 (s, 9H), 2.28
(s, 3H), 2.35 (s, 3H), 3.43 (s, 3H), 5.52 (d, J=1.7 Hz, 1H), 6.09 (d, J=
1.7 Hz, 1H), 7.05 (d, J=8.1 Hz, 2H), 7.12 (d, J=8.1 Hz, 2H), 7.15 (d, J=
8.1 Hz, 2H), 7.60 ppm (d, J=8.1 Hz, 2H); 13C NMR (CDCl3): d=0.00,
21.37, 21.92, 51.79, 75.58, 117.61, 127.10, 128.93, 129.15, 129.29, 134.29,
137.02, 138.07, 143.91, 160.45, 165.92, 197.00 ppm; IR (neat): ñ=1725,
1667 cm�1; MS (EI): m/z : 396 [M]+ ; HRMS: calcd for C23H28O4Si:
396.1757 [M]+ ; found: 396.1756.


Methyl 2-(4-methylbenzoyl)-4-oxo-4-(4-methylphenyl)butyrate (3d):
1H NMR (CDCl3): d=2.40 (s, 6H), 3.08 (d, J=6.9 Hz, 2H), 3.69 (s, 3H),
5.75 (t, J=6.9 Hz, 1H), 7.25 (d, J=8.2 Hz, 4H), 7.88 ppm (d, J=8.2 Hz,
4H); 13C NMR (CDCl3): d=21.63, 33.25, 52.14, 128.74, 129.56, 132.86,
144.68, 171.90, 194.74 ppm; IR (neat): ñ=1737, 1692 cm�1; MS (EI): m/z :
324 [M]+ ; HRMS: calcd for C20H20O4: 324.1361 [M]+ ; found: 324.1361.


Methyl (Z)-4-oxo-4-(2-methoxyphenyl)-2-[hydroxy-(2-methoxyphenyl)-
methyl]but-2-enoate (2e): 1H NMR (CDCl3): d=3.47 (s, 3H), 3.73 (s,
3H), 3.76 (s, 3H), 5.82 (d, J=1.3 Hz, 1H), 5.90 (d, J=1.3 Hz, 1H), 6.81
(d, J=7.7 Hz, 1H), 6.88–6.98 (m, 3H), 7.22–7.30 (m, 2H), 7.44 (ddd, J=
9.0, 7.3, 2.1 Hz, 1H), 7.82 ppm (dd, J=7.7, 1.7 Hz, 1H); 13C NMR
(CDCl3): d=51.41, 55.12, 55.59, 71.39, 110.44, 112.02, 115.89, 120.56,


Table 5. The effect of water on the catalytic activity of amines.


Entry Amine Additive t [h] Yield [%]


1 DABCO MS4P 24 8
2 DABCO none 24 24
3 DABCO H2O (1 equiv) 24 43
4 quinuclidine H2O (1 equiv) 2 50
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120.76, 125.91, 127.57, 128.13, 129.26, 131.20, 134.50, 156.48, 159.07,
161.56, 165.89, 194.82 ppm; IR (neat): ñ=3485, 1722, 1655 cm�1; MS
(EI): m/z : 356 [M]+ ; HRMS: calcd for C20H20O6: 356.1260 [M]+ ; found:
356.1261.


Methyl (Z)-4-oxo-4-(3-methoxyphenyl)-2-[(3-methoxyphenyl)(trimethyl-
silyloxy)methyl]but-2-enoate (2 f): 1H NMR (CDCl3): d=0.00 (s, 9H),
3.42 (s, 3H), 3.71 (s, 3H), 3.74 (s, 3H), 5.55 (d, J=1.6 Hz, 1H), 6.15 (d,
J=1.6 Hz, 1H), 6.73 (dt, J=7.4, 1.6 Hz, 1H), 6.83–6.86 (m, 2H), 6.99 (dt,
J=6.6, 2.7 Hz, 1H), 7.10–7.25 ppm (m, 4H); 13C NMR (CDCl3): d=


�0.23, 51.62, 55.17, 55.27, 75.33, 111.81, 112.20, 113.75, 117.61, 119.20,
119.96, 121.62, 129.13, 129.43, 137.65, 141.33, 159.38, 159.58, 159.70,
165.59, 196.84 ppm; IR (neat): ñ=1725, 1671 cm�1; MS (EI): m/z : 428
[M]+ ; HRMS: calcd for C23H28O6Si: 428.1656 [M]+ ; found: 428.1652.


Methyl 2-(3-methoxybenzoyl)-4-oxo-4-(3-methoxyphenyl)butyrate (3 f):
1H NMR (CDCl3): d=3.09 (d, J=6.9 Hz, 2H), 3.70 (s, 3H), 3.80 (s, 6H),
5.76 (t, J=6.9 Hz, 1H), 7.12 (ddd, J=8.2, 2.4, 0.8 Hz, 2H), 7.36 (t, J=
8.2 Hz, 2H), 7.49 (t, J=2.4 Hz, 2H), 7.55 ppm (ddd, J=8.2, 2.4, 0.8 Hz,
2H); 13C NMR (CDCl3): d=33.24, 52.18, 52.37, 55.32, 112.60, 120.51,
121.07, 129.87, 136.61, 159.97, 171.72, 194.81 ppm; IR (neat): 1738,
1696 cm�1; MS (EI): m/z : 356 [M]+ ; HRMS: calcd for C20H20O6: 356.1260
[M]+ ; found: 356.1252.


Methyl (Z)-4-oxo-4-(4-methoxyphenyl)-2-[(4-methoxyphenyl)-(trimethyl-
silyloxy)methyl]but-2-enoate (2g): 1H NMR (CDCl3): d=�0.03 (s, 9H),
3.45 (s, 3H), 3.74 (s, 3H), 3.82 (s, 3H), 5.50 (d, J=1.7 Hz, 1H), 6.11 (d,
J=1.7 Hz, 1H), 6.76 (d, J=9.0 Hz, 2H), 6.79 (d, J=9.0 Hz, 2H), 7.18 (d,
J=8.5 Hz, 2H), 7.65 ppm (d, J=8.5 Hz, 2H); 13C NMR (CDCl3): d=


�0.23, 51.56, 55.18, 55.35, 75.08, 113.42, 113.72, 116.90, 128.14, 129.67,
130.88, 131.93, 159.32, 160.24, 163.30, 165.73, 195.71 ppm; IR (neat): ñ=
1724, 1659 cm�1; MS (EI): m/z : 428 [M]+ ; HRMS: calcd for C23H28O6Si:
428.1656 [M]+ ; found: 428.1652.


Methyl 2-(4-methoxybenzoyl)-4-oxo-4-(4-methoxyphenyl)butyrate (3g):
1H NMR (CDCl3): d=3.07 (d, J=6.8 Hz, 2H), 3.69 (s, 3H), 3.85 (s, 6H),
5.67 (t, J=6.8 Hz, 1H), 6.92 (d, J=9.0 Hz, 4H). 7.96 ppm (d, J=9.0 Hz,
4H); 13C NMR (CDCl3): d=33.40, 52.06, 52.17, 55.51, 114.08, 128.38,
131.04, 163.93, 172.08, 193.69 ppm; IR (neat): ñ=1735, 1686 cm�1; MS
(EI): m/z : 356 [M]+ ; HRMS: calcd for C20H20O6: 356.1260 [M]+ ; found:
356.1258.


Methyl (Z)-4-oxo-4-(2-bromo-4,5-dimethoxyphenyl)-2-[(2-bromo-4,5-di-
methoxyphenyl)(trimethylsilyloxy)methyl]but-2-enoate (2h): 1H NMR
(CDCl3): d=�0.03 (s, 9H), 3.54 (s, 3H), 3.77 (s, 3H), 3.84 (s, 3H), 3.86
(s, 3H), 3.91 (s, 3H), 5.93 (s, 1H), 5.97 (s, 1H), 6.89 (s, 1H), 7.00 (s, 1H),
7.09 (s, 1H), 7.15 ppm (s, 1H); 13C NMR (CDCl3): d=�0.20, 51.95, 55.98,
56.05, 56.11, 56.31, 74.02, 111.38, 112.66, 114.12, 114.64, 114.71, 117.20,
119.27, 128.55, 131.33, 147.44, 148.83, 149.45, 152.09, 165.58, 193.07 ppm;
IR (neat): ñ=1724, 1675 cm�1; MS (EI): m/z : 644 [M]+ ; HRMS: calcd
for C25H30Br2O8Si: 644.0077 [M]+ ; found: 644.0049.


Methyl (Z)-4-oxo-4-(1-naphthyl)-2-[(1-naphthyl)(trimethylsilyloxy)me-
thyl]but-2-enoate (2 i): 1H NMR (CDCl3): d=�0.08 (s, 9H), 3.15 (s, 3H),
5.87 (br s, 1H), 6.44 (br s, 1H), 7.26 (br s, 1H), 7.42–7.58 (m, 4H), 7.62–
7.91 (m, 7H), 8.30 (br s, 1H), 9.08 ppm (d, J=8.5 Hz, 1H); 13C NMR
(CDCl3): d=�0.37, 51.55, 119.88, 123.88, 125.13, 125.70, 125.90, 126.06,
126.15, 126.34, 126.42, 128.21, 128.31, 128.69, 128.93, 130.41, 130.61,
131.72, 133.56, 133.70, 135.30, 159.64, 165.62, 198.66 ppm; IR (neat): ñ=
1725, 1658 cm�1; MS (EI): m/z : 468 [M]+ ; HRMS: calcd for C29H28O4Si:
468.1757 [M]+ ; found: 468.1758.


Methyl (Z)-4-oxo-4-(2-naphthyl)-2-[(2-naphthyl)(trimethylsilyloxy)meth-
yl]but-2-enoate (2 j): 1H NMR (CDCl3): d=�0.03 (s, 9H), 3.40 (s, 3H),
5.82 (d, J=1.7 Hz, 1H), 6.23 (d, J=1.7 Hz, 1H), 7.40–7.46 (m, 3H), 7.50–
7.55 (m, 2H), 7.71–7.88 (m, 7H), 7.90 (dd, J=8.5, 1.7 Hz, 1H), 8.08 ppm
(s, 1H); 13C NMR (CDCl3): d=�0.22, 51.64, 75.70, 118.19, 123.71, 124.56,
126.09, 126.13, 126.15, 126.40, 127.61, 127.91, 128.10, 128.29, 128.44,
129.54, 130.85, 132.19, 132.96, 133.17, 133.90, 135.46, 137.19, 159.96,
165.55, 197.07 ppm; IR (neat): ñ=1724, 1664 cm�1; MS (EI): m/z : 468
[M]+ ; HRMS: calcd for C29H28O4Si: 468.1757 [M]+ ; found: 468.1767.


Methyl 2-(2-naphthyloyl)-4-oxo-4-(2-naphthyl)butyrate (3 j): 1H NMR
(CDCl3): d=3.24 (d, J=6.8 Hz, 2H), 3.74 (s, 3H), 6.11 (t, J=6.8 Hz,
1H), 7.52–7.55 (m, 2H), 7.59–7.62 (m, 2H), 7.85–7.90 (m, 6H), 8.04 (dd,


J=8.5, 1.7 Hz, 2H), 8.58 ppm (s, 2H); 13C NMR (CDCl3): d=33.53,
52.30, 52.58, 124.07, 126.97, 127.76, 128.92, 128.94, 129.71, 130.59, 132.43,
132.77, 135.80, 172.01, 195.09 ppm; IR (neat): ñ=1735, 1692 cm�1; MS
(EI): m/z : 396 [M]+ ; HRMS: calcd for C26H20O4: 396.1362 [M]+ ; found:
396.1353.


Methyl (Z)-4-oxo-4-(4-chlorophenyl)-2-[(4-chlorophenyl)(trimethylsilyl-
oxy)methyl]but-2-enoate (2k): 1H NMR (CDCl3): d=�0.03 (s, 9H), 3.47
(s, 3H), 5.52 (d, J=1.7 Hz, 1H), 6.06 (d, J=1.7 Hz, 1H), 7.21 (d, J=
9.0 Hz, 2H), 7.25 (d, J=8.5 Hz, 2H), 7.35 (d, J=9.0 Hz, 2H), 7.62 ppm
(d, J=8.5 Hz, 2H); 13C NMR (CDCl3): d=�0.32, 51.79, 74.79, 118.12,
128.14, 128.64, 128.73, 129.79, 134.13, 134.73, 138.21, 139.52, 158.95,
165.29, 195.83 ppm; IR (neat): ñ=1725, 1673 cm�1; MS (EI): m/z : 436
[M]+ ; HRMS: calcd for C21H22Cl2O4Si: 436.0664 [M]+ ; found: 436.0664.


Methyl 2-(4-chlorobenzoyl)-4-oxo-4-(4-chlorophenyl)butyrate (3k):
1H NMR (CDCl3): d=3.09 (d, J=6.8 Hz, 2H), 3.70 (s, 3H), 5.67 (t, J=
6.8 Hz, 1H), 7.43 (d, J=8.5 Hz, 4H), 7.89 ppm (d, J=8.5 Hz, 4H);
13C NMR (CDCl3): d=33.10, 52.33, 52.35, 129.32, 129.97, 133.55, 140.48,
171.61, 193.70 ppm; IR (neat): ñ=1734, 1697 cm�1; MS (EI): m/z : 364
[M]+ ; HRMS: calcd for C18H14Cl2O4: 364.0269 [M]+ ; found: 364.0271.


Methyl 4-(2,6-dimethylphenyl)-4-trimethylsilyloxy-2-butynoate (4n):
1H NMR (CDCl3): d=0.18 (s, 9H), 2.51 (s, 6H), 3.76 (s, 3H), 5.96 (s,
1H), 7.02 (d, J=7.7 Hz, 2H), 7.12 ppm (t, J=7.7 Hz, 1H); 13C NMR
(CDCl3): d=�0.11, 20.26, 52.58, 60.22, 76.18, 87.31, 128.25, 129.10,
135.31, 136.45, 153.81 ppm; IR (neat): ñ=2233, 1718, 1253 cm�1; MS
(EI): m/z : 290 [M]+ ; HRMS: calcd for C16H22O3Si: 290.1338 [M]+ ;
found: 290.1332.


Methyl 4-trimethylsilyloxy-2-heptynoate (4o): 1H NMR (CDCl3): d=0.17
(s, 9H), 0.92 (t, J=7.2 Hz, 3H), 1.39–1.48 (m, 2H), 1.65–1.72 (m, 2H),
3.76 (s, 3H), 4.43 ppm (t, J=6.6 Hz, 1H); 13C NMR (CDCl3): d=�0.05,
13.57, 18.29, 39.70, 52.66, 61.99, 75.67, 88.91, 153.88 ppm; IR (neat): ñ=
2361, 1722, 1253 cm�1; MS (EI): m/z : 228 [M]+ ; HRMS: calcd for
C11H20O3Si: 228.1182 [M]+ ; found: 228.1177.


Methyl 5-methyl-4-trimethylsilyloxy-2-hexynoate (4p): 1H NMR
(CDCl3): d=0.16 (s, 9H), 0.96 (d, J=6.8 Hz, 3H), 0.97 (d, J=6.8 Hz,
3H), 1.84–1.89 (m, 1H), 3.76 (s, 3H), 4.18 ppm (d, J=6.0 Hz, 1H);
13C NMR (CDCl3): d=�0.10, 17.65, 17.94, 34.82, 52.64, 67.71, 76.38,
88.09, 153.88 ppm; IR (neat): ñ=2235, 1721, 1252 cm�1; MS (EI): m/z :
228 [M]+ ; HRMS: calcd for C11H20O3Si: 228.1182 [M]+ ; found: 228.1163.


Methyl 5,5-dimethyl-4-trimethylsilyloxy-2-hexynoate (4q): 1H NMR
(CDCl3): d=0.16 (s, 9H), 0.96 (s, 9H), 3.76 (s, 3H), 4.03 ppm (s, 1H);
13C NMR (CDCl3): d=�0.18, 25.26, 36.37, 52.59, 71.07, 76.63, 88.14,
153.88 ppm; IR (neat): ñ=2235, 1721, 1254 cm�1; MS (EI): m/z : 242 [M]+


; HRMS: calcd for C12H22O3Si: 242.1338 [M]+ ; found: 242.1378.


Preparation of Methyl 4-(4-methylphenyl)-4-trimethylsilyloxy-2-buty-
noate (4d): A solution of methyl propiolate (840 mg, 10 mmol) in THF
(5 mL) was added at �78 8C to a solution of lithium diisopropylamide
(LDA) (10 mmol) in THF (15 mL), prepared from diisopropylamine and
n-butyllithium, and the mixture was stirred for 20 min at the same tem-
perature. After the addition of p-tolualdehyde (1.179 mL, 10 mmol) and
further stirring for 0.5 h, chlorotrimethylsilane (1.4 mL, 11 mmol) was
added dropwise. The mixture was then gradually warmed to room tem-
perature, and continuously stirred for 0.5 h. After this time, the reaction
was quenched with saturated NH4Cl, extracted with CH2Cl2, and dried
over MgSO4. Finally, the solvent was evaporated to leave a residue,
which was purified by chromatography on silica gel (CH2Cl2) to afford
4d as a pale yellow oil (2.267 g, 82%). 1H NMR (CDCl3): d=0.20 (s,
9H), 2.35 (s, 3H), 3.76 (s, 3H), 5.53 (s, 1H), 7.18 (d, J=8.1 Hz, 2H),
7.35 ppm (d, J=8.1 Hz, 2H); 13C NMR (CDCl3): d=0.04, 21.10, 52.66,
64.19, 76.74, 87.60, 126.34, 129.23, 136.44, 138.23, 153.77 ppm; IR (neat):
ñ=2237, 1719, 1253 cm�1; MS (EI): m/z : 276 [M]+ ; HRMS: calcd for
C15H20O3Si: 276.1182 [M]+ ; found: 276.1170.


Reaction of propiolate (1a) with benz[D]aldehyde : Benz[D]aldehyde
was purchased from Aldrich (98 atom% D) and used as received. A so-
lution of methyl 3-trimethylsilylpropiolate (156 mg, 1 mmol), benz[D]al-
dehyde (54 mg, 0.5 mmol), and DABCO (112 mg, 1 mmol) in anhydrous
benzene (1 mL) was refluxed for 40 min. After this time, the mixture was
cooled to room temperature and diluted with CH2Cl2 (20 mL). This solu-
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tion was then washed with hydrochloric acid (10%) and brine successive-
ly, and dried over MgSO4. After evaporation of the solvent, the residue
was purified by silica-gel column chromatography (CH2Cl2) to afford
compound [D]2a (57 mg, 62%). Only a trace amount of the product
[D]3a could be detected by TLC. A solution of [D]2a (40 mg,
0.11 mmol) and DABCO (24 mg, 0.22 mmol) in anhydrous benzene
(0.5 mL) was refluxed for 14 h. After this time, the same workup proce-
dure as that described above was utilized and compound [D]3a (11 mg,
34%) and the starting material [D]2a (24 mg, 60%) were isolated.


The experiment in the presence of MeOH was performed as follows: A
solution of methyl 3-trimethylsilylpropiolate (156 mg, 1 mmol), benz[-
D]aldehyde (54 mg, 0.5 mmol), DABCO (112 mg, 1 mmol), and MeOH
(100 ml) in anhydrous benzene (1 mL) was refluxed for 40 min. After this
time, the mixture was cooled to room temperature and diluted with
CH2Cl2 (20 mL). This solution was then washed with hydrochloric acid
(10%) and brine successively, and dried over MgSO4. After evaporation
of the solvent, the residue was purified by silica-gel column chromatogra-
phy (CH2Cl2) to afford compound [D]2a (48 mg, 52%). The 1H NMR
spectrum showed that 100% of the deuterium was incorporated into the
product.


Product [D]2a : 1H NMR (CDCl3): d=�0.01 (s, 9H), 3.45 (s, 3H), 7.17–
7.31 (m, 7H), 7.46 (t, J=7.3 Hz, 1H), 7.68 ppm (d, J=8.1 Hz, 2H); MS
(EI) m/z : 370 [M]+ ; HRMS calcd for C21H22D2O4Si: 370.1567 [M]+ ;
found: 370.1578. In the 1H NMR spectrum, the peaks d=5.56 (d, J=
1.7 Hz, 1H) and d=6.12 ppm (d, J=1.7 Hz, 1H), which were observed in
the 1H NMR spectrum of compound 2a, were found to have disap-
peared.


Product [D]3a : 1H NMR (CDCl3): d=3.70 (s, 3H), 5.79 (s, 1H), 7.46 (t,
J=7.3 Hz, 4H), 7.58 (t, J=7.3 Hz, 2H), 7.97 (d, J=7.3 Hz, 4H); MS (EI)
m/z : 298 [M]+ ; HRMS calcd for C18H14D2O4: 298.1174 [M]+ ; found:
298.1183. In the 1H NMR spectrum, the peak d=3.10 ppm (d, J=6.4 Hz,
2H), which was observed in the 1H NMR spectrum of compound 3a, was
found to have disappeared, and the peak d=5.80 (t, J=6.4 Hz, 1H) in
3a was simplified to a singlet.


General procedure for the preparation of the 3-trimethylsilylpropiolic
esters of salicylaldehydes 10a–f : 4-Dimethylaminopyridine (24 mg,
0.2 mmol) and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride (575 mg, 3 mmol) were added successively to a solution of salicy-
laldehyde (2 mmol) and 3-trimethylsilylpropiolic acid (284 mg, 2 mmol)
in anhydrous CH2Cl2 (10 mL) at room temperature. The resulting mix-
ture was then stirred for 1 h at room temperature. The order of the addi-
tion of the reagents, the concentration of the solution, and the reaction
time were very important factors for the reproducibility of the reaction.
Alternative procedures or a prolonged reaction time resulted in the for-
mation of salicylaldehyde trimethylsilyl ethers, which could not be re-
moved from the desired esters. The reaction mixture was concentrated to
about 4 mL, which was directly purified by silica-gel column chromatog-
raphy (CH2Cl2) to afford a mixture of the ester 10 and the starting salicy-
laldehyde. After evaporation of the solvent, the residue was dissolved in
Et2O (50 mL), washed with K2CO3 (10%, 4Q30 mL), and dried over
MgSO4. The aqueous layer was then acidified with HCl (10%), and ex-
tracted with CH2Cl2 to give the recovered salicylaldehyde (20–40%).
Evaporation of the organic layer afforded the pure ester as a colorless oil
in 52–88% yield based on the consumed salicylaldehyde.


2-Formylphenyl 3-trimethylsilylpropiolate (10a): Yield 52%; 1H NMR
(CDCl3): d=0.30 (s, 9H), 7.24 (dd, J=1.3, 8.1 Hz, 1H), 7.43 (t, J=
7.7 Hz, 1H), 7.65 (ddd, J=1.3, 7.7, 8.1 Hz, 1H), 7.92 (dd, J=1.3, 7.7 Hz,
1H), 10.18 ppm (s, 1H); 13C NMR (CDCl3): d=�0.62, 93.33, 98.36,
123.23, 127.10, 127.89, 130.53, 135.46, 150.70, 150.91, 188.13 ppm; IR
(neat): ñ=2178, 1734, 1703 cm�1; MS (EI): m/z : 246 [M]+ ; HRMS: calcd
for C13H14O3Si: 246.0712 [M]+ ; found: 246.0688.


2-Formyl-4-methylphenyl 3-trimethylsilylpropiolate (10b): Yield 59%;
1H NMR (CDCl3): d=0.30 (s, 9H), 2.41 (s, 3H), 7.12 (d, J=8.2 Hz, 1H),
7.44 (dd, J=2.2, 8.2 Hz, 1H), 7.70 (d, J=2.2 Hz, 1H), 10.14 ppm (s, 1H);
13C NMR (CDCl3): d=�0.66, 20.99, 93.40, 98.08, 122.93, 127.43, 130.63,
136.08, 137.10, 148.76, 150.93, 188.27 ppm; IR (neat): ñ=2177, 1728,
1697 cm�1; MS (EI): m/z : 260 [M]+ ; HRMS: calcd for C14H16O3Si:
260.0868 [M]+ ; found: 260.0853.


2-Formyl-4-methoxyphenyl 3-trimethylsilylpropiolate (10c): Yield 56%;
1H NMR (CDCl3): d=0.29 (s, 9H), 3.84 (s, 3H), 7.14 (d, J=9.0 Hz, 1H),
7.16 (dd, J=2.6, 9.0 Hz, 1H), 7.36 (d, J=2.6 Hz, 1H), 10.14 ppm (s, 1H);
13C NMR (CDCl3): d=�0.99, 55.81, 93.16, 98.19, 112.17, 122.21, 124.15,
128.20, 144.91, 151.15, 157.93, 187.79 ppm; IR (neat): ñ=2178, 1733 cm�1;
MS (EI): m/z : 276 [M]+ ; HRMS: calcd for C14H16O4Si: 276.0818 [M]+ ;
found: 276.0825.


2-Formyl-5-methoxyphenyl 3-trimethylsilylpropiolate (10d): Yield 88%;
1H NMR (CDCl3): d=0.31 (s, 9H), 3.88 (s, 3H), 6.71 (d, J=2.2 Hz, 1H),
6.91 (dd, J=2.2, 8.8 Hz, 1H), 7.85 (d, J=8.8 Hz, 1H), 10.02 ppm (s, 1H);
13C NMR (CDCl3): d=�0.66, 56.13, 93.32, 98.21, 108.53, 112.99, 121.39,
132.42, 150.51, 152.50, 165.20, 186.96 ppm; IR (neat): ñ=2179, 1735,
1693 cm�1; MS (EI): m/z : 276 [M]+ ; HRMS: calcd for C14H16O4Si:
276.0818 [M]+ ; found: 276.0788.


1-Formyl-2-naphthyl 3-trimethylsilylpropiolate (10e): Yield 69%;
1H NMR (CDCl3): d=0.32 (s, 9H), 7.31 (d, J=8.8 Hz, 1H), 7.58 (ddd,
J=1.1, 6.9, 8.2 Hz, 1H), 7.70 (ddd, J=1.3, 6.9, 8.5 Hz, 1H), 7.88 (d, J=
8.2 Hz, 1H), 8.12 (d, J=8.8 Hz, 1H), 9.18 (d, J=8.5 Hz, 1H), 10.73 ppm
(s, 1H); 13C NMR (CDCl3): d=�0.66, 93.19, 98.95, 121.08, 121.36, 125.40,
126.99, 128.49, 129.87, 130.97, 132.02, 136.66, 150.72, 153.60, 189.84 ppm;
IR (neat): ñ=2172, 1728, 1684 cm�1; MS (EI): m/z : 296 [M]+ ; HRMS:
calcd for C17H16O3Si: 296.0869 [M]+ ; found: 296.0858.


4-Chloro-2-formylphenyl 3-trimethylsilylpropiolate (10 f): Yield 64%;
1H NMR (CDCl3): d=0.31 (s, 9H), 7.22 (d, J=8.8 Hz, 1H), 7.60 (dd, J=
2.2, 8.8 Hz, 1H), 7.88 (d, J=2.2 Hz, 1H), 10.13 ppm (s, 1H); 13C NMR
(CDCl3): d=�0.66, 92.98, 99.15, 124.76, 128.85, 129.74, 133.04, 135.19,
149.43, 150.37, 186.70 ppm; IR (neat): ñ=2178, 1736 cm�1; MS (EI): m/z :
280 [M]+ ; HRMS: calcd for C13H13ClO3Si: 280.0323 [M]+ ; found:
280.0274.


General procedure for the formation of the 3-formylcoumarins 11a–f : A
mixture of the propiolic ester 10 (0.125 mmol), and DABCO (28 mg,
0.25 mmol) or quinuclidine (28 mg, 0.25 mmol) in a suitable solvent
(1 mL) was refluxed under an Ar atmosphere. After completion of the
reaction, the mixture was diluted with CH2Cl2, washed with HCl (10%)
and brine, and dried over MgSO4. The solvent was evaporated to leave a
residue, which was purified by silica-gel chromatography (CH2Cl2) to
afford the 3-formylcoumarin as a colorless solid. The yields from all
these reactions are listed in Table 4.


3-Formylcoumarin (11a): Yield 64%; m.p. 134–135 8C (lit.[36] m.p. 132–
133 8C); 1H NMR (CDCl3): d=7.36–7.42 (m, 2H), 7.68–7.72 (m, 2H),
8.43 (s, 1H), 10.27 ppm (s, 1H); 13C NMR (CDCl3): d=117.15, 118.13,
121.69, 125.33, 130.81, 135.06, 145.67, 155.50, 160.14, 187.78 ppm.


3-Formyl-6-methylcoumarin (11b): Yield 81%; m.p. 123–124 8C;
1H NMR (CDCl3): d=2.44 (s, 3H), 7.30 (d, J=8.6 Hz, 1H), 7.46–7.51 (m,
2H), 8.37 (s, 1H), 10.26 ppm (s, 1H); 13C NMR (CDCl3): d=20.69,
116.86, 117.89, 121.55, 130.37, 135.23, 136.27, 145.66, 153.72, 160.40,
187.94 ppm; IR (KBr): ñ=1733, 1691 cm�1; MS (EI): m/z : 188 [M]+ ;
HRMS: calcd for C11H8O3: 188.0474 [M]+ ; found: 188.0448.


3-Formyl-6-methoxycoumarin (11c): Yield 47%; m.p. 176–178 8C (lit.[37]


m.p. 170 8C); 1H NMR (CDCl3): d=3.87 (s, 3H), 7.07 (d, J=2.7 Hz, 1H),
7.25–7.35 (m, 2H), 8.37 (s, 1H), 10.25 ppm (s, 1H); 13C NMR (CDCl3):
d=56.15, 111.68, 118.33, 118.53, 121.88, 123.64, 145.48, 150.19, 156.58,
187.88 ppm; MS (EI): m/z : 204 [M]+ ; HRMS: calcd for C11H8O4:
204.0423 [M]+ ; found: 204.0378.


3-Formyl-7-methoxycoumarin (11d): Yield 46%; m.p. 236–238 8C (lit.[37]


m.p. 238 8C); 1H NMR ([D6]DMSO): d=3.92 (s, 3H), 7.05 (dd, J=2.6,
8.5 Hz, 1H), 7.11 (d, J=2.6 Hz, 1H), 7.92 (d, J=8.5 Hz, 1H), 8.65 (s,
1H), 9.99 ppm (s, 1H); 13C NMR ([D6]DMSO): d=56.03, 111.64, 113.18,
113.53, 117.99, 132.48, 146.98, 157.16, 159.07, 165.20, 186.59 ppm; MS
(EI): m/z : 204 [M]+ ; HRMS: calcd for C11H8O4: 204.0423 [M]+ ; found:
204.0387.


3-Formylbenzo[d]coumarin (11e): Yield 50%; m.p. 226–228 8C; 1H NMR
(CDCl3): d=7.50 (d, J=9.1 Hz, 1H), 7.64 (ddd, J=1.1, 7.1, 8.0 Hz, 1H),
7.78 (ddd, J=1.4, 7.1, 8.5 Hz, 1H), 7.95 (d, J=8.0 Hz, 1H), 8.15 (d, J=
9.1 Hz, 1H), 8.36 (d, J=8.5 Hz, 1H), 9.20 (s, 1H), 10.33 ppm (s, 1H);
13C NMR (CDCl3): d=112.93, 116.86, 120.03, 121.70, 126.99, 129.42,
129.58, 130.03, 130.34, 137.07, 141.16, 156.64, 160.30, 187.80 ppm; IR
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(KBr): ñ=1724 cm�1; MS (EI): m/z : 224 [M]+ ; HRMS: calcd for
C14H8O3: 224.0473 [M]+ ; found: 224.0405.


6-Chloro-3-formylcoumarin (11 f): Yield 26%; m.p. 180–182 8C (lit.[37]


m.p. 179 8C); 1H NMR (CDCl3): d=7.36 (d, J=8.8 Hz, 1H), 7.64 (dd, J=
2.5, 8.8 Hz, 1H), 7.68 (d, J=2.5 Hz, 1H), 8.34 (s, 1H), 10.25 ppm (s, 1H);
13C NMR (CDCl3): d=118.71, 119.17, 122.57, 129.72, 130.76, 134.92,
144.28, 153.84, 159.80, 187.30 ppm; MS (EI): m/z : 208 [M]+ ; HRMS:
calcd for C10H5ClO3: 207.9927 [M]+ ; found: 207.9905.


Preparation of compound 17: A mixture of allylpalladium chloride dimer
(27 mg, 0.15 mmol), triethyl phosphite (50 mg, 0.3 mmol), and hexame-
thyldisilane (0.64 mL, 3.2 mmol) was stirred at room temperature for
5 min. Coumarin 3-carboxylic acid chloride (314 mg, 1.5 mmol) in anhy-
drous toluene (0.5 mL) was then added to this solution, and the resulting
reaction mixture was refluxed for 16 h (coumarin 3-carboxylic acid chlo-
ride was prepared by the treatment of coumarin 3-carboxylic acid with
thionyl chloride). After this time, the reaction mixture was diluted with
CH2Cl2, washed with saturated NaHCO3, dried over MgSO4, and then
the solvent removed by evaporation. Purification of the residue was ach-
ieved by silica-gel chromatography (20% AcOEt/hexane) affording com-
pound 17 (17 mg, 5%) as a pale yellow solid. M.p. 117–119 8C; 1H NMR
(CDCl3): d=0.32 (s, 9H), 7.33 (dt, J=1.3, 7.7 Hz, 1H), 7.38 (d, J=
8.1 Hz, 1H), 7.61–7.66 (m, 2H), 8.04 ppm (s, 1H); 13C NMR (CDCl3): d=
�2.39, 116.80, 118.58, 124.96, 128.53, 130.51, 133.75, 142.06, 155.04,
160.71 ppm; IR (KBr): ñ=1719, 1631, 1608, 1554 cm�1; MS (EI): m/z :
246 [M]+ ; HRMS: calcd for C13H14O3Si: 246.0712 [M]+ ; found: 246.0740.


Preparation of the deuterated substrate [D]10a : Following the reported
procedure,[38] salicylaldehyde was protected as a methoxymethyl ether.
This compound was then transformed into a cyanohydrin trimethylsilyl
ether as follows (see reference [39]). Trimethylsilyl cyanide (104 mg,
1 mmol) and triethylamine (1 drop) were added to a solution of the me-
thoxymethyl ether (166 mg, 1 mmol) in anhydrous CH2Cl2 (4 mL). After
continuous stirring at room temperature for 4 h the reaction mixture was
evaporated and dried under reduced pressure by a vacuum pump to
afford the cyanohydrin trimethylsilyl ether (254 mg, 96%) in an almost
entirely pure form (this was determined from the 1H NMR spectrum).
1H NMR (CDCl3): d=0.25 (s, 9H), 3.51 (s, 3H), 5.24 (d, J=6.8 Hz, 1H),
5.29 (d, J=6.8 Hz, 1H), 5.81 (s, 1H), 7.07 (dt, J=1.3, 7.7 Hz, 1H), 7.14
(dd, J=1.3, 7.7 Hz, 1H), 7.33 (dt, J=1.7, 7.7 Hz, 1H), 7.60 ppm (dd, J=
1.7, 7.7 Hz, 1H).


The deuterium-rich salicylaldehyde and the propiolic ester [D]10a were
prepared by the following procedure: The cyanohydrin trimethylsilyl
ether (254 mg, 0.96 mmol) was dissolved in THF (2 mL) and added to an
equimolar amount of LDA in THF (2 mL) at �78 8C. The mixture was
then stirred at �78 8C for 15 min and D2O (1 mL) was added. The mix-
ture was then diluted with aqueous NH4Cl, extracted with CH2Cl2, and
dried over MgSO4. Evaporation of the solvent produced a residue, which
was dissolved in MeOH (3 mL), treated with K2CO3 (138 mg, 1 mmol),
and then stirred at room temperature for 0.5 h. After this time, the reac-
tion mixture was diluted with H2O, extracted with CH2Cl2, and then
dried over MgSO4. Evaporation of the solvent afforded the deuterium-
rich salicylaldehyde methoxymethyl ether. The deuterium incorporation
of this compound was estimated as approximately 60% from the
1H NMR spectrum. Aqueous H2SO4 (5 mol%, 1 mL) was then added to
a solution of this crude product in MeOH (5 mL), and the resulting mix-
ture was heated at 60 8C for 12 h. After dilution with H2O, the aqueous
solution was extracted with CH2Cl2 and dried over MgSO4. Finally, the
solvent was evaporated to leave a residue, which was purified by silica-
gel chromatography (CH2Cl2) affording salicyl[D]aldehyde (71 mg,
60%). The deuterium-rich propiolic ester [D]10a was synthesized accord-
ing to the general procedure mentioned above. The 60% D incorporation
of these products was confirmed by their 1H NMR spectra.


The coumarin-forming reaction of compound [D]10a : A mixture of the
propiolic ester [D]10a (30 mg, 0.125 mmol) and DABCO (28 mg,
0.25 mmol) in benzene (1 mL) was refluxed for 8 h. After completion of
the reaction, the mixture was diluted with CH2Cl2, washed with HCl
(10%) and brine, and dried over MgSO4. Removal of the solvent by
evaporation produced a residue, which was purified by silica-gel chroma-
tography (CH2Cl2) affording the 3-formylcoumarin [Da]11a as a colorless


solid (9 mg, 41%). The 1H NMR spectrum was identical to that obtained
for 11a with one exception. The integration value for the proton at C-4
on the coumarin nucleus (d=8.43 ppm) suggested 60% D incorporation.


Formation of compound [Db]11a : A mixture of the propiolic ester 10a
(31 mg, 0.125 mmol), DABCO (28 mg, 0.25 mmol), and [D4]MeOH (1
drop) in benzene (1 mL) was refluxed for 1 h. After this time, the mix-
ture was diluted with CH2Cl2, washed with HCl (10%) and brine, and
dried over MgSO4. The solvent was then removed by evaporation, and
the residue produced was purified by silica-gel chromatography (CH2Cl2)
affording 3-formylcoumarin [Db]11a as a colorless solid (3 mg, 14%).
The other major product obtained was salicylaldehyde, which was proba-
bly formed by methanolysis. The 1H NMR spectrum of [Db]11a was iden-
tical to that obtained for 11a, with the exception of the integration value
of the formyl proton (10.27 ppm), which suggested 60% D incorporation.
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The Barton Reaction: Can a More Tenable Pathway Be Hypothesized for the
Formation of Nitrosoalkyl Derivatives?


Loris Grossi*[a]


Introduction


The importance of the Barton reaction for synthetic purpos-
es is the possibility of attacking inactivated hydrogen intra-
molecularly through a 1,5-hydrogen shift. In fact, since the
early 1960s, it has been reported that alkoxyl radicals deriv-
ing from the photolysis of the corresponding alkyl nitrites,
among several possible reactions, can undergo an internal
rearrangement that leads to an alkyl radical. For the forma-
tion of the corresponding nitrosoalkyl derivative, or the hy-
droxamic acid in the synthesis of steroids, the key step com-
monly accepted is the encounter of the alkyl radical and
NO. But, it is now well documented that alkyl nitrites can
themselves act as efficient traps for alkyl radicals,[1–3] and
thus a possible alternative and/or competitive mechanism
accounting for the formation of the nitrosoalkyl derivatives
is hypothesized.


Results and Discussion


In the photolysis of alkyl nitrites, the formation of dialkyl
nitroxides, detectable by EPR spectroscopy, is usually de-
scribed as shown in Equations (5) and (6)[2,3] (Scheme 1),


with the key step of the process being the formation of the
nitrosoalkyl derivative [Eq. (5)], which depends on the con-
centration of both the alkyl radical and the free NO.[4]


In the literature, several photochemical studies on both
the chemical behavior of alkyl nitrites [Eq. (1)] and quanti-
tative estimates of the primary quantum yield (a quite effi-
cient process) in the gas phase have been reported.[5] In par-
ticular, the rapid re-formation of the nitrite from primary
products [Eq. (2)] is stated to be important,[6] as proved by
experiments conducted on RO�NO molecules in the pres-
ence of 15NO,[7] which showed the formation of the corre-
sponding RO�15NO in a high yield. In contrast, studies on
the quantum yield of the photolysis of alkyl nitrites in solu-
tion are not so plentiful.


As stressed before, as the nitrosoalkyl derivatives come
from the interaction of free NO and alkyl radicals,[4] a high


Abstract: Herein, we report that in the
formation of nitrosoalkyl derivatives
during the photolysis of alkyl nitrites,
the formation of the intermediate alkyl
alkoxy nitroxide, due to the trapping of
alkyl radicals by the starting nitrite, is
the key step of the entire process. In
fact, these nitroxides, detectable by
EPR spectroscopy, decay to the final


nitroso derivatives under thermody-
namic control. In light of this, the
Barton reaction mechanism has been
reviewed. The nitrosoalkyl derivatives,


or the hydroxamic acids when steroids
are involved, have now to be consid-
ered as the ending products of the
entire process and not, unless a very
high concentration of NO is present in
the medium, the result of a direct reac-
tion of NO with the alkyl radical, as is
commonly accepted.
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Scheme 1. The commonly accepted Barton reaction mechanism, and
action of alkyl nitrite as a spin trap.
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concentration of both reactants should be present in the
medium to account for the high yield usually reported.
However, the low ultimate quantum yield[8,9] of the photoly-
sis of alkyl nitrites in solution, for instance 0.25 for the n-
pentyl nitrite and 0.08 for the tert-butyl nitrite, shows that,
on the contrary, the concentration of both reactants is very
small. In particular, the concentration of the free alkyl radi-
cal will depend on alternative competitive processes that
both the parent alkoxyl radical, through intermolecular hy-
drogen abstraction from the solvent, and the alkyl radical
itself, through the self-termination process, can undergo. In
light of all of these considerations, Equation (5) might not
represent an efficient route for the formation of nitrosoalkyl
derivatives.


Previous studies conducted in this laboratory on the pho-
tolysis of alkyl nitrites[1,10] showed that this class of com-
pounds is a very efficient and fast trap for alkyl radicals
[Eq. (7)], leading to the formation of alkyl alkoxy nitroxides
that can decay to nitrosoalkyl derivatives. Thus, for the for-
mation of R�NO, an alternative mechanism involving the
starting nitrite can be hypothesized (Scheme 2). To support
this mechanism, an EPR study on the behavior of different
alkyl nitrites to the photolysis was conducted.


The first alkyl nitrite under investigation was sec-butyl ni-
trite 4. The resulting alkoxyl radical mainly decays through
intramolecular processes, such as b scission and/or a 1,2-hy-
drogen shift,[11] or through a fast[6] recombination with NO.
Furthermore, to suppress intermolecular processes like hy-
drogen abstraction, benzene was used as the solvent.


When a solution of 4 was made to flow continuously
through a cell inside an EPR spectrometer cavity and was
photolyzed at a temperature slightly above the freezing
point of benzene, at least two alkyl alkoxy nitroxides, 5 and
6 (70% and 20%, respectively), were detected (Figure 1);[12]


but, no dialkyl nitroxides, as usually predicted, were ob-
served (Scheme 3).


However, conducting the experiments at a higher temper-
ature, �15–20 8C, dialkyl nitroxide 7 was detected with a
concomitant decrease of radical 6 ; over time, only radicals 5
and 7 (70% and 30%, respectively) remained visible
(Figure 2, Scheme 3).


The detection of nitroxides 5 and 6 underlines the capabil-
ity of alkyl nitrites to act as traps for alkyl radicals, whereas
for the formation of nitroxide 7, ambiguous evidence was


available; in fact, both Equations (16) and (17) (Scheme 3)
could account for its presence. Nevertheless, the decay of 6,
but not of 5, shows that by raising the temperature Equation
(14) predominates, and therefore 2-nitroso-2-butanol is the


Scheme 2. The new alternative mechanism for the Barton reaction.


Figure 1. Left: EPR spectrum obtained at �5 8C by photolyzing a solu-
tion of 4 in benzene; != radical 5 and *= radical 6. Right: Computer-si-
mulated spectrum. The length of the arrow represents a magnetic field
unit of 10 G.


Scheme 3. Reactions that can take place during the photolysis of nitrite
4, accounting for the detected radical species.


Figure 2. Left: EPR spectrum obtained at �15–20 8C by photolyzing a
solution of 4 in benzene; != radical 5 and *= radical 7. Right: Comput-
er-simulated spectrum. The length of the arrow represents a magnetic
field unit of 10 G.
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trap that accounts for the formation of 7 [Eq. (17)]. On the
contrary, if nitrosoethyl was the spin trap [Eq. (16)], Equa-
tion (15) should take place; but, the fact that diethyl nitro-
xide was undetected, which should be easily formed, gives
evidence against its involvement.[13,14]


The 4-methylpentyl nitrite 8, whose resulting alkoxyl in-
termediate undergoes the Barton rearrangement, was the
second substrate investigated. When a solution of 8 in ben-
zene was made to flow through a cell inside the EPR spec-
trometer cavity and was photolyzed, at 5 8C, three radical
species were detected: 9, 10, and 12 (15%, 70%, and 15%,
respectively; Scheme 4, Figure 3).


The formation of alkyl alkoxy nitroxide 9 supports, once
again, the role of alkyl nitrite as a spin trap, whilst to ac-
count for dialkyl nitroxide 12, a 1,2-hydrogen shift of the in-
termediate alkoxyl radical[11] [Eq. (23)] followed by the trap-
ping of the new alkyl radical [Eq. (25)] has to occur.


Concerning di-tert-alkyl nitroxide 10, the preponderant
species, the usually accepted mechanism could, in principle,
account for its presence. On the contrary, following our hy-
pothesis, a fast decay[15,16] of 9 to the corresponding 4-
methyl-4-nitroso-1-pentanol should occur [Eq. (21)], due to
low thermodynamic stability. This claim could be validated
by conducting experiments at lower temperatures; in fact,
an increase in the thermodynamic stability of 9 should be
shown. Tests were then carried out in acetonitrile at �47 8C.
The EPR spectra showed the formation of nitroxides 9, 10,
and 11 (35%, 45%, and 20%, respectively; Figure 4).


The marked increase of alkyl alkoxy nitroxide 9 (35% vs
15%) confirmed its enhanced stability at lower tempera-
tures,[17,18] whilst the concomitant decrease of 10 (45% vs
70%) led to the hypothesis that 9 is the parent compound
of 4-methyl-4-nitroso-1-pentanol [Eq. (21)], and in turn the
precursor of 10 [Eq. (22)]. This behavior implies that the
process is reversible. Thus, by raising the temperature again,
an increase of 10 along with a concomitant reduction of 9
could be detected. Experiments carried out at �35 8C con-
firmed this, clearly supporting our assertion. As for nitroxide
11, the oxidation reaction [Eq. (24)] accounts for it
(Figure 5), as reported in the literature,[19] .


At this stage, the study of substrates whose corresponding
alkoxyl radicals can lead to a single alkyl radical seemed to
be decisive. In fact, the formation of a single alkyl alkoxy ni-
troxide could make the mechanism leading to the nitroso
derivatives easier to understand. The 1-methylcyclopentyl
nitrite 13 could fulfil this requirement; the corresponding al-
koxyl radical undergoes a rapid b-scission process to lead to
a single alkyl radical (Scheme 5).


A solution of 13 in isooctane was then investigated at
�50 8C; the EPR spectrum showed the formation of nitro-
xides 14 and 15 (80% and 20%, respectively; Figure 6a). Ni-
troxide 14 confirmed the role of alkyl nitrite as a spin trap,


Scheme 4. Reactions that can take place during the photolysis of nitrite
8, accounting for the detected radical species.


Figure 3. Left: EPR spectrum obtained at �5 8C by photolyzing a solu-
tion of 8 in benzene; != radical 9, ^= radical 10, and *= radical 12.
Right: Computer-simulated spectrum. The length of the arrow represents
a magnetic field unit of 10 G.


Figure 4. Left: EPR spectrum obtained at �47 8C by photolyzing a solu-
tion of 8 in acetonitrile; != radical 9—the hyperfine splitting due to the
hydrogen atoms in the g position (-CH2�O-) are now manifest—^= radi-
cal 10, and *= radical 11. Right: Computer-simulated spectrum. The
length of the arrow represents a magnetic field unit of 10 G.
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whilst for nitroxide 15 we needed to prove the mechanism
of its formation. The evidence obtained with previous sub-
strates indicated that by conducting experiments at different
temperatures we could verify if any relationship existed be-
tween the two. So, tests were conducted at higher tempera-
tures, in particular at �30 8C (Figure 6b) and at room tem-
perature (Figure 6c). The increase of dialkyl nitroxide 15 at
the expense of the alkyl alkoxy nitroxide 14 was evidenced.
This result strongly supported our hypothesis, that is, the de-
pendence of the stability of alkyl alkoxy nitroxides[18] on
temperature, and the role of
these species as precursors of
the dialkyl nitroxides through
the formation of the intermedi-
ate nitrosoalkyl derivatives
[Eqs. (27)–(29)].


The latter experiment
strengthened the idea that the
substrates that are able to lead
exclusively to a single and un-
equivocal radical intermediate
were those able to give defini-
tive proof for the mechanism of
formation of the nitrosoalkyl
intermediate. So, we thought it
was necessary to confirm this
result by investigating similar
substrates. For this purpose, 4-
pentenyl nitrite 16 was taken
into consideration. In fact, the
corresponding 4-pentenyloxyl
intermediate can undergo a fast
rearrangement to the 2-tetrahy-
drofurylmethyl radical, the sole
ending radical species, through
a 5-exo-trig intramolecular ring
closure.


The first experiment was car-
ried out on a solution of 4-


penten-1-ol in slightly aerated acetonitrile, in the presence
of tBuONO: under these conditions 16 is formed by trans-
nitrosation[20] [Eq. (30), Scheme 6].


When this solution was made to flow through a cell inside
the EPR spectrometer cavity and was photolyzed, at �30 8C,
the spectrum showed the presence of nitroxide 17 exclusive-
ly (Figure 7). The detection of only this nitroxide enables us
to stress several points of our hypothesis. Because the cycli-
zation of the 4-pentenyloxyl radical is a process character-
ized by a high reaction rate[21] [Eq. (34)], it is possible to
consider the 2-tetrahydrofurylmethyl radical as the exclusive
ending radical species of the photolysis of 4-pentenyl nitrite,


Figure 5. Left: EPR spectrum obtained at �35 8C by photolyzing a solu-
tion of 8 in acetonitrile; != radical 9—the central group is masked by
radical 10—^= radical 10, *= radical 11, and *= radical 12. Right: Com-
puter-simulated spectrum. The length of the arrow represents a magnetic
field unit of 10 G.


Scheme 5. Reactions that can take place during the photolysis of nitrite
13, accounting for the detected radical species.


Figure 6. Left: ESR spectra obtained by photolyzing a solution of 13 in isooctane: a) at �50 8C; b) at �30 8C;
c) at room temperature. The relative concentration of the radical species, 14 (!) and 15 (*), increases in favor
of 15 by increasing the temperature. Right: Computer-simulated spectra. The length of the arrow represents a
magnetic field unit of 10 G.
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and therefore the quantum yield of the process is �1.
Meanwhile, the fact that di-2-tetrahydrofurylmethyl nitro-
xide 18 was undetected, which should be derived from the
direct involvement of the likely 2-tetrahydrofurylmethyl ni-
troso derivative, led us to the conclusion that the trapping of
alkyl radicals by NO [Eq. (35)] is less efficient than that by
an alkyl nitrite, and in particular, than that by a tert-alkyl ni-
trite [Eq. (36)]. Lastly, the sole detection of 17, with no dia-
lkyl nitroxides (usually reported to be the main radical spe-
cies) confirmed the high stability of the alkyl tert-alkoxy ni-
troxides at low temperatures.


A second experiment was conducted on a solution of 4-
penten-1-ol in slightly aerated acetonitrile and tert-butylper-
oxide, through which pure NO gas was bubbled. Under
these conditions, 4-pentenyl nitrite 16 was formed by reac-
tion of the alcohol with the NO/O2 mixture[22] [Eq. (30)].
When this solution was made to flow through a cell inside
the EPR spectrometer cavity and was photolyzed, at �47 8C,
the spectrum showed the formation of nitroxides 17 and 18,
almost in equal amounts.


This result definitely proves that the recombination reac-
tion between an alkoxyl radical and NO, the reverse of
Equation (31), occurs,[6,23] and that the corresponding nitrite,
tBuONO in this case, acts efficiently as a trap for alkyl radi-
cals [Eq. (36)]. However, the detection of nitroxide 18
seems in contrast to the result obtained in the previous ex-
periment. In particular, the high thermodynamic stability of
17 at low temperatures could not account for the formation
of the 2-tetrahydrofurylmethyl nitroso derivative [Eq. (37)],
precursor of 18, at least in that amount. But, the high quan-
tity of NO now present in the medium (pure NO gas added)
most probably leads to the direct formation of the 2-tetrahy-
drofurylmethyl nitroso derivative [Eq. (35)] and then 18
[Eq. (38)].


To validate the latter hypothesis, that is, the direct forma-
tion of a nitrosoalkyl derivative only when a high concentra-
tion of NO is available [Eq. (5)], an experiment was carried
out with 4-penten-1-ol dissolved in acetonitrile, slightly aer-
ated, through which pure NO gas was bubbled. Under these
conditions nitrite 16 was formed by interaction of the corre-
sponding alcohol and the NO/O2 mixture [Eq. (30)].[22]


When this solution was investigated at �47 8C, the EPR
spectrum showed the presence of nitroxide 18 exclusively
(Figure 8).


The coupling of NO with the 2-tetrahydrofurylmethyl rad-
ical, the sole ending radical species,[24] is now the most likely
reaction [Eq. (35)], and then 2-(nitrosomethyl)tetrahydro-
furan the precursor of nitroxide 18 [Eq. (38)].


Conclusion


The behavior of several alkyl nitrites during photolysis was
studied in different solvents and at different temperatures.
All the results led to the conclusion that the starting alkyl
nitrite, acting as a spin trap[26] of alkyl radicals deriving from
possible reactions that the intermediate alkoxyl radical can
undergo, has a crucial role in the entire process. In particu-
lar, it has been proved that the intermediate alkyl alkoxy ni-
troxides have to be considered the precursors of the nitro-


Scheme 6. Reactions that can take place during the photolysis of nitrite
16, generated in different ways.


Figure 7. Left: EPR spectrum of radical 17 detected at �30 8C by photo-
lyzing a solution of 16 in slightly aerated acetonitrile with 4-penten-1-ol
and tBuONO. Right: Computer-simulated spectrum. The length of the
arrow represents a magnetic field unit of 10 G.


Figure 8. Left: EPR spectrum of radical 18 detected at �47 8C by photo-
lyzing a solution of 16 in slightly aerated acetonitrile with 4-penten-1-ol
and NO. Right: Computer-simulated spectrum. The length of the arrow
represents a magnetic field unit of 10 G.


Chem. Eur. J. 2005, 11, 5419 – 5425 www.chemeurj.org B 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5423


FULL PAPERThe Barton Reaction



www.chemeurj.org





soalkyl derivatives, the main ending products. Actually,
these species must be seen as the final products of the entire
process, and not, unless a very high concentration of NO is
present in the medium, the result of a direct reaction of
alkyl radical intermediates with NO, which is in contrast to
the commonly accepted mechanism of the Barton reaction.
Furthermore, it has been clearly shown that the formation
of the dialkyl nitroxides, which predominate at high temper-
atures, and the alkyl alkoxy nitroxides, which predominate
at low temperatures, is under thermodynamic control.


Experimental Section


Materials : Nitrites were synthesized from the corresponding alcohols fol-
lowing the standard procedures reported in the literature,[22,25] and distil-
led under vacuum before use. The acetonitrile used was of 99.9+%
purity.


EPR experiments : The solutions containing the reactants (10–50L10�3
m)


were purged with gaseous N2 for at least 45 min before use. The mixtures
were then made to flow continuously (flow rate 2.0–3.5 mLmin�1)
through a flat quartz cell (0.3 mm width) inside an EPR spectrometer
cavity, and were directly irradiated with a 500 W high-pressure mercury
lamp. An EPR spectrometer equipped with a variable-temperature con-
trol system was used. Relative radical concentrations and hyperfine-split-
ting assignments were obtained by means of computer simulations.
Table 1 shows the hyperfine coupling constants of the detected radical
species.
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hydrofurylmethyl-4-buten-1-oxy nitroxide (aN=27.00, aHb=4.50,
aHb’=10.75 G) was also evident. This proves, once again, the effi-
ciency of alkyl nitrite as a spin trap.
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Organostannoxane-Supported Multiferrocenyl Assemblies:
Synthesis, Novel Supramolecular Structures, and Electrochemistry


Vadapalli Chandrasekhar,*[a] Kandasamy Gopal,[a] Selvarajan Nagendran,[a] Puja Singh,[a]


Alexander Steiner,[b] Stefano Zacchini,[b] and Jamie F. Bickley[b]


Introduction


Multimetallocenyl assemblies in general, and multiferrocen-
yl compounds in particular, have been attracting considera-
ble interest in view of their potential applications as multie-
lectron reservoirs, electron-transfer mediators, electrode-


modification materials, ion sensors, or as materials for elec-
tronic devices.[1] We have been interested in the design of
ferrocenyl assemblies containing multiple but electrochemi-
cally equivalent ferrocene units. In the literature, most of
the strategies for the preparation of such compounds are
based on a divergent approach and start (usually) from a
central organic core which supports a periphery of electroac-
tive ferrocene subunits.[2,3] In a completely different ap-
proach we have demonstrated that the use of inorganic
frameworks, such as stannoxanes or cyclophosphazenes, as
supports can lead to a one-step synthesis of hexaferrocenyl
derivatives.[4] Subsequently, there have also been other re-
ports on the use of supports derived from inorganic rings or
cages.[5]


The advantages of using stannoxane frameworks for the
construction of multiferrocenyl assemblies are manifold.


Abstract: Organostannoxane-based
multiredox assemblies containing ferro-
cenyl peripheries have been readily
synthesized by a simple one-pot synthe-
sis, either by a solution method or by
room-temperature solid-state synthesis,
in nearly quantitative yields. The
number of ferrocenyl units in the mul-
tiredox assembly is readily varied by
stoichiometric control as well as by the
choice of the organotin precursors.
Thus, the reaction of the diorganotin
oxides, R2SnO (R=Ph, nBu and tBu)
with ferrocene carboxylic acid affords
tetra-, di-, and mononuclear derivatives
[{Ph2Sn[OC(O)Fc]2}2] (1), [{[nBu2SnO-
C(O)Fc]2O}2] (2), [nBu2Sn{OC(O)Fc}2]
(3), [{tBu2Sn(OH)OC(O)Fc}2] (4), and
[tBu2Sn{OC(O)Fc}2] (5) (Fc=h5C5H4-
Fe-h5C5H5). The reaction of triorgano-
tin oxides, R3SnOSnR3 (R=nBu and
Ph) with ferrocene carboxylic acid


leads to the formation of the mono-nu-
clear derivatives [Ph3SnOC(O)Fc] (6)
and [{nBu3SnOC(O)Fc}n] (7). Molecu-
lar structures of the compounds 1–4
and 6 have been determined by single-
crystal X-ray analysis. The molecular
structure of compound 1 is new among
organotin carboxylates. In this com-
pound, ferrocenyl carboxylates are in-
volved in both chelating and bridging
coordination modes to the tin atoms to
form an eight-membered cyclic struc-
ture. In all of these compounds, the
acidic protons of the cyclopentadienyl
groups are hydrogen bonded to the car-
boxylate oxygens (C�H···O) to form


rich supramolecular assemblies. In ad-
dition to this, p–p, T-shaped, L-shaped,
and side-to-face stacking interactions
involving ferrocenyl groups also occur.
Compound 6 shows an interesting and
novel intermolecular CO2–p stacking
interaction. Electrochemical analysis of
the compounds 1–4, 6, and 7 shows a
single, quasi-reversible oxidation peak
corresponding to the simultaneous oxi-
dation of four, two, and one ferrocenyl
substituents, respectively. Compound 5
shows two quasi-reversible oxidation
peaks. This is attributed to the posi-
tional difference among the ferrocenyl
substituents on the tin atom. Addition-
ally, while compounds 2 and 4 are elec-
trochemically quite robust and do not
decompose even after ten continuous
CV cycles, compounds 1, and 3, 5–7
start to show decomposition after five
cycles.
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Firstly, the stannoxane frameworks are reasonably robust.
Secondly and importantly, the stannoxane cores are them-
selves not redox active.[1e,4a,4b] Thus, the support does not in-
terfere with the electrochemical properties of the peripheral
redox-active ferrocene units. Thirdly, the utilization of stan-
noxanes as supports allows a ready modulation of the
number and orientation of the ferrocene units. Lastly, the fa-
vorable disposition of the oxygen centers and the aromatic
hydrogen atoms allows the formation of interesting supra-
molecular structures in the solid state.[4b] In order to test the
efficacy of these principles we have investigated the reac-
tions of (Ph2SnO)n, (nBu2SnO)n, (tBu2SnO)3, (Ph3Sn)2O, and
(nBu3Sn)2O with ferrocene carboxylic acid. Herein, we de-
scribe the synthesis and electrochemical studies of [{Ph2Sn-
[OC(O)Fc]2}2] (1), [{[nBu2SnOC(O)Fc]2O}2] (2), [nBu2Sn{O-
C(O)Fc}2] (3), [{tBu2Sn(OH)OC(O)Fc}2] (4), [tBu2Sn{O-
C(O)Fc}2] (5), [Ph3SnOC(O)Fc] (6), and [{nBu3SnO-
C(O)Fc}n] (7) (Fc=h5C5H4-Fe-h5C5H5). The X-ray crystal
structures of 1–4 and 6 are also described. The structure of 1
represents a new structural form of organotin carboxylates
and reveals the formation of an eight-membered Sn2C2O4


ring containing two bridging carboxylates. Although the
structure of 2 was reported earlier[6] (as a benzene solvate),
we have reinvestigated its nonsolvated form with the view
of elucidating the supramolecular interactions that are pres-
ent. All of these compounds (1–4 and 6) show an intricate
supramolecular organization in
the solid state that results from
a cumulative effect of intermo-
lecular secondary interactions.
Aromatic interactions (p–p)
among aryl rings have been
well documented.[7] In contrast,
such studies on ferrocenyl de-
rivatives are limited.[8] The
present work demonstrates the
wide range of interferrocenyl
interactions that are possible in
the solid state and testifies to
the efficacy of the growing field of organometallic crystal
engineering. We also discuss the presence of a new CO2–p
supramolecular synthon in the crystal structure of 6. The
crucial role of the Sn2O2 distannoxane core vis-M-vis simple
Sn�O linkages in terms of providing an ideal structural plat-
form for generating a robust and stable electrochemical be-
havior for the multiferrocene assemblies has also been de-
lineated.


Results and Discussion


The advantages of utilizing organostannoxanes as supports
for constructing multiferrocene architectures are as follows.
The number of ferrocene units in the eventual molecular as-
sembly can be readily tuned by varying the nature of the or-
ganotin precursor. Additionally, unlike in the ferrocene as-
semblies synthesized by using organic supports, a common


synthetic strategy is applicable in the present study. In all
cases, the ferrocenyl assemblies were isolated in excellent
yields (see Experimental Section). As we will also show
below, the stannoxane frameworks are electrochemically
inert and do not interfere with the electrochemical proper-
ties of the peripheral ferrocenes.


Synthetic aspects : All the organotin oxides reacted with fer-
rocene carboxylic acid to afford various types of products.
The nature of the product depends upon the type of the or-
ganotin oxide as well as the stoichiometry of the reaction.[9]


In addition, all the reactions can be carried out by the tradi-
tional synthetic route, namely, in a solvent such as toluene
under reflux conditions and by using a Dean–Stark appara-
tus, which assists in the dynamic removal of water.[4a,b] Alter-
natively, a novel solvent-free methodology, which we have
recently demonstrated, can also be adopted.[10] In this latter
technique the reactants are ground together for a specified
period of time. This was followed by a workup to afford the
final products (see Experimental Section). Notably, the sol-
vent-free synthesis also afforded the same products (in
nearly the same yields) as those obtained by the traditional
synthesis route.


The reaction of ferrocene carboxylic acid with (Ph2SnO)n
in a 1:1 or 2:1 stoichiometric ratio afforded exclusively the
dinuclear compound [{Ph2Sn[OC(O)Fc]2}2] (1) (Scheme 1).


The poor solubility of 1 in many organic solvents prevented
its molecular-weight measurement in solution. However, we
were able to obtain a 119Sn NMR spectrum in CDCl3. A
single resonance at d=�321.4 ppm was observed. This
chemical shift is consistent with the coordination environ-
ment around tin[9] (2C, 4O) as well its cyclic structure (vide
infra). The reaction of (nBu2SnO)n with ferrocene carboxylic
acid in toluene in a 1:1 ratio yielded the tetranuclear tin de-
rivative [{[nBu2SnOC(O)Fc]2O}2] (2) (Scheme 2). In con-
trast, the reaction of (tBu2SnO)3 with ferrocene carboxylic
acid under analogous reaction conditions afforded a hy-
droxy-bridged dimer, [{tBu2Sn(OH)OC(O)Fc}2] (4)
(Scheme 3). If the reactions were carried out using a 1:2 sto-
ichiometry (R2SnO:FcCOOH) mononuclear tin derivatives
[nBu2Sn{OC(O)Fc}2] (3) (Scheme 2) and [tBu2Sn{O-
C(O)Fc}2] (5) (Scheme 3) were obtained. The reactions of
the triorganotin derivatives (R3Sn)2O with two equivalents
of ferrocene carboxylic acid resulted in [Ph3SnOC(O)Fc] (6)


Scheme 1. Synthesis of compound 1.
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or [{nBu3SnOC(O)Fc}n] (7) (Scheme 4). The 119Sn chemical
shifts of compounds 2–7 are given in the Experimental Sec-
tion and are consistent with their molecular structures (vide
infra).[9]


X-ray crystal structures of compounds 1–4 and 6 : The mo-
lecular structures of 1–4 and 6 are shown in Figure 1 and
some of their selected metric parameters are summarized in
Table 1.


The dinuclear derivative [{Ph2Sn[OC(O)Fc]2}2] (1) is a
new structural form of a diorganotin dicarboxylate, [R2Sn-
(O2CR’)2]. In general diorganotin dicarboxylates are mono-
nuclear complexes,[9] in which the tin is six-coordinate aris-


ing from an anisobidentate chelating coordination mode of
the two carboxylates. As an example, the structure of com-
pound 3 will be discussed below. The molecular structure of
1 contains two diphenyltin units and four ferrocene carboxy-
lates (Figure 1). The two tin atoms present in the molecule
are bridged by two ferrocene carboxylates in an anisobiden-
tate coordination mode. This results in the formation of an
eight-membered ring (Sn1, O3, C24, O4, Sn1*, O3*, C24*,
and O4*). Each of the other two ferrocene carboxylates
binds exclusively to one tin atom in an anisobidentate che-
lating coordination mode. The eight-membered Sn2O4C2


ring is nearly planar with an average deviation of 0.024 O
from the mean plane. The planes of the terminal chelating
carboxylates are also coplanar with the plane of the central
Sn2O4C2 cyclic core with a deviation angle of 3.158. In com-
pound 1, two ferrocenyl moieties lie above and the other
two lie below the plane of the Sn2C2O4 core. An interesting
aspect of the molecular organization of 1 is that the phenyl
substituents present on one tin atom (Sn1) are found in an
eclipsed conformation to those on the other tin atom
(Sn1*). The intercentroid distance between the two phenyl
groups is 3.735(5) O. Each tin atom in compound 1 is six-co-
ordinate with a distorted octahedral geometry. The axial po-
sitions are occupied by two phenyl substituents (C1 and C7)


and the equatorial positions by
four carboxylate oxygen atoms
(O1, O2, O3, and O4*). Along
the octahedral edge an addi-
tional weaker bonding interac-
tion was found between tin and
the bridging carboxylate oxygen
atom (Sn1�O4 2.613(7) O).
Considering this interaction,
the coordination number of the
tin atom increases to seven and


the geometry may be described as a distorted pentagonal bi-
pyramid. Although cyclic rings of tin with carboxylate li-
gands are rare,[11] there have been recent reports on tin-con-
taining inorganic rings with phosphinate and sulfonate li-
gands.[12]


The molecular structure of 2 shows that the four ferro-
cene moieties present in this compound are supported by a
planar Sn4O2 core. This contrasts with the situation found in


Scheme 2. Synthesis of compounds 2 and 3.


Scheme 3. Synthesis of compounds 4 and 5.


Scheme 4. Synthesis of compounds 6 and 7.
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[{nBuSn(O)OC(O)Fc}6], in which the six ferrocene units are
located in a wheel-like arrangement around a central Sn6O6


prismane core.[4a] Compound 2 adopts the familiar ladder
framework and has two central and two terminal tin atoms.
The ferrocene carboxylates are involved in both anisobiden-
tate chelating (Sn2�O4 2.201(18) and Sn2�O5 2.646(18) O)
as well as isobidentate bridging (Sn1*�O2* 2.243(19) and
Sn2�O3 2.249(19) O) coordination modes. The Sn�O distan-
ces in the central Sn2O2 unit of 2 are as follows: Sn1�O1
2.168(18) and Sn1�O1* 2.036(17) O (cf. metric parameters
for analogous Sn�O bonds in [{nBuSn(O)OC(O)Fc}6]


[4a] are:
Sn1�O3 2.106(4), Sn1�O1 2.100(4), Sn2�O3 2.087(3), and
Sn2�O1 2.099(4) O).


The mononuclear tin dicarboxylate 3 crystallizes as a
hexane solvate. The unit cell contains two independent mol-
ecules in the asymmetric unit. They are perpendicular to
each other and are interact through L-shaped stacking of
the ferrocenyl moieties (as discussed vide infra). The two
ferrocenyl moieties are attached to the tin atom through the
chelating carboxylate ligands (anisobidentate coordination
mode). The tin atom is six-coordinate with a 2C, 4O coordi-
nation environment. The geometry around the tin atom can
be described as a skewed trapezoidal bipyramid.[13] The ori-
entations of the ferrocenyl units in the two independent
molecules present in the asymmetric unit are different.
While in one molecule the two ferrocenes are on the same
side of the plane containing the tin and the carboxylate
oxygen atoms, in the second molecule the two ferrocene
moieties are trans to each other.


Interestingly, while the 1:1 reaction of (nBu2SnO)n with
FcCOOH afforded the tetranuclear derivative [{[nBu2SnO-


C(O)Fc]2O}2] (2), the analogous reaction involving
(tBu2SnO)3 afforded the dinuclear derivative [{tBu2Sn(O-
H)OC(O)Fc}2] (4). The steric bulk of the tert-butyl substitu-
ents clearly plays an important role in this reaction and
limits the nuclearity of the tin assembly. Puff and co-workers
have previously shown that [tBu2Sn(OH)(X)]2 (X=F, Cl,
OH) is dimeric.[14] It is reasonable to propose that the dinu-
clear structure of 4 arises from a dimerization of the mono-
nuclear monohydroxy derivative 4a (Scheme 3). Such dime-
rization of intermediates to eventual products has been re-
ported by our group recently.[15] The two tin atoms in 4 are
bridged by two hydroxyl groups (O1 and O1*) to generate a
central Sn2O2 stannoxane core. Each tin atom is bound to
one ferrocene carboxylate and only one oxygen atom (O2)
of the ferrocene carboxylate is bound to the tin atom. The
other oxygen atom of the carboxylate (O3) is involved in an
intramolecular hydrogen bonding with the bridging OH
group. Thus, each tin atom in 4 is five-coordinate (2C, 3O
coordination environment) and has a distorted trigonal bi-
pyramidal geometry. Two tert-butyl groups (C1 and C5) and
one bridging hydroxyl oxygen atom (O1) occupy equatorial
positions, while one carboxylate oxygen atom (O2) and the
other bridging hydroxyl oxygen atom (O1*) are the axial li-
gands. The average Sn�O bond length for the planar distan-
noxane core is 2.106(2) O, which is comparable with that
found in [{tBu2Sn(OH)OC(O)CH3}2] (2.125 O)[16] as well as
in 2.


The molecular structure of 6 shows that the triorganotin
carboxylate adopts a discrete structure that is in accordance
with the preference of such structures for triphenyltin aryl-
carboxylates.[9,10] The tin atom is involved in four covalent


Figure 1. Molecular structures of compounds 1–4 and 6.
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bonds to three phenyl groups and one carboxylate oxygen
atom. The other carboxylate oxygen atom undergoes a fifth
weaker bonding interaction to the tin atom along the tetra-
hedral face. Accordingly, two types of Sn�O distances are
found for each molecule (Sn1�O1 2.080(2) and Sn1�O2
2.598(2) O). The geometry around tin may be described as
distorted tetrahedral (or capped tetrahedral).


Supramolecular interactions in compounds 1–4 and 6 : In
recent years there has been considerable interest in organo-
metallic crystal engineering.[8,17] Compounds 1–4 and 6 pro-
vide a unique opportunity to understand the nature of
supramolecular interactions in a closely related family of or-
ganometallic compounds. The presence of the carboxylate
oxygen atoms and the cyclopentadienyl C�H groups in 1–4
and 6 allows their organization into intricate supramolecular
structures in the solid state. This is assisted (mainly) by C�
H···O and p–p interactions. The driving force for the exten-
sive supramolecular interactions arises from many factors.


The cyclopentadienyl rings in unsubstituted ferrocene are
electron rich, but in ferrocene carboxylates the electron den-
sity in the cyclopentadienyl rings is depleted. This promotes
the donor capability of the proton and enhances the ability
of such units to participate in hydrogen bonding. A summa-
ry of the possible ferrocenyl-based supramolecular building
blocks is shown in Scheme 5. Unlike simple aromatic com-
pounds, there are only very few reports on interferrocenyl
p–p interactions.[8,17] The metric parameters involved in the
supramolecular interactions of compounds 1–4 and 6 are
given in the Supporting Information. The supramolecular or-
ganization will only be described here for compounds 1 and
6 (see Supporting Information for a description of the other
compounds). A summary of the supramolecular architec-
tures found in 1–4 and 6 is given in Table 2.


Compound 1 forms an interesting supramolecular assem-
bly in the solid state mediated by weak hydrogen bonds and
p-stacking interactions. The overall supramolecular organi-
zation may be analyzed in a step-wise manner to facilitate a


Table 1. Structural description of compounds 1–4 and 6 along with their bonding parameters.


Compounds/
structural forms


Coordination mode of carboxylate
and environment around tin


Sn�O [O][a]


(carboxylate)
Sn�O [O][a]


(core)
Angles [8][a]


[{Ph2Sn[OC(O)Fc]2}2] (1)
carboxylate-bridged
dinuclear tetracarboxylate


anisobidentate bridging and chelating
six-coordinate (2C, 4O)
distorted octahedral geometry


Sn1�O1 2.333(3)
Sn1�O2 2.163(3)
Sn1�O3 2.162(3)
Sn1�O4* 2.486(3)
Sn1�O4 2.613(4)


C1-Sn1-C7 165.04(17)
O1-Sn1-O3 143.06(11)
O1-Sn1-O4* 91.89(10)
O2-Sn1-O3 84.91(11)
O2-Sn1-O4* 150.05(11)


[{[nBu2SnOC(O)Fc]2O}2] (2)
ladder,
tetranuclear tetracarboxylate


isobidentate bridging and
anisobidentate chelating
five-coordinate (2C, 3O)
distorted trigonal bipyramidal geometry


Sn1�O2 2.243(2)
Sn2�O3 2.249(2)
Sn2�O4 2.201(2)
Sn2�O5 2.646(3)
Sn1�O4 2.768(3)


Sn1�O1 2.168(2)
Sn2�O1 2.024(2)
Sn1�O1* 2.036(2)


O1-Sn1-O2 167.59(7)
O1*-Sn1-C23 106.70(9)
O1*-Sn1-C27 108.81(3)
C23-Sn1-C27 144.36(11)
O3-Sn2-O4 172.05(7)
O1-Sn2-C35 110.32(9)
O1-Sn2-C31 103.69(9)
C31-Sn2-C35 145.32(10)
Sn1-O1-Sn2 119.87(8)
Sn1*-O1-Sn2 135.70(9)


[nBu2Sn{OC(O)Fc}2] (3)
mononuclear dicarboxylate


anisobidentate chelating
six-coordinate (2C, 4O)
skewed trapezoidal bipyramidal geometry


Sn1�O1 2.571(3)
Sn1�O2 2.108(3)
Sn1�O3 2.116(3)
Sn1�O4 2.539(4)
Sn2�O5 2.559(3)
Sn2�O6 2.127(3)
Sn2�O7 2.135(3)
Sn2�O8 2.497(3)


C45-Sn1-C49 145.0(3)
O2-Sn1-O3 82.41(2)
O1-Sn1-O4 166.93(2)
C53-Sn2-C57 146.60(2)
O6-Sn2-O7 84.87(2)
O5-Sn2-O8 164.55(2)


[{tBu2Sn(OH)OC(O)Fc}2] (4)
dihydroxy-bridged
dinuclear dicarboxylate


monodentate
five-coordinate (2C, 3O)
distorted trigonal bipyramidal geometry


Sn1�O2 2.155(16) Sn1�O1 2.036(18)
Sn1�O1* 2.173(18)


O2-Sn1-O1* 154.55(7)
O1-Sn1-C1 117.52(10)
O1-Sn1-C5 118.94(9)
C1-Sn1-C5 123.45(11)
O1-Sn1-O1* 69.77(8)
O1-Sn1-O2 85.05(7)


[Ph3SnOC(O)Fc] (6)
mononuclear monocarboxylate


anisobidentate chelating
five-coordinate (3C, 2O)
distorted trigonal bipyramidal geometry


Sn1�O1 2.079(2)
Sn1�O2 2.598(2)


C1-Sn1-O1 97.43(6)
C1-Sn1-C7 106.00(7)
C1-Sn1-C13 111.27(7)
C7-Sn1-O1 113.78(6)
C7-Sn1-C13 123.56(7)
C13-Sn1-O1 101.82(6)


[a] For atom labeling scheme, see Figure 1.


Chem. Eur. J. 2005, 11, 5437 – 5448 www.chemeurj.org K 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5441


FULL PAPEROrganotin Chemistry



www.chemeurj.org





ready understanding. Thus, at the first level of the supra-
molecular arrangement each planar Sn2C2O4 core containing
four ferrocene moieties interacts with two other neighboring
ladders by means of four proton acceptor–donor type of C�
H···O interactions. In this interaction two protons (H17 and
H23) of two different ferrocene moieties are intermolecular-
ly hydrogen-bonded to the oxygens (O3 and O2) of the car-
boxylates of the neighboring two molecules. The resultant
C�H···O contacts allow the molecule to arrange into a stair-
case type of one-dimensional linear polymeric array in the
solid state (Figure 2A). The distances of the C�H···O inter-
actions are H17···O3 2.536(9) and H23···O2 2.543(7) O. At


the second level of supramolecular assembly, two such one-
dimensional staircase networks are interconnected by means
of p–p stacking interactions (Type III, Scheme 5) between
the cyclopentadienyl groups (C25–C29) to form a double-di-
rectional staircase sheet (Figure 2A). The two cyclopenta-
dienyl units involved in this p–p stacking are staggered with
an interplanar distance of 3.387(3) O. Finally, the ferrocenyl
p–p dimers present in the two-dimensional sheets are fur-
ther p-stacked (Type III, Scheme 5) to form a three-dimen-
sional pillared network (Figure 2B). The interplanar dis-
tance in these interacting cyclopentadienyl units is
3.478(2) O (C14–C18 and C30–C34), and their orientation is
also staggered. The pillared structure is built from four fer-
rocenyl groups (Figure 2C) and all the pillars are intercon-
nected through the Sn2C2O4 cyclic core. As a result, the
overall structure contains long channels (6.5P13.3 O; Fig-
ure 2D). In addition to the above discussed interactions, a T-
shaped stacking (Type IV, Scheme 5) is also found between
a ferrocenyl group (C30–C34) and one phenyl group (C7–
C12). The supramolecular organization of 2 occurs analo-
gously to that of 1, also leading to the formation of a three-
dimensional pillared structure (see Supporting Information).


A closer look at the structure of 3 revealed that the two
molecules present in the asymmetric unit interact with two
other molecules over long range Sn�O distances (Sn1�O1
2.991(4) O and Sn2�O6 3.047(6) O) to afford dimers con-
taining a distannoxane (Sn2O2) core. Such Sn�O distances
have also been recently observed by Hçpfl and co-workers
in their studies on dimethyltin phthalates.[11e] It may be
noted here that the sum of the van der Waals radii of tin
and oxygen is 3.7 O.[18] Compound 3 forms a double-direc-
tional staircase type of polymeric sheet by means of C�
H···O interaction. These two-dimensional sheets are further
interconnected by four L-shaped p-stacking interactions
(Type VI, Scheme 5) to form a three-dimensional architec-
ture. Supramolecular formation in 4 results primarily from
intermolecular C�H···O contacts. Additional T-shaped edge-
to-face stacking between cyclopentadienyl units represents
the secondary interaction (Type IV, Scheme 5). Two helical
networks with an opposed screw sense interact with each
other to afford a three-dimensional tubular network.


Scheme 5. Summary of the possible ferrocenyl based supramolecular
building blocks. Types I and II: parallel displaced stacking; Type III:
edge-to-edge stacking; Type IV: T-shaped stacking (edge-to-face);
Type V: C�H···p interaction; Type VI: L-shaped stacking (edge-to-edge);
Type VII: side-to-face stacking; Type VIII: intramolecular C�H···p inter-
action; Type IX: C-CO2–p stacking.


Table 2. Summary of supramolecular interactions in the structures 1–4 and 6.


Compound Type of interactions Supramolecular assembly Remarks


1 intramolecular C�H···p (Type VIII)[a] and p–p
intermolecular C�H···p, C�H···O and p–p (Type III and IV)[a]


three-dimensional pillared network Figures S6[b] and 2


2 intermolecular C�H···O and p–p (Type II and III)[a] three-dimensional pillared network Figure S7[b]


3 intermolecular Sn�O contacts
intermolecular C�H···O and p–p (VI)[a]


three-dimensional supramolecular network Figure S8[b]


4 intermolecular C�H···O and p–p (Type IV)[a] helical three-dimensional tubular network Figure S9[b]


6 intramolecular C�H···p (Type VIII)[a]


intermolecular CO2–p interaction (Type IX)[a]


intermolecular C�H···p, C�H···O and p–p (Type VII)[a]


two-dimensional grid type network Figures S10[b] and 3


[a] See Scheme 5. [b] See Supporting Information.
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The supramolecular network of 6 shows an unprecedented
CpCO2-p building block. Two molecules are intermolecular-
ly connected through this interaction (Type IX, Scheme 5),
in which the carboxylate carbon atom is positioned right on
the top of the centroid of a phenyl group (Figure 3A and
3B; the interplanar distance between O2C and the phenyl
group is 3.695(1) O with a tilt angle of 9.298).[19] The ferro-


cenyl carboxylate group, which participates in the CpCO2-p
interaction, is also involved in a side-to-face interaction
(Type VII, Scheme 5) with the phenyl group (C22�C23,
C27�C28, and C13–C18) present in the neighboring mole-
cule (Figure 3A). Interplanar distances of this interaction
are 3.732(1) O. In addition, C�H···O contacts between the
carboxylate oxygen atom and a phenyl C�H group are also


Figure 2. Three-dimensional Supramolecular architecture of 1 arising from of C�H···O and p-stacking interactions. A) View showing the double-direc-
tional stair-case type two-dimensional sheet (C�H···O and p–p interactions are shown). B) View showing the three-dimensional pillared network with
pore dimensions of 6.5P13.3 O (C�H···O and p–p interactions are shown). C) Orientation of the ferrocenyl carboxylate groups in each pillar (p–p inter-
actions are shown). D) Cartoon representation of the three-dimensional pillared network shown in B.
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present (H8···O1 2.686(2) and H11···O2 2.572(2) O). These
two types of weak secondary interactions lead to the forma-
tion of one-dimensional tapes (Figure 3C) that are intercon-
nected to each other by C�H···p contacts affording a two di-
mensional grid (H5···p 2.822(1) O; Figure 3C).


Electrochemical studies : Electrochemical studies (cyclic and
differential pulse voltammetry) on compounds 1–7 were car-
ried out. The electrochemical data for these compounds
along with some other related derivatives are summarized in
Table 3. The compounds 1–4, 6, and 7 show a single quasi-
reversible oxidation similar to that observed for the hexafer-
rocenyl derivative [{nBuSn(O)OC(O)Fc}6].


[4a] This behavior
suggests that although in the solid state there are differences
in the orientations of the ferrocenyl groups, in solution they
behave in an equivalent manner. Furthermore, the peak po-
tentials at which oxidation occurs are nearly invariant and
do not seem to depend upon the nature of the organotin as-
sembly. This confirms the suggestion that organotin assem-
blies can be utilized as redox-inactive scaffolds for support-
ing redox-active peripheries. A representative example of
the electrochemical behavior of these compounds is illustrat-
ed by Figure 4, which shows the cyclic and differential pulse
voltammograms of compound 2 (see Supporting Information
for cyclic voltammetric traces of the other compounds). In-


terestingly, although the tin assembly does not influence the
peak potentials of the appended ferrocene units, there ap-
pears to be an influence on the electrochemical stability in
solution. Thus, 2 and 4, which possess a central Sn2O2 core,
do not show electrochemical decomposition in solution even
after ten continuous CV cycles. In contrast, compounds 1, 3,
and 5–7 slowly start to decompose after the fifth cycle. It


Figure 3. CO2–p stacking, C�H···O, and C�H···p interactions assisted supramolecular assembly of 6. In all the figures the inset circle shows CO2–p stack-
ing interaction. A) View showing the CO2–p stacking interaction as well as side-to-face stacking between phenyl and ferrocenyl groups. B) Orientation
of the CO2–p stacking interactions. C) Two-dimensional supramolecular network arising from of C�H···O and C�H···p interactions.


Table 3. Cyclic voltammetric data for compounds 1–7 along with some
other multiferrocene derivatives.


Compound E1/2 [V][a] DEp [mV] References


[(Cp)FeC6{(CH2)5Fc}6]PF6 +0.44 55 [20]
[C6{(CH2)5Fc}6] +0.45 – [20]
[CpFeC6{(CH2)2C6H4OC(O)Fc}6]PF6 +0.78 60 [21]
[C6{(CH2)2C6H4OC(O)Fc}6] +0.88 120 [21]
[{nBuSn(O)OC(O)Fc}6] +0.72 128 [4a]
[{nBuSn(O)OC(O)CH2Fc}6] +0.50 240 [4b]
[{Ph2Sn[OC(O)Fc]2}2] (1) +0.69 105 this work
[{[nBu2SnOC(O)Fc]2O}2] (2) +0.73 184 this work
[nBu2Sn{OC(O)Fc}2] (3) +0.70 158 this work
[{tBu2Sn(OH)OC(O)Fc}2] (4) +0.69 246 this work
[tBu2Sn{OC(O)Fc}2] (5) +0.65


+0.74
105
92


this work


[Ph3SnOC(O)Fc] (6) +0.66 106 this work
[{nBu3SnOC(O)Fc}n] (7) +0.57 112 this work


[a] Versus SCE; Fc= (C5H4)Fe(C5H5).
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may be noted that the hexaferrocenyl derivative [{nBuS-
n(O)OC(O)Fc}6]


[4a] , which also contains the Sn2O2 motifs, is
electrochemically stable. The electrochemical behavior of 5
shows two quasi-reversible oxidation peaks. We attribute
this to the structural difference of the compound in the form
of a varying coordination behavior of the ferrocene units.
We propose that one of the ferrocene moieties coordinates
in an anisobidentate mode, while the other is monodentate
(Scheme 3). This proposal has to await a structural confir-
mation. We have so far been unable to obtain suitable single
crystals of 5.


Conclusion


The Sn�O bond formation reaction can be utilized for deco-
rating the stannoxane assemblies with varied and interesting
groups. We have shown that this approach can be utilized to
assemble compounds containing six, four, two, and one fer-
rocenyl units. The synthetic method for organostannoxane
assemblies ensures nearly quantitative yields. Interestingly,
both solid-state and solution synthetic methodologies are
applicable. The X-ray crystal structure analysis of these
compounds revealed an unprecedented structural form of an
organotin carboxylate (compound 1). A detailed examina-
tion of the crystal structures of all of these compounds
showed a rich supramolecular organization facilitated by C�
H···O contacts and augmented by p–p interactions. We have
also observed T- and L-stacking as well as C�H···p interac-
tions. The cumulative effect of these varied weak contacts is
to generate two- and three-dimensional supramolecular ar-
chitectures were generated. The crystal engineering princi-
ples deduced from these interactions appear to be fairly
general and reproducible. The electrochemical behavior of
the stannoxane-supported ferrocenyl derivatives illustrates
that the stannoxane motifs are electrochemically inert and
can be utilized as platforms for building multiple redox-
active assemblies. The electrochemical stability of these


compounds is enhanced by the presence of robust stannox-
ane cores that are built from Sn2O2 units.


Experimental Section


Reagents and general procedures : All operations were carried out in an
atmosphere of nitrogen or argon. Solvents were freshly distilled over suit-
able drying agents. (Ph2SnO)n, (nBu2SnO)n, (Ph3Sn)2O, (nBu3Sn)2O, and
FcCOOH (Fc=h5C5H4-Fe-h5C5H5) (Aldrich) were purchased and used
without further purification. (tBu2SnO)3 was prepared according to a lit-
erature procedure.[22]


Instrumentation : Melting points were recorded using a JSGW melting
point apparatus and are uncorrected. Elemental analyses were carried
out using a Thermoquest CE instruments model EA/110 CHNS-O ele-
mental analyzer. 1H and 119Sn NMR spectra were obtained on a JEOL-
JNM LAMBDA 400 model spectrometer with CDCl3 as the solvent. The
chemical shifts are referenced with respect to tetramethylsilane (1H) and
tetramethyltin (119Sn). All the 119Sn NMR spectra were recorded under
broadband decoupled conditions. FAB mass spectra were recorded on a
JEOL SX 102/DA-6000 mass spectrometer with argon/xenon (6 kV,
10 mA) as the FAB gas. The accelerating voltage was 10 kV, and the
spectra were recorded at room temperature. Cyclic voltammetric experi-
ments were carried out on an EG&G Princeton Applied Research model
273 A Polarographic Analyzer by using a three-electrode configuration
of a platinum working electrode, a commercially available saturated calo-
mel electrode (SCE) as the reference electrode, and a platinum mesh
electrode. Half-wave potentials were measured as the average of the
cathodic and anodic peak potentials. The voltammograms were recorded
in CH2Cl2 containing 0.1m Bu4NPF6 as the supporting electrolyte and the
potential was scanned from 0 to +1.8 V at various scan rates.


The general synthetic procedure for the preparation of the various ferro-
cenyl compounds (1–7): A stoichiometric mixture of the organotin pre-
cursor and ferrocene carboxylic acid in toluene (70 mL) was heated
under reflux for 6 h. The water formed in the reaction was removed by
using a Dean–Stark apparatus. The reaction mixture was filtered and
evaporated to afford the corresponding products, which were purified
subsequently by recrystallization.


Compounds 1–7 were also prepared by a solvent-free strategy. Briefly,
this method consisted of grinding a stoichiometric mixture of the organo-
tin precursor and the ferrocene carboxylic acid for a time range between
15 and 45 min. At the completion of the grinding period the product was
extracted with CH2Cl2 and crystallized.[10] The stoichiometric ratio of the
reactants, the yields, and the characterization data of the products 1–7
are given below.


[{Ph2Sn[OC(O)Fc]2}2] (1): In 1:1 ratio: Ph2SnO (0.29 g, 1.0 mmol),
FcCOOH (0.23 g, 1.0 mmol), yield: 0.34 g (65.9%); solvent-free method:
Ph2SnO (0.06 g, 0.2 mmol), FcCOOH (0.05 g, 0.2 mmol), grinding time:
45 min, yield: 0.06 g (59.5%). In 1:2 ratio: Ph2SnO (0.17 g, 0.6 mmol),
FcCOOH (0.28 g, 1.2 mmol), yield: 0.42 g (96.1%); solvent-free method:
Ph2SnO (0.04 g, 0.15 mmol), FcCOOH (0.07 g, 0.3 mmol), grinding time:
45 min, yield: 0.11 g (98.8%); m.p. 212 8C; elemental analysis calcd (%)
for C68H56O8Fe4Sn2: C 55.86, H 3.86; found: C 54.94, H 3.95; 1H NMR
d=3.85 (s, 10H; ferrocenyl), 4.48 (s, 8H; ferrocenyl), 7.52 (d, J=8.03 Hz,
4H; phenyl), 7.92 (d, J=8.03 Hz, 2H; phenyl), 8.14 ppm (s, 4H; phenyl);
119Sn NMR d=�321.4 ppm (s).


[{[nBu2SnOC(O)Fc]2O}2] (2): nBu2SnO (0.50 g, 2.0 mmol), FcCOOH
(0.46 g, 2.0 mmol), yield: 0.85 g (90.1%); solvent-free method: nBu2SnO
(0.10 g, 0.4 mmol), FcCOOH (0.09 g, 0.4 mmol), grinding time: 45 min,
yield: 0.18 g (95.8%); m.p. 136–137 8C; elemental analysis calcd (%) for
C76H108O10Sn4Fe4: C 48.56, H 5.79; found: C 48.93, H 5.13; 1H NMR d=


0.87 (t, J=7.2 Hz, 3H; butyl methyl), 1.18–1.72 (m, 6H; butyl CH2),
4.17–4.67 ppm (m, 9H; ferrocenyl); 119Sn NMR d=�215.9 (s),
�222.0 ppm (s).


[nBu2Sn{OC(O)Fc}2] (3): nBu2SnO (0.44 g, 1.75 mmol), FcCOOH
(0.81 g, 3.50 mmol), yield: 1.18 g (98.9%); solvent-free method: nBu2SnO


Figure 4. Cyclic (CV) and differential pulse (DPV) voltammogram of the
tetraferrocenyl assembly 2.
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(0.07 g, 0.3 mmol), FcCOOH (0.14 g, 0.6 mmol), grinding time: 45 min,
yield: 0.19 g (92.7%); m.p. 152 8C; elemental analysis calcd (%) for
C30H36O4Fe2Sn: C 52.14, H 5.25; found: C 52.68, H 5.0; MS: m/z (%):
692 [M+1]+ (36); 1H NMR d=0.87 (t, J=7.34 Hz, 3H; butyl methyl),
1.34–1.38 (h, J=7.2 Hz, 2H; butyl CH2), 1.68–1.73 (m, 4H; butyl CH2),
4.18 (s, 5H; ferrocenyl), 4.37 (s, 2H; ferrocenyl), 4.82 ppm (s, 2H; ferro-
cenyl); 119Sn NMR d=�158.6 ppm (s).


[{tBu2Sn(OH)OC(O)Fc}2] (4): (tBu2SnO)3 (0.22 g, 0.3 mmol), FcCOOH
(0.21 g, 0.9 mmol), yield: 0.39 g (90.3%); solvent-free method:
(tBu2SnO)3 (0.03 g, 0.04 mmol), FcCOOH (0. 028 g, 0.12 mmol), grinding
time: 15 min, yield: 0.051 g (88.7%); m.p. 202 8C; elemental analysis
calcd (%) for C38H56O6Sn2Fe2: C 47.64, H 5.89; found: C 47.41, H 5.01;
1H NMR d=1.39 (s, 36H; butyl methyl), 4.13 (s, 10H; ferrocenyl), 4.25
(s, 4H; ferrocenyl), 4.68 (s, 4H; ferrocenyl), 7.83 ppm (s, 2H; hydroxyl);
119Sn NMR d=�271.1 ppm (s).


[tBu2Sn{OC(O)Fc}2] (5): (tBu2SnO)3 (0.15 g, 0.2 mmol), FcCOOH
(0.28 g, 1.2 mmol), yield: 0.41 g (97.3%); solvent-free method:
(tBu2SnO)3 (0.015 g, 0.02 mmol), FcCOOH (0.028 g, 0.12 mmol), grinding
time: 15 min, yield: 0.039 g (94.1%); m.p. 241 8C; elemental analysis
calcd (%) for C30H36O4Fe2Sn: C 52.14, H 5.25; found: C 52.68, H 5.01;
1H NMR d=1.41 (s, 18H; butyl methyl), 4.21 (s, 10H; ferrocenyl), 4.34
(s, 4H; ferrocenyl), 4.80 ppm (s, 4H; ferrocenyl); 119Sn NMR d=


�213.2 ppm (s).


[Ph3SnOC(O)Fc] (6): (Ph3Sn)2O (0.72 g, 1.0 mmol), FcCOOH (0.46 g,
2.0 mmol), yield: 1.05 g (89.7%); solvent-free method: (Ph3Sn)2O (0.14 g,
0.2 mmol), FcCOOH (0.09 g, 0.4 mmol), grinding time: 30 min, yield:
0.22 g (95.0%); m.p. 105 8C; elemental analysis calcd (%) for
C29H24O2SnFe: C 60.15, H 4.18; found: C 60.89, H 4.27; MS: m/z (%):
579 [M]+ (100); 1H NMR d=3.99 (s, 5H; ferrocenyl), 4.35 (t, J=1.96 Hz,


2H; ferrocenyl), 4.84 (t, J=1.96 Hz, 2H; ferrocenyl), 7.45–7.47 (m, 9H;
phenyl), 7.80–7.82 ppm (m, 6H; phenyl); 119Sn NMR d=�117.9 ppm (s).


[{nBu3SnOC(O)Fc}n] (7): (nBu3Sn)2O (0.36 g, 0.6 mmol), FcCOOH
(0.28 g, 1.2 mmol), yield: 0.62 g (99.2%); solvent-free method:
(nBu3Sn)2O (0.12 g, 0.2 mmol), FcCOOH (0.09 g, 0.4 mmol), grinding
time: 15 min, yield: 0.20 g (97.0%); m.p. 98 8C; elemental analysis calcd
(%) for C23H36O2SnFe: C 53.22, H 6.99; found: C 53.01, H 6.18; 1H NMR
d=0.86 (t, J=7.31 Hz, 9H; butyl CH3), 1.60–1.24 (m, 18H; butyl CH2),
4.10 (s, 5H; ferrocenyl), 4.25 (t, J=1.96 Hz, 2H; ferrocenyl), 4.68 ppm (t,
J=1.95 Hz, 2H; ferrocenyl); 119Sn NMR d=102.9 ppm (s).


X-ray crystal structure determination of 1–4 and 6 : Single crystals of 1
were obtained from the reaction mixture at room temperature. Single
crystals of 3 were obtained by vapor diffusion of n-hexane into a solution
of compound 3 in CHCl3. X-ray quality crystals for compound 2 were ob-
tained by cooling a solution of 2 in CH2Cl2 in a refrigerator at 5 8C. Crys-
tals of 4 and 6 were obtained by slow evaporation of solutions of 4 or 6
in CH2Cl2 or toluene, respectively. Suitable crystals for single-crystal X-
ray diffraction measurements were loaded on a Bruker AXS Smart Apex
CCD diffractometer (l=0.71073 O). All structures were solved by direct
methods by using SHELXS-97[23a] or SHELXTL[23b] and refined by full-
matrix least squares on F2 using SHELXL-97.[23a] All hydrogen atoms
with occupancy >0.5 were included in idealized positions, and their posi-
tions were refined anisotropically by a riding model. Non-hydrogen
atoms were refined with anisotropic displacement parameters. Details of
the data collection and refinement parameters are given in Table 4.


CCDC-257982 to CCDC-257987 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.


Table 4. Crystal data collection and refinement parameters for 1–4 and 6.


1 2 3 4 6


formula C34H28O4SnFe2 C76H108O10Sn4Fe4 C68H92O8Sn2Fe4 C38H56O6Sn2Fe2 C29H24O2SnFe
Mr 730.95 1879.78 1498.20 957.91 579.02
T [K] 100(2) 150(2) 298(2) 213(2) 100(2)
crystal system triclinic triclinic triclinic tetragonal triclinic
space group P1̄ P1̄ P1̄ I41/a P1̄
a [O] 10.930(3) 12.1760(6) 13.875(2) 22.1550(2) 9.9536(6)
b [O] 11.298(3) 13.8717(7) 15.944(3) 22.1550(2) 11.2191(7)
c [O] 13.019(4) 13.9010(7) 16.481(3) 16.448(2) 11.5985(7)
a [8] 102.164(5) 63.7040(10) 86.298(3) 90 98.4910(10)
b [8] 110.315(5) 64.8980(10) 67.159(3) 90 106.2580(10)
g [8] 106.755(5) 73.6100(10) 65.609(3) 90 105.5420(10)
V [O3] 1354.5 (7) 1893.25 (16) 3040.1 (9) 8073.5(16) 1162.71(12)
Z 2 1 2 8 2
1calcd [mgm�3] 1.792 1.649 1.637 1.576 1.654
m [mm�1] 2.012 2.095 1.795 1.969 1.722
F(000) 732 948 1536 3872 580
crystal size [mm3] 0.5P0.5P0.2 0.5P0.4P0.3 0.5P0.3P0.3 0.4P0.4P0.3 0.3P0.3P0.2
q range [8] 2.01–28.36 1.65–28.29 2.50–28.59 1.84–24.03 1.88–28.28
limiting indices �14�h�11 �7�h�16 �18�h�18 �25�h�25 �13�h�13


�14�k�15 �18�k�18 �21�k�21 �25�k�24 �10�k�14
�16� l�17 �16� l�18 �14� l�21 �18� l�18 �15� l�15


reflections collected 9029 12053 20509 17632 14202
independent reflections 6426 8386 14534 3156 5697


[R(int)=0.0409] [R(int)=0.0170] [R(int)=0.0196] [R(int)=0.0607] [R(int)=0.0181]
completeness to q [%] 94.7 89.1 93.5 99.3 98.7
Absorption correction Bruker SADABS Semi-empirical Bruker SADABS None Bruker SADABS
data/restrains/parameters 6426/0/370 8386/60/422 14534/0/695 3156/0/227 5697/0/298
goodness-of-fit on F2 1.018 1.027 1.051 0.973 1.050
final R indices [I>2s(I)] R1=0.0489, R1=0.0283, R1=0.0504, R1=0.0210, R1=0.0234,


wR2=0.1202 wR2=0.0669 wR2=0.1395 wR2=0.0499 wR2=0.0570
R indices (all data) R1=0.0606, R1=0.0343, R1=0.0681, R1=0.0260, R1=0.0249,


wR2=0.1268 wR2=0.0699 wRR2=0.1528 wR2=0.0511 wR2=0.0578
largest diff peak/hole [eO�3] 1.467/�0.687 0.873/�0.481 1.344/�0.783 0.316/�0.273 0.960/�0.459


R=� j jFo j� jFc j j� jFo j ; wR= {[�w(jFoj2jFcj2)2]/[�w(jFoj2)2]}1/2.
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The asymmetric units of 1 and 4 contain half a molecule of the cluster
with one tin atom (Sn1). The asymmetric unit of 2 contains half a mole-
cule of the cluster with two tin atoms (Sn1 and Sn2). Four carbon atoms
in two different n-butyl groups (C26, C28–C30) are disordered over two
orientations and are labeled C26 and C26’, C28 and C28’, C29 and C29’,
C30 and C30’ with a 0.75:0.25 occupancy ratio. These were refined iso-
tropically. The asymmetric unit of 3 contains two molecules and one
hexane molecule as a solvate. The carbon atoms in the hexane molecule
are disordered, were refined isotropically, and their protons are not in-
cluded. The proton (H1O) of the bridged hydroxyl group in 4 was includ-
ed from the electron density map and refined isotropically. The asymmet-
ric unit of 6 contains a single molecule with one tin atom (Sn1).
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Synthesis of a Dimeric Lewis Antigen and the Evaluation
of the Epitope Specificity of Antibodies Elicited in Mice


Therese Buskas,[a, b] Yanhong Li,[a, b] and Geert-Jan Boons*[a]


Introduction


In the event of cell malignancies, dramatic changes occur in
the nature and abundance of protein- and lipid-linked cell
surface oligosaccharides. This abnormal glycosylation is as-
sociated with tumor progression and strongly correlates with
poor survival rates. Prominent tumor associated antigens
are, for example, the Lewis antigens, Lewisy (Ley) and sialyl-
Lewisx (SLex), and KH-1. In the majority of carcinomas in-
cluding those of the breast, ovary, pancreas, prostate and
colon,[1] Ley is overexpressed. It has been established that
Ley and SLex promote metastasis by binding to endothelial
cell-surface proteins.[2,3]


The carbohydrate antigens expressed by tumor cells offer
a unique opportunity for the development of anticancer vac-
cines. Immunization with a tumor-associated antigens may
induce an immune response that is directed towards cancer
cells.[4,5] The opsonizing or cytotoxic antibodies raised in
such a response may be exploited for the treatment of a


“minimal residual disease”. In this respect, they could target
a small number of metastasized cells that may have persist-
ed after primary therapies such as surgery or chemotherapy.
This add-on immune therapy could protect cancer patients
against a relapse and, thus, enhancing survival rates.


The extreme heterogeneity of cell surface glycosylation
makes the isolation of tumor associated carbohydrate anti-
gens in well-defined forms an almost impossible task, thus,
presenting a major obstacle for the development of cancer
vaccines. This obstacle is being addressed by synthetic or-
ganic chemistry, which can provide homogeneous oligosac-
charide antigens of high purity in relatively large amounts.
However, despite recent advances in the organic synthesis
of oligosaccharides, the preparation of these large complex
antigens is by no means a trivial matter.


Another obstacle for pursuing cancer vaccines is that
tumor-associated antigens are auto-antigens and, thus, are
being tolerated by the immune system. The difficult ques-
tion thus posed is how to trick the immune system to induce
a response to these tumor-associated antigens. The inherent-
ly T-cell independent nature of oligosaccharides is an addi-
tional problem that complicates carbohydrate-based cancer
vaccine development. The inability of carbohydrates to acti-
vate T-cells results in formation of exclusively low affinity
IgM antibodies and a lack of immunological memory.[6–10]


The activation of both B-cells and T-cells and their interac-
tion with one another is necessary for an effective immuno-
logical reaction.[9,11,12] The helper T-cells are in essence the


Abstract: The Lewisy–Lewisx heptasac-
charide, modified by an artificial ami-
nopropyl spacer, was synthesized by an
approach that employed two orthogo-
nally protected lactosamine building
blocks. A p-(benzoyl)-benzyl glycoside
was used as a novel anomeric protect-
ing group, which could be selectively
removed at a late stage in the synthesis,
thus offering the benefit of enhanced
flexibility. The artificial aminopropyl


moiety was modified by a thioacetyl
group, which allowed an efficient con-
jugation to keyhole limpet hemocyanin
(KLH) that had been activated with
electrophilic 3-(bromoacetamido)-pro-
pionyl groups. Mice were immunized


with the LeyLex–BrAc–KLH antigen.
Analysis of the sera by ELISA estab-
lished that a strong helper T-cell
immune response was raised against
the LeyLex saccharide. Further ELISA
analysis showed that the titer for mon-
omeric Ley tetrasaccharide was tenfold
lower whereas recognition of the Lex
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orchestrators of the immune response and direct the activa-
tion of cytotoxic T-cells and the antibody producing B-cells.


Fortunately, the T-cell independence and B-cell tolerance
can be overcome by conjugation of tumor-associated oligo-
saccharides to a carrier protein, such as KLH or BSA.[13,14]


In elegant studies, Danishefsky, Livingston and co-workers
have utilized this approach to develop experimental carbo-
hydrate based anticancer vaccines.[14] For example, immuni-
zations of mice with a conjugate of the tetrasaccharide
Lewisy to the carrier protein KLH in combination with the
immuno-adjuvant QS-21, resulted in good titers of both IgM
and IgG antibodies.[15] Encouraged by these results a phase I
clinical trial with patients with documented ovarian, fallopi-
an tube, or peritoneal cancer[16] was conducted. Although
the vaccine did not induce adverse effects related to auto-
immunity, the immunizations failed to induce sufficiently
strong helper T-cell responses. Obviously, there is a need for
alternative strategies for the development of vaccine candi-
dates useful for immunotherapy against cancer.


As part of a program to develop fully synthetic anticancer
vaccines, we recently reported[17] a solution-phase synthesis
of the tetrasaccharide Ley. This saccharide was coupled to
the protein carrier KLH using several different linkers. The
objective was to investigate the influence of the linker on
the immunogenicity of the tetrasaccharide. It was found that
a highly immunogenic linker such as 4-(maleimidomethyl)-
cyclohexane-1-carboxylate, dramatically reduced titers of
antibodies against the weakly immunogenic Ley tetrasac-
charide antigen. The use of a less immunogenic linker such
as 3-(bromoacetamido) propionate improved the immuno-
logical response considerably.


To further investigate the ideal presentation of the Ley an-
tigen, we chose to pursue the presentation of Ley in a dimer-
ic form. Naturally occurring Lewis antigens exist not only as
positional isomers in monomeric forms, but also as homo-
and heterodimers. For example, the Ley–Lex heterodimer
(Figure 1) is part of the KH-1 antigen that was isolated from
human colonic adenocarcinoma cells.[18] This antigen has
only been found on the surface of adenocarcinomas cells,
and has never been isolated from normal colonic tissue,
thus, providing a highly specific marker for colon malignan-
cies.[19,20]


For the safe use of these antigens for active immunothera-
py, it is important to investigate the cross-reactivity of anti-
bodies raised against the KH-1 antigen with other Lewis an-
tigens, in particular Ley and Lex. In this paper, we report a
highly convergent chemical synthesis of the Ley–Lex hepta-


saccharide equipped with an artificial linker for selective
conjugation to a carrier protein KLH. IgM and IgG class an-
tibodies were raised when mice were immunized with a
KLH conjugate. Investigation of the epitope specificity of
the antibodies showed that they recognized the Ley–Lex as
well as the Ley antigen. However, reactivity with the Ley an-
tigen was of a much lower titer. No reactivity with Lex was
observed.


Results and Discussion


Synthesis : We required substantial quantities of the synthet-
ic Lewisy–Lewisx oligosaccharide.[21–24] Also, a reference gly-
coconjugate of the saccharide linked to a carrier protein was
needed. Furthermore, we wanted to investigate the cross-re-
activity of antibodies raised against a particular Lewis anti-
gen. Thus, we required a flexible strategy for the prepara-
tion of Lewis antigens.


Strategic planning is of highest importance when design-
ing a synthetic route for complex oligosaccharide. The
regio- and stereoselective outcome of glycosylations must be
taken in consideration and are in essence influenced by the
protection group pattern of the glycosyl donors and accept-
ors. In this respect, a straightforward synthesis that requires
minimal protecting group manipulations of expensive build-
ing blocks is highly desirable.


It was envisaged that the synthesis of the target heptasac-
charide 31 would require only one orthogonally protected
lactosamine building block 1 (Figure 2), which could be uti-
lized for the synthesis of both the Lex acceptor and the Ley


donor. Selective deprotection of the orthogonal protecting
groups Lev and Fmoc[25,26] of 1 would allow mono- or difu-
cosylation with 6 to obtain either properly protected Lex or
Ley. The use of the trichloroethyloxycarbonyl (Troc) group
for protection of the amino functionality would ensure com-
patibility with the removal of the Lev and Fmoc group.[27]


The implementation of the novel temporary anomeric pro-
tecting group, p-(benzoyl)benzyl, which can be removed in a
two-step fashion by using hydrogen peroxide followed by
DDQ oxidation, would allow transformation into a glycosyl
donor at a late stage in the synthesis and thus greatly en-
hance the flexibility of the synthesis. Furthermore, a silyl
protecting group at 3’-OH could be removed to furnish a
Lex acceptor, which can then be coupled with a Ley donor
providing a straightforward synthesis of heptasaccharide
Ley–Lex 31. However, attempts to implement this strategy
failed, due to an inability to difucosylate a 3,2’-diol lactosa-
mine building block obtained by removal of the Lev and
Fmoc group of 1. Probably the steric hindrance by the 3’-O-
TBDPS protecting group obstructs successful glycosylation.
Unfortunately, efforts were unsuccessful to vary the bulki-
ness of the silyl protecting group (2 and 3) without affecting
its desired stability during protecting group manipulations
and glycosylations. In addition, it was found to be difficult
to glycosylate the 3’-hydroxyl of a Lex acceptor that was car-
rying a Lev group at the 2’-position. It was thus decided toFigure 1. LeyLex heptasaccharide.
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abandon the initial strategy and to use the two differently
protected lactosamine derivatives, 4 and 5. As can be seen
in Figure 2, the 3’-O-silyl protecting group obstructing difu-
cosylation as to obtain a Ley derivative was replaced by a 3’-
O-benzyl ether (4). Previous, it was found that a lactosamine
building block carrying a 3’-O-benzyl ether could indeed be
difucosylated.[17] Building block 5 carrying a 2’-O-benzoyl in-
stead of a Lev group was expected to be a more appropriate
substrate for the preparation of a Lex acceptor.


It was envisaged that key building blocks 4 and 5 could be
synthesized from monosaccharides 6, 13 and 15.


Galactose donor 13, carrying a silyl-protecting group at
C-3 and a 2-O-benzoate, was synthesized in a straightfor-
ward manner starting from tetraol 7 (Scheme 1). Selective
introduction of a butane diacetal[28] and benzylation of the
4- and 6-hydroxyl groups under standard conditions fol-
lowed by acetal cleavage proceeded smoothly to give diol 10
in good overall yield. Regioselective silylation by using di-
ethylisopropyl chloride in THF furnished the desired alcohol
11 in a yield of 78%. A small amount (15%) of the 2-O-
isomer 12 could easily be separated by silica gel column
chromatography, which could be desilyated and recycled. Fi-
nally, benzoylation of the C-2 hydroxyl gave thiogalactoside
13. The H-2 signal in 1H NMR spectrum of compound 13
was shifted down-field to 5.62 ppm, clearly demonstrating
the selectivity of the silylation and confirming the structure
of 13.


Glucosamine acceptor 15, carrying the temporary anome-
ric protecting group p-(benzoyl)-benzyl was easily prepared
in high yield by coupling p-(benzoyl)-benzylalcohol with gly-
cosyl donor 14[25] by using N-iodosuccinimide/trimethylsilyl
triflate (NIS/TMSOTf) as the activator (Scheme 2). Com-


pound 15 could immediately be used as an acceptor in a gly-
cosylation with galactosyl donor 13 by using NIS/TMSOTf
as the promoter to give the first key lactosamine derivative
5 in a yield of 69%. Selective removal of the Fmoc group of
disaccharide 5 was easily achieved by treatment with 20%
triethylamine in dichloromethane to afford lactosyl acceptor
16 which was fucosylated with glycosyl donor 6[29] to afford
the fully protected Lex trisaccharide 17 in 74% yield. As de-
termined by the 1JH,H coupling (J=3.5 Hz), complete a-se-
lectivity was achieved in the glycosylation. The temporary
anomeric protecting group of 17 was then removed by a
two-step procedure without affecting any other protecting


Figure 2.


Scheme 1. Synthesis of galactose donor 13. a) Butane-2,3-dione, HC-
(CH3)3, CSA, MeOH, reflux, 78%; b) NaH, BnBr, DMF, 85%; c) TFA/
H2O 9:1, 67%; d) DEIPSCl, imidazole, THF, 78%; e) BzCl, TEA,
DMAP, CH2Cl2, 89%.


Scheme 2. Synthesis of the Lex acceptor. a) p-benzoyl-benzyl alcohol,
NIS, TESOTf, CH2Cl2, 0 8C, 86%; b) CH2Cl2/Et3N 5:1, 95%; c) NIS,
TESOTf, CH2Cl2, 0 8C, 74%; d) H2O2, Et3N, THF, 80%; e) DDQ,
CH2Cl2/H2O 95:5, 81%; f) CCl3CN, DBU, CH2Cl2, 90%; g) BF3·Et2O,
CH2Cl2, 86%; h) TBAF, HOAc, THF, 82%.
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groups. Thus, cleavage of the phenolic benzoate using hy-
drogenperoxide in a mixture of triethylamine and THF li-
berated the p-hydroxyl 18, which was immediately subjected
to oxidation with DDQ to furnish hemiacetal 19. Conver-
sion of 19 into a trichloroacetimidate 20 was accomplished
using standard conditions[30] and the resulting 20 was glyco-
sylated with 3-[N-(benzyloxycarbonyl)amino]-propanol[31] in
the presence of boron trifluoride etherate to give the fully
protected spacer equipped Lex derivative 21 in a good over-
all yield. The 3’-O-DEIPS group (DEIPS: diethylisopropyl-
silyl) of 21 was easily removed using tetrabutylammonium
fluoride (TBAF) in THF buffered with acetic acid to give
the LewisX glycosyl acceptor 22 in a yield of 82%.


The preparation of the properly protected Lewisy donor
29 was accomplished by a similar reaction sequence as out-
lined for the synthesis LewisX acceptor 22. Thus, coupling of
galactosyl donor 23[27] with the C-3 hydroxyl of acceptor 15
gave lactosamine derivative 4 in 81% yield (Scheme 3). Re-
moval of the Fmoc group by using triethylamine in dichloro-
methane and subsequent treatment with hydrazine acetate
to remove the Lev group gave the 3,2’-diol 25. Difucosyla-
tion with glycosyl donor 6 afforded the fully protected tetra-
saccharide 26 in a yield of 86%. The fucosylations proceed-
ed with complete a-selectivity, as confirmed by 1JH,H cou-
plings (J=3.5 Hz). The phenolic ester of the anomeric pro-
tecting group was cleaved by treatment with hydrogenperox-
ide in the presence of triethylamine. The so-formed p-
hydroxybenzyl derivative 27 was oxidized with DDQ to
completely remove the temporary anomeric protecting
group to give 28. The hemiacetal 28 was converted into the
corresponding trichloroacetimidate 29 by using standard
conditions.


The key glycosylation of the assembly of the fully protect-
ed heptasaccharide 30 involved a coupling of trisaccharide
acceptor 22 with tetrasaccharide donor 29 using tributylsilyl
triflate (TBSOTf) in dichloromethane at �30 8C. This glyco-
sylation afforded the fully protected LeyLex heptasaccharide
in a yield of 62%. The use of the common promoters[30]


such as TMSOTf or TESOTf resulted in lower yields of the
heptasaccharide (<40%). Also, the reaction temperature
was critical as it was observed that temperatures higher than
�20 8C gave inferior result. The heptasaccharide 30 was
then deprotected by a four-step procedure. First, the N-Troc
groups were converted into 2-acetamido-2-deoxy functional-
ities by treatment with nano-size zinc in acetic acid followed
by acetylation using acetic anhydride in pyridine. It was
found that saponification of the ester groups, in particular
the 2’-O-benzoate, required prolonged reaction times result-
ing in partial decomposition. However, improved overall
yields were achieved by performing hydrogenolysis of the
benzyl ethers prior to ester hydrolysis. Thus, catalytic hydro-
genolysis using Pd(OAc)2 to remove the benzyloxycarbonyl
moiety and the benzyl ethers followed by base mediated re-
moval of the O-acyl groups gave, after purification by Bio-
gel P2 size-exclusion column chromatography, target com-
pound 31 in an overall yield of 32%.


Preparation of carbohydrate–protein conjugates and immu-
nizations : For the immunological evaluation of heptasac-
charide 31 (Scheme 4) it was linked to a carrier protein,
KLH. In our previous studies,[17] activating KLH with a bro-
moacetyl linker and reacting it with thiolated oligosacchar-
ides had proven to result in glycoconjugates that gave an an-
tigen focused immune response with low titers of anti-linker
antibodies. To this end, the amino functionality of heptasac-
charide 31 was derivatized with an acetyl thioacetic acid
moiety by reaction with S-acetylthioglycolic acid pentafluor-
ophenyl ester to afford 32, which, after purification by size-
exclusion chromatography, was directly de-S-acetylated by
using 7% ammonia (g) in DMF just prior to conjugation.
The de-S-acylation was performed under a strict argon at-
mosphere to prevent formation of the corresponding disul-
fide. KLH was activated with succinimidyl 3-(bromoaceta-
mido) propionate (SBAP) in a sodium phosphate buffer
pH 7.2 containing 0.15m sodium chloride for 2 h and then
purified by centrifugal filters with a nominal molecular-
weight limit of 10 kDa. The bromoacetyl activated KLH was
subsequently incubated over night at room temperature


Scheme 3. Synthesis of the Ley donor. a) NIS, TESOTf, CH2Cl2, 0 8C;
b) CH2Cl2/Et3N 5:1, 95%; c) NH2NH2-HOAc, MeOH, CH2Cl2, 87%;
d) H2O2, Et3N, THF, 82%; e) DDQ, CH2Cl2/H2O 95:5, 78%; f) CCl3CN,
DBU, CH2Cl2, 91%.
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with thiolated heptasaccharide 32 in a 0.1mm sodium phos-
phate buffer pH 8.0 containing 0.1mm ethylenediamine tet-
raacetate (EDTA). The afforded glycoconjugate carried
1190 copies of LeyLex per KLH molecule as determined by
LowryPs protein concentration test[32] and DuboisP phenol
sulfuric acid assay.[33] For the ELISAs, the LeyLex–BSA,
Ley–BSA, and Lex–BSA conjugates were prepared using the
3-(bromoacetamido) propionate linker and procedures simi-
lar to the preparation of the LeyLex–KLH conjugate.


Groups of five mice were immunized with the LeyLex–
KLH conjugate together with the immunoadjuvant QS-21
(Antigenics Inc., Lexington, MA.). The mice received 24 mg
carbohydrate and 10 mg QS-21 in each boost. The immuniza-
tions were repeated three times at weekly intervals and sera
were collected seven days after the last boost. Titers of anti-
LeyLex antibodies were determined by ELISA by the addi-
tion of serial dilutions of sera to microtiter plates coating
with LeyLex–BSA. An anti-mouse IgM (m-chain specific) or
IgG (heavy chain specific) antibody labeled with alkaline
phosphatase was employed as a secondary antibody for de-
tection purposes. As can be seen in entry 1 of Table 1, the


LeyLex conjugate raised significant IgG anti-LeyLex titers in-
dicating a proper helper T-cell response. It should be noted
that the epitope density of the glycoconjugate was high
(>1000), which may have facilitated the high titers of elicit-
ed IgG antibodies. Reports of immunizations with the KH-1
antigen show that not only the nature of the glycoconjugate,
but also the epitope density influences the immunological
response.[34] This notion is also supported by our own obser-
vations of immunizations with the Ley antigen[17] as well as
reports from other groups.[35,36]


An important aspect of active immunotherapy against
cancer is that the antibodies are specific for a particular an-
tigen. Due to the structural similarities of the Lewis anti-
gens, it is important to examine cross-reactivity with other
Lewis antigens. For example, an antibody raised against a di-
meric structure may only bind terminal saccharides and as a
result will cross react with a corresponding monomeric anti-
gen. On the other hand, an antibody raised against a dimeric
structure may recognize internal saccharides and hence be
more specific for dimeric Lewis antigens. In addition, large
oligosaccharides may have different conformational proper-
ties compared to smaller fragments and this may also affect
antibody selectivity.


The Ley antigen is expressed predominantly during em-
bryogenesis. In normal adult tissue expression of Ley and
Lex is mainly restricted to granulocytes and epithelial surfa-
ces.[37] The Lex antigen is, however, also expressed by neu-
trophils (PMNs).[38,39] Thus, the safe use of Lewis antigens in
vaccine development requires a detailed knowledge of the
cross-reactivity of a particular antibody with respect to
other Lewis antigens.


In order to investigate the cross-reactivity of the elicited
antibodies with other Lewis antigens, in particular Ley and
Lex, ELISA by using microtiters plates coated with Ley–
BSA and Lex–BSA was performed. As can be seen in
entry 2 of Table 1, the IgM and IgG antibodies do recognize
the Ley tetrasaccharide albeit with significantly lower titers
(ten-fold) compared with that of the heptasaccharide
LeyLex. The substantially lower reactivity clearly indicates
that the antibodies recognize an epitope spanning both the
Ley and Lex monomers. The titer of IgG antibodies against
the Lex monomer was very low (entry 3). This result is im-
portant but perhaps not surprising, since it is known that
when a large oligosaccharide is presented to the immune
system, the more accessible terminal ends become the major
epitope.[40] The finding of low cross-reactivity and thus high
specificity of the antibodies raised against the LeyLex dimer
is of great importance for the safe use of an anticancer vac-
cine, especially considering the distribution of Lex in a
healthy environment.


Conclusion


We report here an efficient synthesis of the complex dimeric
Lewisy–Lewisx oligosaccharide based on two different or-
thogonally protected lactosamine building blocks. This ap-


Scheme 4. Synthesis of target molecule 28. a) NIS, TBSOTf, CH2Cl2,
�30 8C, 62%; b) 1) Zn, HOAc; 2) Ac2O, pyridine; 3) Pd(OAc)2, H2,
HOAc/EtOH 1:5, 4) NaOMe, MeOH, pH 10, 52% over four steps;
c) SAMA-OPfp, Et3N, DMF.


Table 1. ELISA antibody titers[a] after four immunizations with LeyLex–
KLH.


Coating IgM IgG
Titers Titers


1 LeyLex–BSA 1060 31 645
2 Ley–BSA <120 3115
3 Lex–BSA n.d. 500


[a] All titers are medians for a group of five mice. Titers were determined
by regression analysis, plotting log10 dilution vs absorbance. The titers
were calculated to be the highest dilution that gave three times the ab-
sorbance of normal saline mouse sera diluted 1:120.
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proach provided easy access to a Ley glycosyl donor and a
Lex glycosyl acceptor that could be coupled in one key gly-
cosylation to provide a hetero dimeric Lewis antigen. The
use of a p-(benzoyl)-benzyl glycoside as a temporary anome-
ric protecting group offered additional flexibility because it
was stable to conditions used to remove the Fmoc, Lev and
DEIPS protecting group but could be selectively cleaved at
a late stage in the synthesis without an adverse effect on the
complex structure. The anomeric aminopropyl spacer was
employed for selective conjugation to carrier proteins. Im-
munizations of the conjugate of LeyLex to KLH in combina-
tion with the immuno-adjuvant QS-21 evoked a strong
helper T-cell immune response. Further studies of antibody
cross-reactivity revealed that the antibodies recognized a
monomeric Ley tetrasaccharide, albeit with a tenfold lower
titer. This clearly demonstrated that the raised antibodies
have high specificity for the LeyLex heptasaccharide, indicat-
ing that the recognized epitope is spanning the two Lewis
antigen monomers. Importantly, it was determined that the
antibody recognition of the internal Lewisx trisaccharide was
very low. Thus, the results reported here supports the notion
that it may be possible to develop a tumor specific carbohy-
drate-based anticancer vaccine.


Experimental Section


General methods : Succinimidyl 3-(bromoacetamido) propionate (SBAP),
sulfosuccinimidyl-4-(N-maleimidomethyl) cyclohexane-1-carboxylate
(sulfo-SMCC), keyhole limpet hemocyanin (KLH) and bovine serum al-
bumin (BSA-MI) were purchased from Pierce Endogen, Rockford, IL.
BSA was purchased from Sigma. NIS was purchased from Fluka and re-
crystallized from dioxane/CCl4. All other chemicals were purchased from
Aldrich, Acros, and Fluka and used without further purification. Molecu-
lar sieves were activated at 145 8C for 10 h. All solvents employed were
of reagent grade and dried by refluxing over appropriate drying agents.
TLC was performed by using Kieselgel 60 F254 (Merck) glass/alumiuni-
um/plastic plates, with detection by UV light (254 nm) and/or by charring
with 8% sulfuric acid in ethanol. Column chromatography was per-
formed on silica gel (Merck, mesh 70–230). Extracts were concentrated
under reduced pressure at � 40 8C (water bath). 1H and 13C NMR spec-
tra were recorded on a Varian Inova300 spectrometer, a Varian Inova500
spectrometer and a Varian Inova800 spectrometer equipped with Sun
workstations. 1H spectra recorded in CDCl3 were referenced to residue
CHCl3 at 7.26 ppm or TMS, and 13C spectra to the central peak of CDCl3
at 77.0 ppm. Assignments were made using standard 1D and gCOSY,
gHSQC and TOCSY 2D experiments. Positive ion matrix assisted laser
desorption ionization time of flight (MALDI-TOF) mass spectra were re-
corded using an HP-MALDI instrument by using gentisic acid as a
matrix. Centrifugal filter devices were purchased from Millipore Inc. The
immunoadjuvant QS-21 was a gift from Antigenics Inc., Lexington MA.
ELISA plates Immulon II Hb was purchased from Fisher Scientific Inc.


(2’R,3’R)-Ethyl 2,3-O-(2’,3’-dimethoxybutane-2’,3’-diyl)-1-thiol-b-d-galac-
topyranoside (8): Galactoside 7 (14.7 g, 65.7 mmol), butane-2,3-dione
(6.9 mL, 78.8 mmol), trimethylorthoformate (23 mL, 197 mmol) and cam-
phorsulfonic acid (1.5 g, 6.5 mmol) in methanol (200 mL) were heated
under reflux for 16 h. The reaction mixture was cooled to room tempera-
ture and triethylamine (2 mL) was added to quench the reaction. After
the solution was concentrated to dryness, the residue was purified by
column chromatography (silica gel, hexane/EtOAc 2:3) to furnish diol 8
(17.2 g, 78%) as a white foam. [a]D=147.1 (c = 1.0 in CHCl3); Rf=0.35
(hexane/EtOAc 2:3); 1H NMR (300 MHz, CDCl3): d=4.57 (d, J=9.6 Hz,
1H, H-1), 4.10 (t, J=9.6 Hz, 1H, H-2), 4.00 (d, J=2.1 Hz, 1H, H-4), 3.93


(dd, J=5.5, 11.8 Hz, 1H, H-6), 3.79 (dd, J=5.5, 11.8 Hz, 1H, H-6), 3.74
(dd, J=2.1, 9.6 Hz, 1H, H-3), 3.61 (t, J=5.5 Hz, 1H, H-5), 3.28 (s, 3H,
OCH3-BDA), 3.26 (s, 3H, OCH3-BDA), 2.75 (q, J=1.32, 2H, 7.42 Hz,
SCH2CH3), 1.32 (s, 3H, CH3-BDA), 1.31 (s, 3H, CH3-BDA), 1.30 ppm (t,
J=7.42 Hz, 3H, SCH2CH3);


13C NMR (100 MHz, CDCl3): d=100.51,
100.48 (2RC-BDA), 83.4 (C-1), 78.9 (C-5), 71.9 (C-3), 68.2 (C-4), 66.3
(C-2), 62.3 (C-6), 48.3 (2RC, OCH3-BDA), 24.7 (SCH2CH3), 17.9 (CH3-
BDA), 17.7 (CH3-BDA), 14.7 ppm (SCH2CH3); HR-MALDI-TOF MS:
m/z : calcd for C14H26O7S: 338.1399; found: 361.1307 [M+Na]+ .


(2’R,3’R)-Ethyl 4,6-di-O-benzyl-2,3-O-(2’,3’-dimethoxybutane-2’,3’-diyl)-
1-thiol-b-d-galactopyranoside (9): A mixture of compound 8 (5 g,
14.8 mmol) and sodium hydride (0.78 g, 32.5 mmol) in dry N,N-dimethyl-
formamide (30 mL) was cooled to 0 8C with an ice-bath. Benzyl bromide
(3.87 mL, 32.5 mmol) was added dropwise, the ice-bath was removed and
the reaction mixture was stirred at ambient temperature for 2 h after
which, methanol (3 mL) was added to quench the reaction. The solvent
was removed under reduced pressure and the residue was purified by
column chromatography (silica gel, hexane/EtOAc 2:3) to give com-
pound 9 (6.5 g, 85%) as a white foam. [a]D=147.1 (c = 1.0 in CHCl3);
Rf=0.88 (hexane/EtOAc 2:3); 1H NMR (300 MHz, CDCl3): d=7.42–7.26
(m, 10H, Ar-H), 4.96 (d, J=11.6 Hz, 1H, ArCH2), 4.59 (d, J=11.6 Hz,
1H, ArCH2), 4.48 (q, J=11.8, 8.0 Hz, 2H, ArCH2), 4.26 (d, J=9.4 Hz,
1H, H-1), 4.07 (t, J=9.4 Hz, 1H, H-2), 3.81 (m, 2H, H-6), 3.75 (d, J=
2.1 Hz, 1H, H-3), 3.68–3.63 (m, 2H, H-4, H-5), 3.30 (s, 3H, OCH3-BDA),
3.27 (s, 3H, OCH3-BDA), 2.78–2.66 (m, 2H, SCH2CH3), 1.29 (t, J=
7.4 Hz, 3H, SCH2CH3), 1.28 (s, 3H, CH3-BDA), 1.27 ppm (s, 3H, CH3-
BDA); 13C NMR (CDCl3, 100 MHz): d=139.2–127.5 (12C, Ar-C), 100.2,
100.0 (2RC-BDA), 83.6 (C-1), 78.2 (C-4), 74.2 (C-3), 73.9 (ArCH2), 73.8
(ArCH2), 73.5 (C-5), 69.2 (C-6), 67.0 (C-2), 48.2 (2RC, OCH3-BDA),
24.7 (SCH2CH3), 17.9 (CH3-BDA), 17.7 (CH3-BDA), 15.3 ppm
(SCH2CH3); HR-MALDI-TOF MS: m/z : calcd for C28H38O7S: 518.2338;
found: 541.2315 [M+Na]+ .


Ethyl 4,6-di-O-benzyl-1-thiol-b-d-galactopyranoside (10): A mixture of 9
(5 g, 9.65 mmol) and TFA/H2O (200 mL, 9:1) was stirred for 2 min, the
solvent removed under reduced pressure and the remaining solid was pu-
rified by column chromatography (silica gel, hexane/EtOAc 2:3) to pro-
vide diol 10 (4.2 g, 10.4 mmol, 67%) as a white foam. [a]D=147.1 (c =


1.0 in CHCl3); Rf=0.40 (hexane/EtOAc 2:3); 1H NMR (300 MHz,
CDCl3): d=7.36–7.26 (m, 10H, Ar-H), 4.71 (q, J=11.8, 12.4 Hz, 2H,
ArCH2), 4.48 (q, J=11.8, 8.0 Hz, 2H, ArCH2), 4.29 (d, J=9.4 Hz, 1H, H-
1), 3.90 (d, J=3.0 Hz, 1H, H-4), 3.74–3.58 (m, 5H, H-2, H-3, H-5, H-6),
2.78–2.66 (m, 2H, SCH2CH3), 1.29 ppm (t, J=7.4 Hz, 3H, SCH2CH3);
13C NMR (100 MHz, CDCl3): d=138.6–118.0 (12C, Ar-C), 86.4 (C-1),
77.8 (C-2), 76.4 (C-4), 75.6 (C-3), 75.4 (ArCH2), 73.8 (ArCH2), 71.1 (C-
5), 68.7 (C-6), 24.7 (SCH2CH3), 15.5 ppm (SCH2CH3); HR-MALDI-TOF
MS: m/z : calcd for C22H28O5S: 404.1657; found: 427.1620 [M+Na]+ .


Ethyl 3-O-diethylisopropylsilyl-4,6-di-O-benzyl-1-thiol-b-d-galactopyra-
noside (11): DEIPSCl (2.63 mL, 9.90 mmol) was added dropwise to a so-
lution of diol 10 (4.0 g, 9.90 mmol) and imidazole (0.67 g, 100 mmol) in
dry THF (5 mL). After stirring for 4 h at room temperature, methanol
(2 mL) was added to quench the reaction. The mixture was diluted with
Et2O (30 mL), washed with water and dried over MgSO4 and concentrat-
ed. The residue was purified by column chromatography (silica gel,
hexane/EtOAc 9:1) to furnish silyl ether 11 (4.05 g, 78%) as a white
foam. [a]D= (c = 1.0 in CHCl3); Rf=0.58 (hexane/EtOAc 11:2);
1H NMR (300 MHz, CDCl3): d=7.34–7.30 (m, 10H, Ar-H), 5.04 (d, J=
11.3 Hz, 1H, ArCH2), 4.58 (d, J=11.3 Hz, 1H, ArCH2), 4.25 (q, J=6.6,
9.8 Hz, 2H, ArCH2), 4.31 (d, J=9.4 Hz, 1H, H-1), 3.85 (dd, J=5.7,
2.0 Hz, 1H, H-3), 3.78 (d, J=2.0 Hz, 1H, H-4), 3.74 (dd, J=9.4, 5.7 Hz,
1H, H-2), 3.65 (m, 3H, H-5, H-6), 2.78 (m, 2H, SCH2CH3), 1.30 (t, J=
7.4 Hz, 3H, SCH2CH3), 1.05 (m, 12H, CH3-DEIPS), 0.75 ppm (m, 5H,
CH2, CH-DEIPS); 13C NMR (100 MHz, CDCl3): d=139.3–127.6 (12C,
Ar-C), 86.8 (C-1), 77.7 (C-3), 77.4 (C-6), 76.9 (C-2), 75.3 (CH2Ph), 73.8
(CH2Ph), 70.7 (C-5), 69.2 (C-6), 24.5 (SCH2CH3), 17.7 (SCH2CH3), 17.7,
15.6, 13.3, 7.5, 7.4 (5C, CH, CH3-DEIPS), 4.24 ppm (2C, CH2-DEIPS);
HR-MALDI-TOF MS: m/z : calcd for C29H44O5Ssi: 532.2679; found
555.2696 [M+Na]+ .


E 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 5457 – 54675462


G.-J. Boons et al.



www.chemeurj.org





Ethyl 2-O-benzoyl-3-O-diethylisopropylsilyl-4,6-di-O-benzyl-1-thiol-b-d-
galactopyranoside (13): Triethylamine (0.38 mL, 2.7 mmol), benzoylchlor-
ide (0.32 mL, 2.7 mmol), and DMAP (671 mg, 5.5 mmol) were added to a
solution of alcohol 11 (309 mg, 0.58 mmol), in dichloromethane (2 mL) at
room temperature. The mixture was stirred at room temperature for 20 h
after which it was poured into EtOAc (50 mL). The organic phase was
washed with 1m HCl, sat. aqueous sodium bicarbonate and water. The
organic phase was dried (MgSO4), filtered and concentrated in vacuo. Pu-
rification of the residue by column chromatography (silica gel, hexane/
EtOAc 2:3) yielded 13 (328 mg, 89%) as a white foam. [a]D= (c = 1.0 in
CHCl3); Rf=0.48 (hexane/EtOAc 2:3); 1H NMR (300 MHz, CDCl3): d=
8.05 (d, J=7.2 Hz, 2H, Ar-H), 7.57–7.26 (m, 13H, Ar-H), 5.62 (t, J=
8.8 Hz, 1H, H-2), 5.04 (d, J=11.6 Hz, 1H, ArCH2), 4.86 (d, J=11.6 Hz,
1H, ArCH2), 4.25 (m, 2H, ArCH2), 4.20 (d, J=9.6 Hz, 1H, H-1), 4.01
(dd, J=5.8, 1.2 Hz, 1H, H-3), 3.83 (d, J=1.2 Hz, 1H, H-4), 3.65 (q, J=
3.2 Hz, 1H, H-5), 3.61 (m, 2H, H-6), 2.68 (m, 2H, SCH2CH3), 1.19 (t, J=
7.4 Hz, 3H, SCH2CH3), 0.95 (m, 12H, CH3-DEIPS), 0.54 ppm (m, 5H,
CH2, CH-DEIPS); 13C NMR (100 MHz, CDCl3): d=165.7 (COAr),
139.2–125.6 (18C, Ar-C), 84.0 (C-1), 77.9 (C-5), 77.8 (C-4), 76.1 (C-3),
75.5 (ArCH2), 73.8 (ArCH2), 71.5 (C-2), 68.9 (C-6), 23.7 (SCH2CH3),
17.5, 17.4, 15.1, 13.1 (4C, CH3-DEIPS), 17.7 (SCH2CH3), 7.3, 4.3, 4.0 ppm
(3C, CH2, CH-DEIPS); HR-MALDI-TOF MS: m/z : calcd for
C36H48O6SSi: 636.2941; found: 661.2965 [M+Na]+ .


p-(Benzoyl)-benzyl 6-O-benzyl-2-deoxy-2[[(2,2,2,-trichloroethoxy)carbo-
nyl]amino]-3-O-(9-fluorenylmethoxycarbonyl)-b-d-glucopyranoside (15):
A solution of thioglycoside 14 (4.77 g, 6.73 mmol) and p-benzoyl-benzyl
alcohol (3.07 g, 13.47 mmol) in dry dichloromethane (20 mL) was dried
azeotropically with toluene (Na-dried) and then subjected to high
vacuum for 2 h. The compounds were dissolved in dry dichloromethane
(30 mL) under argon atmosphere and the mixture was stirred at room
temperature in the presence of activated 3 S molecular sieves for 30 min.
The mixture was then cooled to 0 8C and treated with NIS (1.67 g,
7.41 mmol) and TESOTf (0.15 mL, 0.67 mmol). After stirring for 30 min
TLC showed full conversion of the donor. The solution was diluted by di-
chloromethane and the molecular sieves were removed by filtering
through Celite. The filtrate was washed with 15% aqueous sodium thio-
sulfate and brine, dried over MgSO4, filtered and concentrated. The resi-
due was purified by column chromatography (silica gel, hexane/EtOAc
2:1) to give the product 15 as a white powder (5.05 g, 86%). [a]D=�20.6
(c = 1.0, CH2Cl2); Rf=0.28 (hexane/EtOAc 2:1); 1H NMR (300 MHz,
CDCl3): d=8.20 (d, J=7.5 Hz, 2H, Ar-H), 7.76–7.09 (m, 20H, Ar-H),
5.49 (d, J=8.3 Hz, 1H, NH), 4.92 (d, J=8.8 Hz, 1H, H-1), 4.86 (t, J=
9.4 Hz, 1H, H-3), 4.66–4.54 (m, 6H, ArCH2, Troc), 4.38 (d, J=6.3 Hz,
2H, Fmoc-CH2), 4.22 (t, J=6.3 Hz, 1H, Fmoc-CH), 3.85–3.80 (m, 4H,
H-6, H-4, H-2), 3.65–3.52 ppm (m, 1H, H-5); 13C NMR (100 MHz,
CDCl3): d=165.6 (ArCO), 156.0 (CHCH2OCO, Fmoc), 154.7 (Ar-C),
150.6 (NHCO), 150.7–120.3 (29C, Ar-C), 99.2 (C-1), 95.9 (CCl3), 79.6 (C-
3), 74.7 (C-5), 74.5 (OCH2Cl3, Troc), 73.9 (OCH2PhOBz), 70.7 (C-4), 70.1
(OCH2Ph), 69.9 (CHCH2OCO, Fmoc), 64.8 (C-6), 56.1 (C-2), 46.4 ppm
(CHCH2OCO, Fmoc); HR-MALDI-TOF MS m/z : calcd for
C45H40Cl3NO11: 875.1667; found: 898.1659 [M+Na]+ .


p-(Benzoyl)-benzyl 6-O-benzyl-2-deoxy-2[[(2,2,2-trichloroethoxy)carbo-
nyl]amino]-3-O-(9-fluorenylmethoxycarbonyl)-4-O-(2-O-benzoyl-3-O-di-
ethylisopropylsilyl-4,6-di-O-benzyl-b-d-galactopyranosyl)-b-d-glucopyra-
noside (5): A solution of the glycosyl donor 13 (150 mg, 0.24 mmol) and
the glycosyl acceptor 15 (175 mg, 0.2 mmol) in dry dichloromethane
(2 mL) was stirred at room temperature under argon in the presence of
activated molecular sieves for 30 min. The mixture was then cooled to
0 8C and NIS (594 mg, 0.26 mmol) was added followed by TESOTf
(5.5 mL, 0.024 mmol). After 40 min, the reaction mixture was diluted with
dichloromethane (50 mL) and filtered through a plug of Celite. The fil-
trate was washed with 15% aqueous sodium thiosulfate and sat. aqueous
sodium bicarbonate. The organic layer was dried over MgSO4 and con-
centrated under reduced pressure. The residue was purified by column
chromatography (silica gel, hexane/EtOAc 2:1) to give the disaccharide 5
as a white powder (200 mg, 69%). [a]D=�28.9 (c = 1.0, CH2Cl2); Rf=


0.57 (hexane/EtOAc 2:1); 1H NMR (300 MHz, CDCl3): d=8.20 (d, J=
7.7 Hz, 2H, Ar-H), 8.05 (d, J=7.7 Hz, 2H, Ar-H), 7.77–7.13 (m, 33H,
Ar-H), 5.57 (t, J=8.8 Hz, 1H, H-2’), 5.19 (d, J=9.4 Hz, 1H, N-H), 5.01


(t, J=9.4 Hz, 1H, H-3), 4.98 (d, J=11.6 Hz, 1H, Bn), 4.85 (d, J=
11.6 Hz, 1H, Bn), 4.68 (d, J=8.6 Hz, 1H, H-1), 4.60–4.31 (m, 8H, 2RBn,
Troc, CH2PhOBz), 4.52 (d, J=8.9 Hz, 1H, H-1’), 4.35 (d, J=6.0 Hz, 2H,
Fmoc-CH2), 4.18 (t, J=6.0 Hz, 1H, Fmoc-CH), 4.10 (dd, J=5.9, 1.6 Hz,
1H, H-3’), 4.08–3.81 (m, 4H, H-2, H-4, H-6), 3.80 (d, J=1.6 Hz, 1H, H-
4’), 3.69–3.51 (m, 3H, H-5’, H-6’), 3.61 (d, J=9.1 Hz, 1H, H-5), 0.95 (m,
12H, CH3-DEIPS), 0.54 ppm (m, 5H, CH2, CH-DEIPS); 13C NMR
(CDCl3, 100 MHz): d=165.3 (COPh), 165.1 (ArCO), 154.9
(CHCH2OCO, Fmoc), 154.4 (Ar-C), 150.7 (NHCO), 143.7–12.2 (47C,
Ar-C), 101.4 (C-1’), 100.0 (C-1), 95.6 (CCl3), 77.2 (C-3’), 77.1 (C-4’), 75.7
(C-3), 75.5, 74.7, 73.8, 73.4, 73.3 (4C, 3RCH2Ph, Troc, CH2PhOBz), 73.6
(2C, C-2’, C-4), 73.5 (C-5’), 70.2 (CH2-Fmoc), 68.2, 68.0 (2C, C-6, C-6’),
60.6 (C-2), 46.8 (CH-Fmoc), 17.5, 17.3, 14.5, 13.0 (4C, CH3-DEIPS), 7.3
(CH-DEIPS), 4.3, 4.0 ppm (2C, CH2-DEIPS); HR-MALDI-TOF MS m/
z : calcd for C79H86Cl3NO17Si: 1449.4418; found: 1472.4530 [M+Na]+ .


p-(Benzoyl)-benzyl 6-O-benzyl-2-deoxy-2[[(2,2,2-trichloroethoxy)carbo-
nyl]amino]-4-O-(2-O-benzoyl-3-O-diethylisopropylsilyl-4,6-di-O-benzyl-
b-d-galactopyranosyl)-b-d-glucopyranoside (16): Compound 5 (100 mg,
0.07 mmol) was dissolved in dichloromethane (4 mL) and triethylamine
(1 mL) was added. The reaction mixture was stirred at room temperature
overnight and then concentrated under reduced pressure. The residue
was purified by column chromatography (silica gel, hexane/EtOAc 2:1)
to give 16 as a white powder (80 mg, 95%). [a]D=�26.4 (c = 1.0,
CH2Cl2); Rf=0.32 (hexane/EtOAc 2:1); 1H NMR (300 MHz, CDCl3): d=
8.21 (d, J=7.7 Hz, 2H, Ar-H), 8.07 (d, J=7.7 Hz, 2H, Ar-H), 7.67–7.03
(m, 25H, Ar-H), 5.60 (t, J=8.5 Hz, 1H, H-2’), 5.20 (d, J=9.0 Hz, 1H,
NH), 5.08 (d, J=11.6 Hz, 2H, ArCH2), 4.82–4.06 (m, 10H, 3RArCH2,
CH2PhOBz, Troc), 4.38 (d, J=8.9 Hz, 1H, H-1), 4.28 (d, J=8.7 Hz, 1H,
H-1’), 4.08 (dd, J=1.6, 8.0 Hz, 1H, H-3’), 3.80 (d, J=2.0 Hz, 1H, H-4),
3.79–3.74 (m, 3H, H-2, H-6), 3.62 (m, 1H, H-3), 3.60 (d, J=1.6 Hz, 1H,
H-4’), 3.59–3.51 (m, 2H, H-5’, H-6’), 3.41–3.36 (m, 2H, H-5, H-6’), 0.98
(m, 12H, CH3-DEIPS), 0.64 ppm (m, 5H, CH2, CH-DEIPS); 13C NMR
(100 MHz, CDCl3): d=165.7 (COPh), 165.1 (ArCO), 154.4 (Ar-C), 150.7
(NHCO), 138.7–121.2 (35C, Ar-C), 101.7 (C-1’), 99.9 (C-1), 95.8 (CCl3),
81.0 (C-3’), 75.5 (C-4’), 74.7 (C-3), 74.8, 74.6, 72.6, 72.2 (4C, 3RCH2Ph,
Troc, CH2PhOBz), 74.2 (C-2’), 73.3 (C-5’), 70.3 (C-4), 68.8, 68.6 (2C, C-6,
C-6’), 57.9 (C-2), 17.5, 17.4, 17.3, 14.4 (4C, CH3-DEIPS), 7.4 (CH-
DEIPS), 4.4, 4.0 ppm (2C, CH2-DEIPS); HR-MALDI-TOF MS: m/z :
calcd for C64H72Cl3NO15Si: 1227.3737; found: 1250.3685 [M+Na]+ .


p-(Benzoyl)-benzyl 6-O-benzyl-2-deoxy-2[[(2,2,2-trichloroethoxy)carbo-
nyl]amino]-3-O-(3,4-di-O-acetyl-2-O-benzyl-a-l-fucopyranosyl)-4-O-(2-
O-benzoyl-3-O-diethylisopropylsilyl-4,6-di-O-benzyl-b-d-galactopyrano-
syl)-b-d-glucopyranoside (17): A solution of the glycosyl donor 6
(53.5 mg, 0.14 mmol) and the glycosyl acceptor 16 (80 mg, 0.07 mmol)
was dissolved in dry dichloromethane (3 mL) and the mixture was stirred
at room temperature under argon in the presence of activated molecular
sieves for 30 min. The mixture was cooled to 0 8C and NIS (34.7 mg,
0.15 mmol) was added followed by TESOTf (3.3 mL, 0.015 mmol). After
the donor was fully converted, the reaction mixture was diluted with di-
chloromethane (50 mL) and the molecular sieves were filtered off
through a plug of Celite. The organic layer was washed with 15% aque-
ous sodium thiosulfate and brine, dried by MgSO4, filtered and concen-
trated under reduced pressure. Purification by column chromatography
(silica gel, hexane/EtOAc 2:1) furnished the fully protected trisaccharide
17 as a white powder (80 mg, 74%). [a]D=�42.6 (c = 1.0, CH2Cl2); Rf=


0.54 (hexane/EtOAc 2:1); 1H NMR (300 MHz, CDCl3): d=8.20 (d, J=
7.4 Hz, 2H, Ar-H), 8.07 (d, J=7.4 Hz, 2H, Ar-H), 7.66–7.05 (m, 30H,
Ar-H), 5.45 (t, J=8.5 Hz, 1H, H-2), 5.33 (d, J=8.9 Hz, 1H, N-H), 5.25
(dd, J=10.6, 3.3 Hz, 1H, H-3’’), 5.17 (d, J=3.6 Hz, 1-H, H-1’’), 5.14 (d,
J=3.3 Hz, 1H, H-4’’), 4.88 (q, J=6.0 Hz, 1-H, H-5’’), 4.84 (d, J=8.6 Hz,
1H, H-1), 4.76–4.37 (m, 12H, 4RBn, Troc, CH2PhOBz), 4.62 (d, J=
9.0 Hz, 1H, H-1’), 4.10 (d, J=3.6 Hz, 1H, H-4’), 4.01 (t, J=9.0 Hz, 1H,
H-3), 3.85–3.67 (m, 6H, H-4, H-6a, H-3’, H-6’, H-2’’), 3.58 (d, J=8.5 Hz,
1H, H-6b), 3.44 (q, J=3.6 Hz, 1H, H-5’), 3.19–3.05 (m, 2H, H-5, H-2),
2.08 (s, 3H, COCH3), 2.00 (s, 3H, COCH3), 0.97 (d, J=6.0 Hz, 3H, H-
6’’), 0.95 (m, 12H, CH3-DEIPS), 0.54 ppm (m, 5H, CH2, CH-DEIPS);
13C NMR (100 MHz, CDCl3): d=170.6, 169.7 (2C, 2RCH3CO), 165.3
(COPhOBz), 165.0 (ArCO), 153.7 (Ar-C), 150.6 (NHCO), 138.9–121.7
(41C, Ar-C), 100.1 (C-1), 99.0 (C-1), 97.5 (C-1’’), 95.6 (CCl3), 77.5 (C-3’),
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75.6 (C-5), 75.3 (C-4’), 75.1, 74.3, 73.3, 72.6, 70.7 (6C, 4RCH2Ph, Troc,
CH2PhOBz), 74.6 (C-5’), 74.3 (C-3), 73.7 (C-2’’), 73.6 (C-2’), 73.5 (C-4),
73.4 (C-4’’), 70.7, 70.6 (2C, C-6, C-6’), 70.5 (C-3’’), 64.9 (C-5’’), 59.1 (C-2),
21.2, 21.0 (2C, 2RCH3CO), 17.6 (C-6’’), 17.5, 17.4, 15.3, 13.0 (4C, CH3-
DEIPS), 7.3 (CH-DEIPS), 4.3, 4.0 ppm (2C, CH2-DEIPS); HR-MALDI-
TOF MS: m/z : calcd for C81H92Cl3NO21Si: 1547.4997; found: 1570.4900
[M+Na]+ .


3-[(N-Benzyloxycarbonyl)amino]propyl 6-O-benzyl-2-deoxy-2[[(2,2,2-tri-
chloroethoxy)carbonyl]amino]-3-O-(3,4-di-O-acetyl-2-O-benzyl-a-l-fuco-
pyranosyl)-4-O-(2-O-benzoyl-3-O-diethylisopropylsilyl-4,6-di-O-benzyl-b-
d-galactopyranosyl)-b-d-glucopyranoside (21): Triethylamine (2.5 mL)
and H2O2 (30% in water, 0.13 mL) were added to a stirred solution of
compound 17 (80 mg, 0.05 mmol) in THF (5 mL). After stirring the reac-
tion mixture at room temperature for 30 min, it was concentrated under
reduced pressure. The obtained residue was purified by column chroma-
tography (silica gel, hexane/EtOAc 2:1) to give compound 18 (60 mg,
80%).


DDQ (9 mg, 0.04 mmol) was then added to a solution of 18 (60 mg,
0.04 mmol) in dichloromethane/water (4 mL, 95:5). The reaction mixture
was stirred in the dark at room temperature for 1 h, diluted with di-
chloromethane (50 mL) and was washed with aqueous sodium hydrogen
carbonate and brine. The organic phase was dried (MgSO4), filtered and
concentrated to dryness. Purification by column chromatography (silica
gel, hexane/EtOAc 3:2) furnished hemiacetal 19 (45 mg, 81%).


A stirred solution of 19 in dichloromethane (5 mL) was treated with tri-
chloroacetonitrile (0.5 mL) and DBU (5 mL). After stirring for 5 min
under argon atmosphere, the solution was concentrated to dryness and
the residue was purified by column chromatography (silica gel, hexane/
EtOAc/triethylamine 1:1:0.01) to give the imidate 20 as a colorless syrup
(45 mg, 90%).


Compound 20 and 3-[(N-benzyloxycarbonyl)amino]propanol (11 mg,
0.06 mmol) was dissolved in dry dichloromethane (2 mL) and stirred
under argon atmosphere for 30 min in the presence of activated molecu-
lar sieves. BF3·Et2O (1 mL) was added and the reaction mixture was kept
at room temperature for 10 min where after the reaction was quenched
by the addition of triethylamine (20 mL), diluted with dichloromethane
(60 mL) and filtered through Celite. The filtrate was washed with brine,
dried over MgSO4 and concentrated to dryness. The residue was subject-
ed to column chromatography (silica gel, hexane/EtOAc 1:1) to give 21
as a syrup (40 mg, 86%). [a]D=�51.2 (c = 1.0, CH2Cl2); Rf=0.49
(hexane/EtOAc 2:1); 1H NMR (500 MHz, CDCl3): d=7.88 (d, J=7.8 Hz,
2H, Ar-H), 7.50–7.12 (m, 28H, Ar-H), 5.50 (d, J=8.7 Hz, 1H, NH), 5.35
(t, J=9.3 Hz, 1H, H-2’), 5.25 (dd, J=8.8, 2.9 Hz, 1H, H-3’’), 5.10 (d, J=
3.5 Hz, 1-H, H-1’’), 5.04 (d, J=2.9 Hz, 1H, H-4’’), 4.97 (s, 2H,
CH2NHCOOCH2Ph), 4.80 (q, J=6.5 Hz, 1-H, H-5’’), 4.64 (d, J=9.0 Hz,
1H, H-1), 4.76–4.37 (m, 10H, 4RBn, Troc), 4.58 (d, J=8.6 Hz, 1H, H-1’),
3.85 (d, J=3.6 Hz, 1H, H-4’), 3.83 (m, 1H, H-3), 3.80–3.65 (m, 6H, H-4,
H-6a, H-6’, H-3’, H-2’’), 3.58 (d, J=8.5 Hz, 2H, OCH2CH2CH2N), 3.44
(d, J=8.8 Hz, 1H, H-6b), 3.38 (q, J=3.8 Hz, 1H, H-5’), 3.30–3.20 (m,
1H, OCH2CH2CH2aN), 3.19–3.10 (m, 1H, OCH2CH2CH2bN), 3.09–3.01
(m, 2H, H-5, H-2), 2.00 (s, 3H, COCH3), 1.88 (s, 3H, COCH3), 1.19 (s,
2H, OCH2CH2CH2N), 0.87 (d, J=6.5 Hz, 3H, H-6’’), 0.85 (m, 12H, CH3-
DEIPS), 0.54 ppm (m, 5H, CH2, CH-DEIPS); 13C NMR (125 MHz,
CDCl3): d=170.6, 169.6 (2C, 2RCH3CO), 165.0 (ArCO), 156.7
(NHCOOCH2Ph), 154.6 (NHCO), 138.9–127.7 (36C, Ar-C), 100.0 (C-1),
97.7 (C-1’), 96.5 (C-1’’), 95.4 (CCl3), 77.5 (C-3’), 75.8 (C-5), 75.5 (C-4’),
75.0, 74.3, 73.3, 72.6, 70.7 (6C, 4RCH2Ph, Troc, NHCOOCH2Ph), 74.7
(C-5’), 74.6 (C-3), 73.7 (C-2’’), 73.6 (C-2’), 73.5 (C-4), 73.4 (C-4’’), 73.3
(C-3’’), 68.3, 68.2 (2C, C-6, C-6’), 66.9 (OCH2CH2CH2NH), 65.0 (C-5’’),
59.0 (C-2), 37.8 (OCH2CH2CH2NH), 30.0 (OCH2CH2CH2NH), 21.2, 21.0
(2C, 2RCH3CO), 17.5 (C-6’’), 17.5, 17.3, 15.3, 13.0 (4C, CH3-DEIPS), 7.3
(CH-DEIPS), 4.3, 4.0 ppm (2C, CH2-DEIPS); HR-MALDI-TOF MS: m/
z : calcd for C78H95Cl3N2O21Si: 1528.5262; found: 1551.5194 [M+Na]+ .


3-[(N-Benzyloxycarbonyl)amino]propyl 6-O-benzyl-2-deoxy-2[[(2,2,2-tri-
chloroethoxy)carbonyl]amino]-3-O-(3,4-di-O-acetyl-2-O-benzyl-a-l-fuco-
pyranosyl)-4-O-(2-O-benzoyl-4,6-di-O-benzyl-b-d-galactopyranosyl)-b-d-
glucopyranoside (22): Compound 21 (40 mg, 0.03 mmol) was dissolved in
dry THF (2 mL), and then acetic acid (0.2 mL) and a solution of TBAF


in THF (1m, 0.2 mL) were added. After stirring at room temperature for
2 d, the reaction mixture was diluted with EtOAc (50 mL) and washed
with water (10 mL), sat. aqueous sodium hydrogen carbonate and brine.
The organic phase was dried over MgSO4, filtered and then concentrated
in vacuo. The obtained residue was purified by column chromatography
(silica gel, hexane/EtOAc 1:1) to yield the alcohol 22 as a white powder
(30 mg, 82%). [a]D=�49.3 (c = 1.0, CH2Cl2); Rf=0.38 (hexane/EtOAc
2:1); 1H NMR (500 MHz, CDCl3): d=7.92 (d, J=7.8 Hz, 2H, Ar-H),
7.65–7.10 (m, 28H, Ar-H), 5.61 (d, J=9.0 Hz, 1H, N-H), 5.38 (t, J=
8.0 Hz, 1H, H-2), 5.28 (dd, J=9.6, 3.0 Hz, 1H, H-3’’), 5.18 (d, J=3.5 Hz,
1-H, H-1’’), 5.09 (d, J=3.1 Hz, 1H, H-4’’), 5.01 (s, 2H,
CH2NHCOOCH2Ph), 4.82 (q, J=6.5 Hz, 1-H, H-5’’), 4.59 (d, J=8.9 Hz,
1H, H-1), 4.76–4.37 (m, 10H, 4RBn, Troc), 4.40 (d, J=9.2 Hz, 1H, H-1’),
4.10 (d, J=3.8 Hz, 1H, H-4’), 4.03 (m, 1H, H-3), 4.02–3.95 (m, 5H, H-4,
H-6’, H-3’, H-2’’), 3. 85 (m, 2H, OCH2CH2CH2N), 3.64 (d, J=3.8 Hz, 2H,
H-6), 3.58 (q, J=4.0 Hz, 1H, H-5’), 3.30 (m, 1H, OCH2CH2CH2aN),
3.19–3.10 (m, 3H, OCH2CH2CH2bN, H-5, H-2), 2.20 (s, 3H, COCH3),
2.00 (s, 3H, COCH3), 1.29 (s, 2H, OCH2CH2CH2N), 1.15 ppm (d, J=
6.5 Hz, 3H, H-6’’); 13C NMR (125 MHz, CDCl3): d=170.8, 169.8 (2C, 2R
CH3CO), 166.1 (ArCO), 156.7 (NHCOOCH2Ph), 154.0 (NHCO), 138.6–
127.9 (36C, Ar-C), 100.3 (C-1), 98.0 (C-1’), 95.7 (C-1’’), 95.4 (CCl3), 77.4
(C-3’), 76.4 (C-5), 75.9 (C-4’), 75.7, 74.8, 74.7, 72.5, 70.8 (6C, 4RCH2Ph,
Troc, NHCOOCH2Ph), 74.3 (C-5’), 74.3 (C-3), 73.3 (C-2’’), 72.6 (C-2’),
73.3 (C-4), 72.6 (C-4’’), 71.7 (C-3’’), 67.8, 66.9 (2C, C-6, C-6’), 66.8
(OCH2CH2CH2NH), 65.0 (C-5’’), 59.4 (C-2), 37.8 (OCH2CH2CH2NH),
30.0 (OCH2CH2CH2NH), 21.2, 21.0 (2C, 2RCH3CO), 15.8 ppm (C-6’’);
HR-MALDI-TOF MS: m/z : calcd for C71H79Cl3N2O21: 1400.4241; found:
1423.4268 [M+Na]+ .


p-(Benzoyl)-benzyl 6-O-benzyl-2-deoxy-2[[(2,2,2-trichloroethoxy)carbo-
nyl]amino]-3-O-(9-fluorenylmethoxycarbonyl)-4-O-(3,4,6-tri-O-benzyl-2-
O-levulinoyl-b-d-galactopyranosyl)-b-d-glucopyranoside (4): A solution
of compound 15 (4.0 g, 4.57 mmol) and donor 23 (4.06 g, 6.86 mmol) in
dry dichloromethane (20 mL) was dried azeotropically with toluene (Na-
dried) and then subjected to high vacuum for 2 h. The compounds were
dissolved in dry dichloromethane (25 mL) and the mixture was stirred at
room temperature under argon in the presence of activated 3 S molecu-
lar sieves for 30 min. The mixture was cooled to 0 8C and reacted with
NIS (1.69 g, 7.54 mmol) and TESOTf (0.16 mL, 0.69 mmol). After 30 min
the solution was diluted by dichloromethane and the molecular sieves
were removed by filtering through Celite. The filtrate was washed with
15% aqueous sodium thiosulfate and brine, dried over MgSO4, filtered,
and concentrated. The residue was purified by column chromatography
(silica gel, hexane/EtOAc 2:1) to give the disaccharide 4 as a white
powder (5.19 g, 81%). [a]D=�64.2 (c = 1.0, CH2Cl2); Rf=0.38 (hexane/
EtOAc 2:1); 1H NMR (300 MHz, CDCl3): d=8.20 (d, J=8.4 Hz, 2H, Ar-
H), 7.75–7.12 (m, 35H, Ar-H), 5.34 (t, J=9.2 Hz, 1H, H-2), 5.18 (d, J=
9.8 Hz, 1H, N-H), 4.96 (t, J=9.4 Hz, 1H, H-3), 4.88 (d, J=12.0 Hz, 1H,
ArCH2), 4.85 (d, J=12.0 Hz, 1H, ArCH2), 4.61 (d, J=8.2 Hz, 1H, H-1),
4.60–4.30 (m, 10H, 3RArCH2, Troc, CH2PhOBz), 4.44 (d, J=7.7 Hz, 1H,
H-1’), 4.28 (d, J=6.8 Hz, 2H, Fmoc-CH2), 4.12 (t, J=6.0 Hz, 1H, Fmoc-
CH), 4.02–3.71 (m, 4H, H-4, H-4’, H-6), 3.60–3.51 (m, 3H, H-2, H-5, H-
6a’), 3.69–3.51 (m, 2H, H-5’, H-6b’), 3.44 (dd, J=9.2, 1.6 Hz, 1H, H-3’),
3.36 (d, J=9.1 Hz, 1H, H-5’), 2.69–2.36 (m, 4H, CH2CH2, Lev), 2.13 ppm
(s, 3H, COCH3, Lev); 13C NMR (100 MHz, CDCl3): d=206.6
(CH3COCH2, Lev), 171.5 (OCOCH2CH2, Lev), 165.3 (ArCO), 155.0
(CHCH2CO, Fmoc), 154.3 (Ac-C), 150.7 (NHCO), 146.0–120.1 (47C, Ar-
C), 100.5 (C-1’), 100.0 (C-1), 95.6 (CCl3), 80.5 (C-5’), 77.3 (C-3), 75.4 (C-
4), 75.0 (C-5), 74.7, 73.9, 72.0 (6C, 4ROCH2Ph, OCH2CCl3, OCH2-
PhOBz), 73.5 (C-3’), 72.6 (C-4’), 72.1 (C-2’), 70.2 (CHCH2CO, Fmoc),
68.2, 67.9 (2C, C-6, C-6’), 56.5 (C-2), 46.8 (CHCH2CO, Fmoc), 38.0
(OCOCH2CH2, Lev), 30.1 (CH2COCH3, Lev), 28.1 ppm (OCOCH2CH2,
Lev); HR-MALDI-TOF: m/z : calcd for C74H77Cl3N2O18: 1405.3972;
found: 1428.4265 [M+Na]+ .


p-(Benzoyl)-benzyl 6-O-benzyl-2-deoxy-2[[(2,2,2-trichloroethoxy)carbo-
nyl]amino]-4-O-(3,4,6-tri-O-benzyl-2-O-levulinoyl-b-d-galactopyranosyl)-
b-d-glucopyranoside (24): Compound 4 (500 mg, 0.36 mmol) was dis-
solved in 20% triethylamine solution in dichloromethane (5 mL). The so-
lution was stirred at room temperature under argon for 18 h and concen-
trated to dryness under reduced pressure. The residue was purified by
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column chromatography (silica gel, hexane/EtOAc 2:1) to give the prod-
uct 24 as a white powder (400 mg, 95%). [a]D=�27.7 (c = 1.0, CH2Cl2);
Rf=0.21 (hexane/EtOAc 2:1); 1H NMR (300 MHz, CDCl3): d=8.21 (d,
J=7.4 Hz, 2H, Ar-H), 7.54–7.16 (m, 27H, Ar-H), 5.38 (dd, J=10.1,
8.3 Hz, 1H, H-2’), 5.08 (d, J=8.5 Hz, 1H, N-H), 4.89 (dd, J=8.8, 2.1 Hz,
2H, CH2Ar), 4.59 (d, J=8.2 Hz, 1H, H-1), 4.80–4.23 (m, 10H, 3RCH2Ar,
Troc, CH2PhOBz), 4.40 (d, J=7.7 Hz, 1H, H-1’), 3.84 (d, J=2.4 Hz, 1H,
H-4’), 3.89–3.73 (m, 3H, H-3, H-6’), 3.70–3.62 (m, 2H, H-6a, H-4), 3.60
(dd, J=9.0, 5.1 Hz, H-5), 3.58–3.49 (m, 3H, H2, H-5’, H-6b), 3.46 (dd,
J=8.9, 5.2 Hz, 1H, H-3’), 2.87–2.21 (m, 4H, OCOCH2CH2, Lev),
2.10 ppm (s, 3H, CH2COCH3, Lev); 13C NMR (100 MHz, CDCl3): d=


206.4 (CH2 COCH3, Lev), 171.6 (OCOCH2CH2, Lev), 165.3 (ArCO),
154.4 (Ar-C), 150.7 (NHCO), 138.7–121.9 (35C, Ar-C), 101.7 (C-1’),
100.0 (C-1), 95.8 (CCl3), 81.2 (C-4), 80.4 (C-3’), 74.8, 74.7, 73.9, 73.8, 72.5,
72.4 (6C, 4ROCH2Ph, OCH2CCl3, OCH2PhOBz), 74.5 (C-5), 74.0 (C-5’),
72.6 (C-3), 72.3 (C-4’), 71.7 (C-2’), 70.3, 68.5 (2C, C-6, C-6’), 57.9 (C-2),
37.9 (OCOCH2CH2, Lev), 30.1 (CH2COCH3, Lev), 28.1 ppm
(OCOCH2CH2, Lev); HR-MALDI-TOF: m/z : calcd for C59H67Cl3N2O16:
1183.3291; found: 1206.3286 [M+Na]+ .


p-(Benzoyl)-benzyl 6-O-benzyl-2-deoxy-2[[(2,2,2-trichloroethoxy) car-
bonyl]amino]-4-O-(3,4,6-tri-O-benzyl-b-d-galactopyranosyl)-b-d-gluco-
pyranoside (25): Methanolic hydrazine acetate (12 mL, 0.5m) was added
to a solution of compound 24 (200 mg, 0.17 mmol) in dichloromethane
(10 mL). After stirring at ambient temperature for 2 h, the reaction was
quenched by adding acetonylacetone (0.8 mL), and diluted by dichloro-
methane (40 mL). The organic phase was washed with brine, dried over
MgSO4, filtered and concentrated under reduced pressure. Purification of
the crude product by column chromatography (silica gel, hexane/EtOAc
2:1) gave diol 25 as a white powder (160 mg, 87%). [a]D=�26.5 (c =


1.0, CH2Cl2); Rf=0.30 (hexane/EtOAc 2:1); 1H NMR (300 MHz, CDCl3):
d=8.22 (d, J=7.8 Hz, 2H, Ar-H), 7.67 (d, J=1.5 Hz, Ar-H), 7.64 (d, J=
1.5 Hz, Ar-H), 7.54–7.17 (m, 25H, Ar-H), 5.28 (d, J=8.5 Hz, 1H, N-H),
4.89 (dd, J=9.8, 3.1 Hz, 2H, ArCH2), 4.85 (d, J=8.2 Hz, 1H, H-1), 4.82–
4.43 (m, 10H, 3RArCH2, Troc, CH2PhOBz), 4.42 (d, J=7.7 Hz, 1H, H-
1’), 3.94 (t, J=2.4 Hz, 1H, H-4’), 3.86–3.80 (m, 3H, H-3, H-6’), 3.82 (dd,
J=10.2, 8.6 Hz, 1H, H-2’), 3.70–3.62 (m, 4H, H-6a, H-2, H-4), 3.60 (dd,
J=8.6, 5.1 Hz, 1H, H-5’), 3.58–3.49 (m, 2H, H-5, H-6b), 3.39 ppm (dd,
J=9.9, 2.2 Hz, 1H, H-3’); 13C NMR (100 MHz, CDCl3): d=167.3
(ArCO), 156.7 (Ar-C), 153.2 (NHCO), 138.2–121.8 (35C, Ar-C), 104.7
(C-1’), 100.0 (C-1), 96.8 (CCl3), 82.2 (C-4), 82.0 (C-3’), 75.2, 74.9, 73.8,
73.6, 72.4, 72.0 (6C, 4ROCH2Ar, OCH2CCl3, OCH2PhOBz), 74.3 (C-5),
73.9 (C-5’), 72.8 (C-3), 71.9 (C-4’), 71.4 (C-2’), 70.3, 68.7 (2C, C-6, C-6’),
57.9 ppm (C-2); HR-MALDI-TOF: m/z : calcd for C59H67Cl3N2O16:
1085.2923; found: 1108.2845 [M+Na]+ .


p-(Benzoyl)-benzyl 6-O-benzyl-2-deoxy-2[[(2,2,2-trichloroethoxy) car-
bonyl]amino]-3-O-(3,4-di-O-acetyl-2-O-benzyl-a-l-fucopyranosyl)-4-O-
(3,4,6-tri-O-benzyl-2-O-(3,4-di-O-acetyl-2-O-benzyl-a-l-fucopyranosyl)-
b-d-galactopyranosyl)-b-d-glucopyranoside (26): A solution of diol 25
(120 mg, 0.11 mmol) and thiofucoside 6 (126 mg, 0.33 mmol) in dry di-
chloromethane (2 mL) was stirred under argon with 3 S molecular sieves
for 30 min, the temperature was cooled to 0 8C and NIS (81.7 mg,
0.36 mmol) and TESOTf (7.5 mL, 0.03 mmol) were added. After stirring
for 30 min the solution was diluted by dichloromethane (60 mL) and the
molecular sieves were removed by filtration. The filtrate was washed
with 15% aqueous sodium thiosulfate and brine, dried over MgSO4, fil-
tered and concentrated. Purification of the crude compound by column
chromatography (silica gel, hexane/EtOAc 2:1) yielded tetrasaccharide
26 as a white powder (164 mg, 86%). [a]D=�82.7 (c = 1.0, CH2Cl2);
Rf=0.48 (hexane/EtOAc 2:1); 1H NMR (500 MHz, CDCl3): d=8.20 (d,
J=7.7 Hz, 1H, Ar-H), 7.53–6.93 (m, Ar-H, 37H, 6ROCH2Ph, OCH2-


PhOBz), 5.65 (d, J=3.0 Hz, 1H, H-1’’’), 5.49 (dd, J=10.6, 2.7 Hz, 1H, H-
3’’), 5.43 (dd, J=10.8, 2.7 Hz, 1H, H-3’’’), 5.42–5.20 (m, 3H, H-4’’, H-4’’’,
NH), 5.18 (d, J=3.9 Hz, 1H, H-1’’), 5.07 (q, J=6.0 Hz, 1H, H-5’’), 4.76
(d, J=9.0 Hz, 1H, H-1), 4.80–4.15 (m, 20H, 6ROCH2Ph, OCH2PhOH,
OCH2CCl3, H-5’’’, H-1’, H-4, H-3), 4.05 (m, 2H, H-6), 3.96 (t, J=8.2 Hz,
1H, H-2’), 3.95 (d, J=3.1 Hz, 1H, H-4’), 3.88–3.84 (m, 2H, H-6), 3.84
(dd, J=10.8, 3.0 Hz, 1H, H-2’’’), 3.76 (dd, J=10.6, 3.9 Hz, 1H, H-2’’),
3.38 (dd, J=8.2, 3.1 Hz, 1H, H-3’), 3.25–3.26 (m, 2H, H-5’, H-5), 3.09
(dd, 1H, H-2), 2.20 (s, 3H, CH3CO), 2.07 (s, 3H, CH3CO), 1.99 (s, 3H,


CH3CO), 1.96 (s, 3H, CH3CO), 1.17 (d, J=6.3 Hz, 3H, H-6’’’), 0.92 ppm
(d, J=6.0 Hz, 3H, H-6’’); 13C NMR (125 MHz, CDCl3): d=170.8, 170.5,
170.4, 169.7 (4C, 4RCH3CO), 165.3 (1C, Ar-C), 153.6 (NHCO), 150.7
(PhCO), 138.8–121.8 (47C, Ar-C), 99.7 (C-1’), 98.8 (C-1’’), 98.3 (C-1’’’),
97.6 (C-1), 95.6 (CCl3), 83.8 (C-3’), 75.4 (C-5), 75.2 (C-3), 74.7, 73.9, 73.7,
73.6, 73.3, 73.1 73.0, 72.9 (8C, 6ROCH2Ph, OCH2PhOBz, OCH2CCl3),
73.4 (C-2’’’), 73.4 (C-2’), 72.9 (C-5’), 72.6 (C-4), 72.2 (C-2’’), 72.0 (2C, 4’’,
C-4’’’), 71.4 (C-4’), 70.9 (C-3’’’), 70.7 (C-3’’), 68.1 (2C, C-6, C-6’), 64.9 (C-
5’’), 64.8 (C-5’’’), 59.7 (C-2), 21.2, 21.1, 20.9, 20.8 (4C, 4RCH3CO), 15.7
(C-6’’’), 15.6 ppm (C-6’’); HR-MALDI-TOF MS: m/z : calcd for
C91H98Cl3NO26: 1725.5443; found: 1748.6041 [M+Na]+ .


p-Hydroxybenzyl 6-O-benzyl-2-deoxy-2[[(2,2,2-trichloroethoxy)carbon-
yl]amino]-3-O-(3,4-di-O-acetyl-2-O-benzyl-a-l-fucopyranosyl)-4-O-(3,4,6-
tri-O-benzyl-2-O-(3,4-di-O-acetyl-2-O-benzyl-a-l-fucopyranosyl)-b-d-gal-
actopyranosyl)-b-d-glucopyranoside (27): Triethylamine (400 mL) and
H2O2 (50% in water, 200 mL) were added to a solution of compound 26
(160 mg, 0.093 mmol) in THF (8 mL), and the mixture was stirred under
argon atmosphere for 18 h where after it was concentrated in vacuo. Puri-
fication of the residue by column chromatography (silica gel, hexane/
EtOAc 2:1) furnished 27 as a white powder (123 mg, 82%). [a]D=�83.9
(c = 1.0, CH2Cl2); Rf=0.31 (hexane/EtOAc 2:1); 1H NMR (500 MHz,
CDCl3): d=7.37–6.78 (m, Ar-H, 34H, 6ROCH2Ph, OCH2PhOH), 5.68
(d, J=2.9 Hz, 1H, H-1’’’), 5.29 (dd, J=10.8, 2.9 Hz, 1H, H-3’’), 5.23 (dd,
J=11.0, 2.9 Hz, 1H, H-3’’’), 5.22–5.20 (m, 3H, H-4’’, H-4’’’, NH), 5.12 (d,
J=3.9 Hz, 1H, H-1’’), 5.03 (q, J=6.3 Hz, 1H, H-5’’), 4.76 (d, J=8.2 Hz,
1H, H-1), 4.76–4.12 (m, 20H, 6ROCH2Ph, OCH2PhOH, OCH2CCl3, H-
5’’’, H-1’, H-4, H-3), 4.05 (dd, J=10.1, 9.3 Hz, 1H, H-6a), 3.96 (dd, J=
10.5, 8.2 Hz, 1H, H-2’), 3.90 (d, J=2.8 Hz, 1H, H-4’), 3.88–3.84 (m, 3H,
H-6’, H-6b), 3.84 (dd, J=11.0, 2.9 Hz, 1H, H-2’’’), 3.76 (dd, J=10.8,
3.9 Hz, 1H, H-2’’), 3.38 (dd, J=10.5, 2.8 Hz, 1H, H-3’), 3.25 (dd, J=8.6,
2.8 Hz, 1H, H-5’), 3.26 (d, J=9.3 Hz, 1H, H-5), 3.09 (ddd, 1H, H-2), 2.10
(s, 3H, CH3CO), 2.07 (s, 3H, CH3CO), 2.00 (s, 6H, 2RCH3CO), 1.14 (d,
J=6.7 Hz, 3H, H-6’’’), 0.92 ppm (d, J=6.3 Hz, 3H, H-6’’); 13C NMR
(125 MHz, CDCl3): d=171.4, 170.7, 170.6, 169.6 (4C, 4RCH3CO), 156.2
(1C, Ar-C), 153.5 (NHCO), 138.6–115.6 (41C, Ar-C), 99.6 (C-1’), 98.1
(C-1’’), 97.4 (C-1’’’), 97.3 (C-1), 95.5 (CCl3), 83.7 (C-3’), 75.5 (C-5), 75.3
(C-3), 74.7, 73.9, 73.7, 73.6, 73.3, 73.1 72.9, 73.6, 72.7, 72.4, 71.8, 71.1,
70.9, 70.7 (16 C, 6ROCH2Ph, OCH2PhOH, OCH2CCl3, C-2’’’, C-2’, C-5’,
C-4, C-2’’, 4’’, C-4’’’, C-4’), 70.8 (C-3’’’), 70.1 (C-3’’), 68.0 (2C, C-6, C-6’),
64.7 (C-5’’), 64.6 (C-5’’’), 59.7 (C-2), 21.6, 21.2, 21.1, 20.9 (4C, 4R
CH3CO), 15.6 (C-6’’’), 15.5 ppm (C-6’’); HR-MALDI-TOF MS: m/z :
calcd for C84H94Cl3NO25: 1621.5181; found: 1644.5204 [M+Na]+ .


Trichloroacetimidate (29): DDQ (40 mg, 0.136 mmol) was added to a stir-
red mixture of compound 27 (110 mg, 0.068 mmol) in dichloromethane
(3.8 mL) and water (0.2 mL). The mixture was stirred in the dark for 1 h,
diluted by dichloromethane, washed with brine, dried over MgSO4, fil-
tered and concentrated. Purification of the residue by column chromatog-
raphy (silica gel, hexane/EtOAc 2:1) gave hemiacetal 26 as a colorless
syrup (80 mg, 78.0%). Compound 26 (80 mg, 0.053 mmol) was dissolved
in dry dichloromethane (5 mL) and CCl3CN (0.5 mL) and DBU (5 mL)
were added. After stirring under argon for 5 min at ambient temperature,
the solution was concentrated to dryness. Purification by column chroma-
tography (silica gel, hexane/EtOAc/triethylamine 1:1:0.01) yielded imi-
date 29 as a colorless syrup (80 mg, 91%). MALDI-TOF MS: m/z : calcd
for C79H88Cl6N2O24: 1662.29; found: 1686.10 [M+Na]+ .


Fully protected heptasaccharide 30 : Glycosyl donor 29 (45 mg,
0.027 mmol) and glycosyl acceptor 22 (35 mg, 0.025 mmol) were dissolved
in dry dichloromethane (1 mL) and activated molecular sieves were
added. After stirring at room temperature for 30 min, the mixture was
cooled to �30 8C and TBSOTf (1.0 mL) was added. After the donor was
fully converted, the reaction mixture was diluted with dichloromethane
(50 mL) and the molecular sieves were removed by filtration. The solu-
tion was washed with water and sat. aqueous sodium hydrogen carbonate,
dried by MgSO4, filtered and concentrated to dryness under vacuum. Pu-
rification by column chromatography (silica gel, hexane/EtOAc 1:1) af-
forded heptasaccharide 30 as a white powder (36 mg, 62%). [a]D=
�104.3 (c = 1.0, CH2Cl2); Rf=0.28 (hexane/EtOAc 1:1).
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The 1H NMR (800 MHz, CDCl3) spectral data for compound 30 are
listed as following in Table 2.


HR-MALDI-TOF MS: m/z : calcd for C148H165Cl6N3O44: 2897.8897;
found: 2920.9002 [M+Na]+ .


Heptasaccharide 31: Zinc (10 mg, 0.15 mmol, nano-size powder) was
added to a stirred solution of heptasaccharide 30 (20 mg, 0.02 mmol) in
acetic acid (2 mL). After 20 min, the zinc dust was removed by filtration
through Celite and the filtrate was concentrated to dryness. The residue
was dissolved in pyridine (2 mL) and acetic anhydride (1 mL) and the
mixture was stirred at room temperature over night. After quenching by
addition of methanol (2 mL), the mixture was diluted by dichlorome-
thane (60 mL) and was washed successively with 1m HCl solution, sat.
aqueous sodium hydrogen bicarbonate, and brine. The organic layer was
dried over MgSO4, filtered and concentrated. The residue was hydroge-
nolyzed over Pd(AcO)2 (20 mg) in a solution of ethanol and acetic acid
(5:1, 3 mL). After 24 h the mixture was filtered through Celite to remove
the catalyst and concentrated to dryness under reduced pressure. The ob-
tained residue was dissolved by methanol (5 mL) and sodium methoxide
(1m in methanol) was added until pH 10. The solution was stirred at
room temperature for 24 h, neutralized with Dowex 50 H+ resin, diluted
by methanol (50 mL), filtered and concentrated. The residue was purified
by size exclusion column chromatography (Biogel P2 column, eluted with
H2O containing 1% nBuOH) to give the product 31 as a white powder
(4 mg, 52%). [a]D=�99.4 (c = 1.0, MeOH); 1H NMR (800 MHz, D2O,
selected data): d=5.42 (d, J=3.5 Hz, 1H), 5.05 (d, J=4.0 Hz, 1H), 5.04
(d, J=3.7 Hz, 1H), 4.83 (q, J=6.5 Hz, 1H), 4.67 (q, J=6.5 Hz, 1H), 4.64
(d, J=7.6 Hz, 1H), 4.45 (d, J=8.0 Hz, 2H), 4.41 (d, J=7.8 Hz, 1H), 4.22
(q, J=6.5 Hz, 1H), 2.01 (s, 6H, 2RNHCOCH3), 1.21, 1.22, 1.24 ppm (3d,
J=6.5 Hz, 9H, Fuc); 13C NMR (D2O, 200 MHz, selected data): d=105.1,
104.2, 103.4, 103.0, 102.5, 101.0 ppm (7C, anomeric C); HR-MALDI-
TOF MS: m/z : calcd for C49H85N3O33: 1243.5065; found: 1266.5523
[M+Na]+ .


Conjugation of Ley–Lex to KLH : This was accomplished as described ear-
lier. In short, compound 31 (4 mg) was slurried in dry DMF and SAMA-
OPfp (2 equiv) and triethylamine (2 equiv) were added. After stirring for
2 h, the mixture was evaporated and the residue was purified using a
Biogel P-2 column, eluted with H2O containing 1% n-butanol to give,
after lyophilization, thioacetate 32 as a white powder. MALDI-TOF MS
m/z : calcd for C49H85N3O33: 1243.5065; found: 1266.5523 [M+Na]+ .


De-S-acetylation just prior to conjugation was achieved by stirring a mix-
ture of the thioacetate 32 (1.5 mg), H2O (20 mL), and 7% NH3 in DMF
(75 mL) under argon atmosphere for 45 min. The mixture was evaporated
and co-evaporated twice with toluene. The liberated thiol was dried
under high vacuum for 30 min and then used immediately for conjugation
without further purification.


A solution of SBAP (2.5 mg) in DMF (80 mL) was added to a solution of
KLH (5.75 mg) in 0.1m sodium phosphate buffer pH 7.2 containing
0.15m sodium chloride (500 mL). The mixture was incubated at room
temperature for 2 h and then purified by using centrifugal filters with a
molecular cut-off of 10 KDa. All centrifugations were performed at 15 8C
for 20 min spinning at 13 g. The reaction mixture was centrifuged off and
the residue was washed with conjugation buffer (2R200 mL). The activat-
ed protein was retrieved by spinning at 13 g for 20 min at 15 8C and
taken up in 0.1 mm sodium phosphate buffer pH 8.0 containing 0.1 mm


EDTA (600 mL). A solution of the thiolated LeyLex dimer in the conjuga-
tion buffer (200 mL) was added to the activated protein and the mixture


was incubated at room temperature
over night. Purification was achieved
as described above using centrifugal
filters. The glycoconjugate was taken
up in 10 mm Hepes buffer pH 6.5
(1 mL). This gave a glycoconjugate
with 1190 copies of LeyLex per KLH
molecule as determined by phenol-sul-
furic acid total carbohydrate assay and
LowryPs protein concentration test.


Immunizations : Groups of five mice
(female BALB/c, 8 weeks) were im-


munized subcutaneously on days 0, 7, 14 and 21 with carbohydrate(24 mg)
and the adjuvant QS-21 (10 mg) in each boost. The mice were bled on
day 28 (leg-vein) and the sera were tested for the presence of antibodies.


ELISA : 96-well plates were coated over night at 4 8C with LeyLex–BSA,
Ley–BSA, or Lex–BSA (2.5 mgmL�1) in 0.2m borate buffer (pH 8.5) con-
taining 75 mm sodium chloride (100 mL) per well). The plates were
washed three times with 0.01m Tris buffer containing 0.5% Tween 20%
and 0.02% sodium azide. Blocking was achieved by incubating the plates
1 h at room temperature with 1% BSA in 0.01m phosphate buffer con-
taining 0.14m sodium chloride. Next, the plates were washed and then in-
cubated for 2 h at room temperature with serum dilutions in phosphate
buffered saline. Excess antibody was removed and the plates were
washed three times. The plates were incubated with rabbit anti-mouse
IgG Fcg fragment specific alkaline phosphatase conjugated antibodies
(Jackson ImmunoResearch Laboratories Inc., West Grove, PA) for 2 h at
room temperature. Then, after the plates were washed, enzyme substrate
(p-nitrophenyl phosphate) was added and allowed to react for 30 min
before the enzymatic reaction was quenched by addition of 3m aqueous
sodium hydroxide and the absorbance read at dual wavelengths of 405
and 490 nm. Antibody titers were determined by regression analysis, with
log10 dilution plotted against absorbance. The titers were calculated to be
the highest dilution that gave three times the absorbance of normal
mouse sera diluted 1:120.
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Preparation of [5,6]- and [6,6]-Oxahomofullerene Derivatives and Their
Interconversion by Lewis Acid Assisted Reactions of Fullerene Mixed
Peroxides


Shaohua Huang,[a] Zuo Xiao,[a] Fudong Wang,[a] Jiang Zhou,[c] Gu Yuan,[c]


Shiwei Zhang,*[c] Zhongfang Chen,*[d] Walter Thiel,[e] Paul von Ragu1 Schleyer,[d]


Xiang Zhang,[a] Xiangqing Hu,[a] Bichu Chen,[a] and Liangbing Gan*[a, b]


Introduction


Homofullerenes (fulleroids)[1] are systems in which the
number of p electrons on the cage remains the same after
chemical functionalization. In principle, two kinds of homo-
fullerenes are possible: [5,6] open and [6,6] open. Deriva-
tives of [5,6] open methanofullerene are readily prepared by
carbene addition to C60.


[2] [5,6] open C60O (oxahomo[60]ful-
lerene),[3] iminofullerenes[4] , C60 dimer,[5] and C70 carbene ad-
ducts[6] have also been synthesized. However, additions at
the [6,6] junction of fullerenes mostly result in [6,6] closed
adducts;[7] [6,6] open homofullerenes are stable only in spe-
cial cases.[8–10] Hirsch et al.[8] synthesized bis[6,6] homo[60]-
fullerenes with a 1,2,3,4 addition pattern and found that the
energy difference between the closed and open bis[6,6] iso-
mers are rather small.[9] Taylor et al.[10] reported a [6,6] open
fluorooxahomofullerene derivative with oxygen bonded to
fluorinated carbon atoms. Hemiketal moieties were suggest-
ed to be present in fullerenols at the [6,6] junction, but full
identification was not possible because the products studied
had different numbers of hydroxyl groups and were complex
mixtures of isomers.[11] Recently, fullerenols were character-
ized as stable radical anions by Wilson et al.[12]


We have synthesized fullerene mixed peroxides with cy-
clopentadienyl moieties such as 1[13] and found that further
reactions of such mixed peroxide adducts gave open-cage


Abstract: [60]Fullerene mixed perox-
ides C60(O)(OOtBu)4 exhibit chemo-
and regioselective reactions under mild
conditions. The epoxy moiety is
opened by ferric chloride to form vici-
nal hydroxy chloride C60Cl(OH)-
(OOtBu)4. BF3 is also effective in
opening the epoxy moiety. The O�O
bond of the fullerene mixed peroxide is


cleaved by aluminum chloride to form
both [5,6]- and [6,6]-fullerene hemike-
tals (oxohomo[60]fullerenes). A Hock-
type rearrangement is proposed for the


formation of the hemiketals, in which a
fullerene C�C bond is cleaved. Lewis
acids and/or visible light can initiate
isomerization of the hemiketal isomers.
Single-crystal X-ray analysis and theo-
retical calculations confirmed the re-
sults.
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fullerene and hydroxylated fullerene derivatives with well-
defined structures.[14] In light of the well-established and rich
chemistry of classical peroxides, fullerene mixed peroxides
appear to be excellent precursors for compounds with po-
tential applications. Here we report the Lewis acid induced
formation and single-crystal X-ray diffraction analysis of
[5,6]- and [6,6]-oxahomo[60]fullerene derivatives (fullerene
hemiketals).


Results and Discussion


Lewis acids are known to catalyze the opening of epoxides
and the heterolysis of the O�O bond of peroxides. Treating
1 with ferric chloride opened the epoxy moiety and yielded
vicinal hydroxyl chloride 2a (Scheme 1). Boron trifluoride is


a more versatile Lewis acid for epoxide opening. In the
presence of BF3, addition of methanol, tert-butyl hydroper-
oxide, and hydrogen peroxide yielded 2b, 2c, and 2d, re-
spectively. Fullerenyl hydrogen peroxide 2d was surprisingly
stable and survived purification by column chromatography.
In all BF3-catalyzed reactions, a small amount of fluoro de-
rivative 2e was observed. That BF3 was the fluorine source
was confirmed by treating 1 with BF3 alone in a control ex-
periment. Product yields with BF3 are lower than those with
the ferric chloride. BF3·OEt2 was recently used as a fluorine
source in the ring-opening hydrofluorination of epoxides.[15]


The relative location of the hydroxy group and the R sub-
stituent in compounds 2 cannot be determined by spectro-
scopic data. Mechanistic considerations favor structures as
in Scheme 1. The Lewis acid FeIII or BF3 attacks the epoxy
oxygen atom to form fullerene cation intermediate A
(Scheme 2). The alternative B would not be stable because
of its antiaromatic cyclopentadienyl cation character. Addi-
tion of a nucleophile to intermediate A results in a hydroxyl
group on the central pentagon. The relative location of Cl
and OH in 2a agrees with the crystal structure of 4 (see
below). Taylor et al. observed the conversion of antiaromat-


ic C5-symmetric cation [C60Ar5]
+ , formed by treating


C60Ar5Cl (Ar=Ph or 4-FC6H4) with AlCl3, to the more
stable Cs isomer (analogous to A).[16]


Addition of AlCl3 to 2a led to heterolysis of the peroxo
O�O bond and formation of hemiketal fullerene derivatives.
The reaction gave two regioisomers 3 and 4 (Scheme 3). The


hemiketal moiety is located at [5,6] and [6,6] junctions for 3
and 4, respectively. The regioselectivity can be controlled ef-
fectively by varying the solvent. In pure dichloromethane,
[5,6] hemiketal 3 is the major product with a trace of [6,6]
hemiketal 4. Addition of diethyl ether as cosolvent com-
pletely reverses the product ratio and affords 4 as the major
product. Cosolvents such as CH3CN and Me2S also afford 4
as the major product, but in lower overall yields than with
diethyl ether.


A possible mechanism for the formation of 3 and 4 is
shown in Scheme 4. The key steps are similar to the well-
known Hock rearrangement.[17] AlCl3 initiates heterolysis of
the peroxo bond to form oxonium cation C in the first step,
which then rearranges to carbocation D or E. In the process
a [6,6] or [5,6] junction is cleaved, respectively. In the ab-
sence of diethyl ether E is the favored species. The adjacent
hydroxyl group probably stabilizes the carbocation of E.
When diethyl ether is added D is the favored species since
the carbocation position in D is located further from the
crowded central pentagon as compared to that of E. Thus,
diethyl ether may stabilize the cation in D more effectively
for steric reasons. Cleavage of the other [5,6] junction would


Scheme 1. Epoxy opening reactions. 2a (R=Cl): route a) FeCl3, 85%; 2b
(R=OMe): route b) BF3, MeOH, 61%; 2c (R=OOtBu): route b) BF3,
tBuOOH, 23%; 2d (R=OOH): route b) BF3, H2O2, 16%; 2e (R=F):
route b) BF3, 27%.


Scheme 2. Proposed mechanism for epoxy opening reactions.


Scheme 3. Cleavage of fullerene C�C bond and formation of hemiketals
3 and 4
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form carbocation F, but no hemiketal corresponding to this
intermediate was detected under these conditions.


Ferric chloride reacts differently with compound 2 ; three
products were isolated (Scheme 5) in CH2Cl2. Compounds 5
and 6 are due to the replacement of the chlorine atom by


ethoxy and hydroxy groups, respectively. The ethoxy group
in 5 came from the ethanol used as a stabilizing agent in
CH2Cl2. When CH2Cl2 was distilled from P2O5 and used as
the solvent, only dihydroxy derivative 6 was obtained in low
yield. Hemiketal 7 is probably due to further reaction of 5
with FeCl3. Like the formation of 4, compound 7 could be
prepared by treating pure 5 with AlCl3 in CH2Cl2/Et2O. The
mechanism of the reaction with ferric chloride may be cleav-
age of the C�Cl bond in the first step, followed by addition
of EtOH or H2O as nucleophile. Ferric chloride abstracts


the chlorine atom preferably instead of initiating peroxo O�
O bond heterolysis as occurs with AlCl3.


Hemiketals 3, 4, and 8 isomerize on addition of Lewis
acids and/or irradiation with visible light (Scheme 6). Com-
pound 3 isomerizes partially to 4 and to a new hemiketal 8


when treated with La(NO3)3 or B(C6F5)3 under laboratory
light. It is not clear whether 8 formed directly from 3 or by
further isomerization of 4, since 4 also gave 8 under the
same conditions. Isomer 4 could also be converted to 8 by ir-
radiation with an ordinary luminescent lamp in the absence
of a Lewis acid. In total darkness isomerization of 3 or 4
was hardly detectable at room temperature.


New hemiketal 8 was not stable and converted slowly to 4
in CDCl3. The process was followed readily by 1H NMR
spectroscopy. A pure sample of 8 gave a mixture of 4 and 8
in 2.5:1 ratio after standing at room temperature in the dark
for 110 h. Irradiation of 8 with a luminescent light bulb re-
sulted in decomposition.


Various other experiments (see Experimental Section) in-
dicate that photolysis by visible light is more efficient for
the 3!4!8 conversion. Spontaneous conversion of 8 to 4
in total darkness is consistent with our computations, which
indicate that 4 is more stable than 8. The isomerization of 3,
which was computed to have the lowest energy, only took
place photochemically in the presence of a Lewis acid. The
isomerization processes observed here are reminiscent of
the photoisomerization of [5,6] open to [6,6] closed C70(O)
isomers reported by Weisman et al.[18]


Single crystals were obtained for hemiketal 4 by slow
evaporation of a CS2/n-pentane solution at 5 8C. Various at-
tempts to grow suitable crystals of the [5,6] isomer 3 failed.
Treating 3 with m-chloroperbenzoic acid (mCPBA) results
in mono-epoxidation of the central pentagon and formation
of 9 (Scheme 7). The introduction of the new epoxy moiety
improves the crystallizability, and single crystals of 9 were
obtained by slow evaporation of a benzene/n-hexane solu-
tion at 5 8C. Under the same conditions mCPBA does not
react with hemiketal 4.


Scheme 4. Proposed mechanism for the formation of 3 and 4.


Scheme 5. Cleavage of C�Cl bond with FeCl3.


Scheme 6. Isomerization among hemiketals 3, 4, and 8. a) La-
(NO3)3·xH2O and laboratory light, or B(C6F5)3 and laboratory light; b)
La(NO3)3·xH2O and laboratory light, or B(C6F5)3 and laboratory light, or
luminescent lamp (14 W); c) CDCl3 in the dark. All at room tempera-
ture.
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A strong internal hydrogen bond between the hydroxy
group on the central pentagon and the adjacent peroxo
oxygen atom is apparent in the crystal structure of 4 (Fig-
ure 1a). The hemiketal hydroxy group forms a hydrogen
bond with the peroxo group of a neighboring molecule. The


bonding pattern of the ether oxygen atom is almost exactly
the same in [6,6] hemiketal 4 and [5,6] hemiketal 9 (Fig-
ure 1b). In both cases, the ether oxygen atom is more
strongly bonded to the vinyl carbon atom than to the hemi-
ketal carbon atom (1.367(4) versus 1.416(4) O in 4 and
1.367(16) versus 1.409(12) O in 9). The two double bonds on
the central pentagon of 4 are the shortest among all the
double bonds on the surface. The crystal structures establish
the fullerene hemiketal moieties at both the [6,6] and [6,5]
junctions.


The structures of 2 and 5 were verified by their NMR
spectra, which indicate Cs symmetry with the expected
number of 1H and 13C signals. The presence of a hemiketal
moiety in 3, 4, 7, 8, and 9 was suggested by hemiketal
carbon signals ranging from d=97.9 to 108.0 ppm, but the
structures of these unsymmetric hemiketals could not be es-
tablished by the NMR spectra. The structures of 3 and 7 can
be deduced from those of 4 and 9, which were characterized
by X-ray analysis (Figure 1): 3 is the precursor of 9, and 7
exhibits a 13C NMR pattern similar to that of 4.


To determine the structures, especially for compound 8,
the 13C NMR chemical shifts of 3, 4, and 8 were computed[19]


by DFT at the B3LYP[20]/6-31G* level by employing the
gauge-independent atomic orbital (GIAO) method,[21] and
the geometries optimized at the same level. The computed
structure of 4 agrees well with the crystal data. The 13C
chemical shifts were calculated relative to C60 and converted
to the TMS scale by using the experimental value for C60


(d=143.2 ppm).[22] This DFT-based approach provides rea-
sonably accurate fullerene 13C chemical shifts, as shown by
earlier studies[23] and by the agreement between the comput-
ed and experimentally measured NMR data of 3 and 4
(Figure 2), the structures of which were confirmed (4) or de-
duced (3) from single-crystal X-ray analysis. The agreement
between the observed and computed 13C NMR spectrum for
8 (Figure 2) indicates that it has the structure as depicted in
Scheme 6. Moreover, at the B3LYP/6-311+G* level with
B3LYP/6-31G* geometries, 3 is the most stable of these spe-
cies (total energy �3898.58731 a.u.), while 4 and 8 are
higher in energy by 1.4 and 5.8 kcalmol�1, respectively.


Conclusion


Selective cleavage of C�C, C�O, C�Cl, and O�O bonds can
be achieved for fullerene mixed peroxides under mild condi-
tions. Various Lewis acids catalyze the opening of the fuller-
ene epoxy group. Aluminum chloride cleaves the fullerene
peroxo bond to form both [6,6]- and [6,5]-fullerene hemike-
tals after rearrangement. Lewis acids and visible light easily
initiate isomerization of these hemiketals. X-ray data clearly
show hemiketal moieties at both the [5,6] and [6,6] junc-
tions. Fullerene mixed peroxides are potential precursors for
hole-opening reactions on the fullerene surface.[24] Further
work is in progress to generate multihemiketal functionality
and to open a large hole on the fullerene surface.


Scheme 7. Epoxidation of fullerene hemiketals.


Figure 1. Single-crystal molecular structure of a) 4 and b) 9 ; for clarity, H
atoms (for 9) and some atoms of the C60 cage are omitted.


K 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 5449 – 54565452


S. Zhang, Z. Chen, L. Gan et al.



www.chemeurj.org





Experimental Section


General : NMR spectra were recorded on a Bruker ARX 400 (1H,
400 MHz; 13C, 100 MHz) spectrometer at 298 K, chemical shifts (d) are
given in ppm relative to TMS. ESI-MS spectra were recorded on a LCQ
Decaxp Plus Spectrometer with CHCl3/CH3OH or CDCl3/CH3OH as sol-
vent. FTIR spectra were recorded on Nicolet Magna-IR 750 in micro-


scope mode. All reagents and solvents were used as received unless
stated otherwise. Reactions were carried out under laboratory light in air
at room temperature except where indicated. Chromatographic purifica-
tions were carried out with 200–300 mesh silica gel.


Caution : a large amount of peroxide is involved in some reactions; there-
fore, care must be taken to avoid possible explosion.


1,2-Epoxy-4,11,15,30-tetra-tert-butylperoxy-1,2,4,11,15,30-hexahydro[60]-
fullerene (1): C60 (99% pure, 200 mg, 0.28 mmol) was dissolved in o-di-
chlorobenzene (ODCB, 20 mL). Pyridine (100 mL) and tert-butyl hydro-
peroxide (TBHP, 70%, 2 mL) were added. After the mixture was stirred
for 10 min, a solution of FeCl3 in H2O (100 mgmL�1, 100 mL) was added.
The resulting solution was stirred at room temperature in the dark. Prog-
ress of the reaction was monitored by TLC. The reaction was stopped
when the desired product 1 reached its maximum yield (ca. 18 h). Excess
saturated aqueous solution of Na2S2O3 or Na2SO3 was added to the reac-
tion mixture to reduce unconsumed TBHP. The organic layer was mixed
with petroleum ether (60–90 8C; 20 mL). The mixture was purified by
column chromatography on silica gel (5S40 cm) with benzene/petroleum
ether (1/1) as eluent. The eluted solution of 1 was evaporated and dried
under atmosphere at room temperature in a bottle wrapped with alumi-
num foil. Yield: 140 mg, 46%.


The spectra of 1 were identical to literature data.[13] The above procedure
is an improved method.


1-Chloro-2-hydroxy-4,11,15,30-tetra-tert-butylperoxy-1,2,4,11,15,30-hexa-
hydro[60]fullerene (2a): Anhydrous FeCl3 (15 mg, 0.09 mmol) was added
to a solution of 1 (100 mg, 0.09 mmol) in benzene (10 mL). The mixture
was stirred at room temperature. Progress of the reaction was monitored
by TLC. The reaction was stopped when the desired product 2a reached
its maximum yield (ca. 0.5 h). The reaction mixture was purified by
column chromatography on silica gel with toluene as eluent to afford 2a.
Yield: 88 mg, 85%.
1H NMR (CDCl3, 400 MHz): d=4.94 (s, 1H); 1.483 (s, 18H); 1.480 ppm
(s, 18H); 13C NMR (C6D6/CS2, 400 MHz, all signals represent 2C except
where noted): d=157.37, 150.86, 150.37, 150.02, 150.00, 149.95, 149.61,
149.42 (3C), 149.31, 148.58, 148.41 (1C), 148.39, 148.25, 147.94, 146.75,
146.13, 146.00, 145.45, 145.40, 144.99, 144.95, 144.36, 144.26, 143.68,
143.64, 142.25, 138.18, 83.30 (C(CH3)3), 82.99, 82.70 (1C, COH), 82.36
(C(CH3)3), 82.02, 71.24 (1C, CCl), 27.66 (6CH3), 27.57 ppm (6CH3);
FTIR (microscope): ñ=3519, 2978, 2925, 2852, 1456, 1387, 1363, 1260,
1243, 1193, 1148, 1101, 1051, 1021, 870, 845 cm�1; ESI-MS: m/z (%): 1145
(100) [M+OH], 1174 (25); calcd for C76H37ClO9: M=1128.5.


1-Methoxy-2-hydroxy-4,11,15,30-tetra-tert-butylperoxy-1,2,4,11,15,30-hex-
ahydro[60]fullerene (2b): CH3OH (1.8 mL, 1m in CH2Cl2) was added to
a solution of 1 (100 mg, 0.092 mmol) in CH2Cl2 (10 mL). After the mix-
ture had been stirred for several minutes, BF3·Et2O (180 mL, 1m in
CH2Cl2) was added. The mixture was stirred at room temperature for
about 24 h. Progress of the reaction was monitored by TLC. The reaction
was quenched by adding 10 drops of 2m aqueous HCl when the desired
product 2b reached its maximum yield. The organic layer was separated,
dried with Na2SO4, filtered, and concentrated under reduced pressure.
The residue was purified by column chromatography on silica gel with
toluene as eluent. The first band was recovered 1 (35 mg, 35%), the
second was 2e (trace), and the third was product 2b (40 mg, 39%).
1H NMR (CDCl3, 400 MHz): d=5.35 (s, 1H), 3.97 (s, 3H), 1.48 (s, 18H),
1.43 ppm (s, 18H); 13C NMR (CDCl3, 100 MHz, all signals represent 2C
except where noted): d=155.46, 150.01, 149.10, 148.98, 148.62, 148.56,
148.41 (1C), 148.36, 148.32, 147.93, 147.64, 147.49 (1C), 147.43, 147.31,
146.93, 145.83, 145.35, 144.91, 144.80, 144.36 (4C), 143.95, 143.83, 143.31,
142.98, 142.72, 141.27, 138.79, 82.65 (1C), 82.39, 82.09 (C(CH3)3), 81.82
(C(CH3)3), 81.22 (1C), 80.89, 57.60 (1C, OMe), 26.73 (6CH3), 26.68 ppm
(6CH3); FTIR (microscope): ñ=3523, 2977, 2929, 2870, 1457, 1363, 1260,
1243, 1193, 1149, 1092, 1050, 1020, 984, 873, 754 cm�1; ESI-MS: m/z (%):
1142 (100) [M+OH+H]; calcd for C77H40O10: M=1124.


2-Hydroxy-1,4,11,15,30-penta-tert-butylperoxy-1,2,4,11,15,30-hexahy-
dro[60]fullerene (2c) was prepared by using a procedure similar to that
for 2b except that CH3OH was replaced by anhydrous TBHP (1m in
CH2Cl2). Yield: 41% (based on consumed 1; conversion was 56%).


Figure 2. Observed (above) and computed (below) 13C NMR spectra for
3, 4, and 8.


Chem. Eur. J. 2005, 11, 5449 – 5456 www.chemeurj.org K 2005 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim 5453


FULL PAPER[5,6]- and [6,6]-Oxahomofullerene Derivatives



www.chemeurj.org





1H NMR (CDCl3, 400 MHz): d=4.95 (s, 1H), 1.49 (s, 18H), 1.44 (s,
18H), 1.39 ppm (s, 9H); 13C NMR (CDCl3, 100 MHz, all signals represent
2C except noted): d=154.66, 150.81, 149.09, 149.00, 148.56, 148.45,
148.39(1C), 148.35, 148.32, 147.75, 147.51 (1C), 147.49, 147.35, 147.03,
146.89, 145.86, 145.75, 145.09, 145.00, 144.36, 144.26, 144.18, 143.77,
143.31, 143.14, 142.70, 141.42, 138.99, 85.39 (1C), 83.40, 82.69 (C(CH3)3),
82.62, 81.83 (C(CH3)3), 81.75 (C(CH3)3), 80.83 (1C, COH), 26.80 (6CH3),
26.73 ppm (9CH3); FTIR (microscope): ñ=3522, 2978, 2928, 2853, 1474,
1464, 1387, 1364, 1260, 1243, 1193, 1100, 1047, 1022, 1006, 873, 755 cm�1;
ESI-MS: m/z (%): 1200 (100) [M+OH+H]; calcd for C80H46O11: M=


1182.


1-Hydroperoxy-2-hydroxy-4,11,15,30-tetra-tert-butylperoxy-1,2,4,11,15,30-
hexahydro[60]fullerene (2d) was prepared by a procedure similar to that
for 2b except that CH3OH was replaced by anhydrous H2O2. Yield: 25%
(based on consumed 1; conversion was 63%).


Preparation of anhydrous H2O2: 10 mL of 30% H2O2 was extracted with
Et2O (3S10 mL). The organic layer was dried with Na2SO4 and filtered.
The solvent was evaporated. The anhydrous H2O2 should be used imme-
diately, and excess H2O2 should be reduced with saturated Na2SO3 solu-
tion before disposal.


Caution : all operations should be done behind a shield.
1H NMR (CDCl3, 400 MHz): d=11.06 (s, 1H), 5.54 (s, 1H), 1.49 (s,
18H), 1.46 ppm (s, 18H); 13C NMR (CDCl3, 100 MHz, all signals repre-
sent 2C except where noted): d=155.20, 149.26, 149.12, 149.07, 148.60,
148.48 (1C), 148.46, 148.43, 148.39, 147.73, 147.45, 147.41(1C), 147.27,
146.95, 146.51, 145.70(4C), 145.19, 144.70, 144.62, 144.44, 144.12, 144.02,
143.28, 143.09, 142.69, 141.01, 139.52, 85.91 (1C, COOH), 82.91 (C-
(CH3)3), 82.32, 82.27, 81.95 (C(CH3)3), 80.92 (1C, COH), 26.70 (6CH3),
26.67 ppm (6CH3); FTIR (microscope): ñ=3482, 3401, 2978, 2924, 2851,
1463, 1387, 1364, 1260, 1243, 1193, 1121, 1102, 1044, 1023, 1007, 868,
753 cm�1. ESI-MS: m/z (%): 1144 (100) [M+OH+H]; 888(30); calcd for
C76H38O11: M=1126.


1-Fluoro-2-hydroxy-4,11,15,30-tetra-tert-butylperoxy-1,2,4,11,15,30-hexa-
hydro[60]fullerene (2e): BF3·Et2O (20 mL, 1m in CH2Cl2) was added to a
solution of 1 (75 mg, 0.069 mmol) in CH2Cl2 (10 mL). The mixture was
stirred at room temperature. Progress of the reaction was monitored by
TLC. The reaction was quenched by adding five drops of 2m aqueous
HCl when the desired product 2e reached its maximum yield. The organ-
ic layer was separated, dried with Na2SO4, filtered, and concentrated
under reduced pressure. The residue was purified by column chromatog-
raphy on silica gel with toluene as eluent. Yield: 21 mg, 27%.
1H NMR (CDCl3, 400 MHz): d=4.46 (d, J=4.4 Hz, 1H), 1.49 (s, 18H),
1.45 ppm (s, 18H); 13C NMR (CDCl3, 100 MHz, all signals represent 2C
except where noted): d : 155.39, 149.17, 149.13, 149.06, 148.91, 148.73,
148.43, 148.37, 147.77, 147.46, 147.27, 146.88, 145.80, 145.17 (1C), 145.09,
144.93 (1C), 144.90, 144.72 (br), 144.47, 144.41, 144.24, 144.00,
143.35(br), 143.31, 142.95, 141.10, 139.86, 139.83, 82.62 (C(CH3)3), 82.17,
81.99 ((C(CH3)3), 81.83, 81.74, 81.31, 81.09, 80.93 (due to F coupling),
26.74 (6CH3), 26.70 ppm (6CH3); FTIR (microscope): ñ=3537, 2978,
2930, 2872, 1474, 1456, 1387, 1364, 1260, 1243, 1193, 1122, 1102, 1091,
1070, 1049, 1023, 1007, 872 cm�1; ESI-MS: m/z (%): 1129 (100) [M+OH];
calcd for C76H37FO9: M=1112.


1-Chloro-2,4-dihydroxy-11,15,30-tri-tert-butylperoxy-oxa4,17-1,2,4,11,15,30-
hexahydro[60]fulleroid (3): AlCl3 (21.5 mg, 0.16 mmol) was added to a
solution of 2a (47 mg, 0.042 mmol) in CH2Cl2 (10 mL) at 0 8C. The mix-
ture was stirred for 2.5 min at 0 8C. Then the reaction was quenched by
adding 10 drops of 2m aqueous HCl. The organic layer was separated.
The water phase was extracted with CHCl3 (3S5 mL). The organic
phases were combined, dried with Na2SO4, and filtered. The solvent was
removed under reduced pressure. The residue was purified by column
chromatography on silica gel with benzene/petroleum ether/ethyl acetate
(10/10/1) as eluent. Unconverted 2a (15 mg) was eluted as the first band,
followed by product 3 (10 mg). Yield: 33% (based on consumed 2a).
1H NMR (CDCl3, 400 MHz): d=5.12 (s, 1H), 5.00 (s, 1H), 1.500 (s, 9H),
1.496 (s, 9H), 1.46 ppm (s, 9H); 13C NMR (CDCl3, 100 MHz, all signals
represent 1C except where noted): d=155.04, 152.76, 150.92, 150.10,
149.81, 149.74, 149.58, 149.38, 149.26, 149.24, 149.12, 148.94, 148.79,


148.47, 148.33(2C), 148.17, 147.79, 147.72, 147.37, 147.34, 147.29, 147.26,
147.11, 146.80, 146.25, 146.11, 146.09, 145.14, 144.82, 144.74, 144.62,
144.44, 144.18, 144.16, 144.09, 144.01(2C), 143.61, 143.54, 143.05, 142.85,
142.26, 141.83, 141.51, 141.24, 139.75, 139.01, 138.83, 136.56, 132.54,
132.50, 131.36, 127.58, 100.68, 85.63, 83.85 (C(CH3)3), 82.02, 81.98 (C-
(CH3)3), 81.69, 80.41 (C(CH3)3), 79.91, 71.33, 26.73 (3CH3), 26.60 ppm
(6CH3); FTIR (microscope): ñ=3508, 2978, 2928, 2853, 1458, 1387, 1364,
1245, 1191, 1163, 1130, 1107, 1086, 1041, 1017, 868 cm�1; ESI-MS: m/z
(%): 1090 (100) [M+OH+H]; 1086 (20) [M�Cl+CH3O+OH+H]; calcd
for C72H29O9Cl: M=1072.5.


1-Chloro-2,4-dihydroxy-11,15,30-tri-tert-butylperoxy-oxa3,4-1,2,4,11,15,30-
hexahydro[60]fulleroid (4): Dry Et2O (0.5 mL) was added to a solution
of 2a (166 mg, 0.15 mmol) in CH2Cl2 (10 mL). After the mixture had
been stirred for 5 min, AlCl3 (35 mg, 0.26 mmol) was added. The mixture
was stirred at room temperature. Progress of the reaction was monitored
by TLC. When the product 4 reached its maximum yield (about 10 h),
the reaction was quenched by adding 1 mL of 2m aqueous HCl. The or-
ganic layer was separated. The water phase was extracted with CHCl3
(3S5 mL). The organic phases were combined, dried with Na2SO4, and
filtered. The solvent was removed under reduced pressure. The residue
was purified by column chromatography on silica gel with benzene/petro-
leum ether/ethyl acetate (10/10/1) as eluent. Unconsumed 2a (84 mg)
was eluted as the first band, followed by product 4 (45 mg). Yield: 58%
(based on consumed 2a).
1H NMR (CDCl3, 400 MHz): d=5.62 (s, 1H), 5.57 (s, 1H), 1.49 (s, 9H),
1.47 (s, 9H), 1.42 ppm (s, 9H); 13C NMR (CDCl3, 100 MHz, all signals
represent 1C except where noted): d=159.49, 149.85 (2C), 149.45,
149.43, 148.98 (2C), 148.87, 148.80, 148.52, 148.44, 148.28, 148.22, 148.17
(2C), 148.05, 148.03, 147.98, 147.88, 147.78, 147.74, 147.73, 147.68, 147.37,
146.82, 146.35, 145.85, 145.57, 145.29, 145.01, 144.43, 144.25, 144.22,
144.17, 143.88, 143.50, 143.27, 142.88, 142.82, 142.72 (2C), 142.47, 142.45,
142.13, 141.60, 140.70, 140.63, 140.20, 140.16, 139.76, 139.33, 138.01,
137.23, 127.33, 108.00, 84.19, 83.93 (C(CH3)3), 82.08 (C(CH3)3), 82.04,
80.92, 80.47 (C(CH3)3), 78.83, 73.55, 26.73 (3CH3), 26.62 ppm (6CH3);
FTIR (microscope): ñ=3496, 2978, 2926, 2851, 1456, 1388, 1364, 1261,
1244, 1190, 1147, 1109, 1051, 1027, 1005, 870, 839, 804 cm�1; ESI-MS: m/z
(%): 1090 (70) [M+OH+H]; 1086(100) [M�Cl+CH3O+OH+H];
1037(60); calcd for C72H29O9Cl: M=1072.5.


1-Ethoxy-2-hydroxy-4,11,15,30-tetra-tert-butylperoxy-1,2,4,11,15,30-hexa-
hydro[60]fullerene (5): A solution of 2a (80 mg, 0.07 mmol) in CH2Cl2
(25 mL) was cooled to 0 8C, and anhydrous FeCl3 (23 mg, 0.14 mmol) was
added. The mixture was stirred for about 10 h at 0 8C. Progress of the re-
action was monitored by TLC. The reaction was quenched by adding 10
drops of 2m aq. HCl. The organic layer was separated. The water phase
was extracted with CHCl3 (3S5 mL). The organic phases were combined,
dried with Na2SO4, and filtered. The solvent was removed under reduced
pressure. The residue was purified by column chromatography on silica
gel with benzene/petroleum ether/ethyl acetate (10/10/1) as eluent. Un-
converted 2a (15 mg, 19%) was eluted as the first band, product 5
(29 mg, 36%) as the second band, followed by product 6 (trace). Finally,
product 7 was eluted (12 mg, 16%).
1H NMR (CDCl3, 400 MHz): d=4.74 (s, 1H), 4.27 (q, J=6.8 Hz, 2H),
1.48 (s, 18H), 1.44 (s, 18H), 1.40 ppm (t, J=6.8 Hz, 3H); 13C NMR
(CDCl3, 100 MHz, all signals represent 2C except noted): d=155.59,
150.07, 149.13, 149.00, 148.61, 148.59 (4C), 148.43 (1C), 148.40, 148.35,
147.66, 147.50 (1C), 147.47, 147.36, 146.99, 145.88, 145.39, 145.03, 144.87,
144.41 (4C), 143.97, 143.87, 143.36, 142.99, 142.70, 141.34, 138.57, 82.55,
82.42 (1C, COH), 82.12 (C(CH3)3), 81.99 (1C), 81.84 (C(CH3)3), 80.93,
66.04 (OCH2), 26.76 (6CH3), 26.73 (6CH3), 15.68 ppm (CH3); FTIR (mi-
croscope): ñ=3522, 2978, 2930, 1474, 1387, 1363, 1260, 1243, 1193, 1121,
1099, 1069, 1049, 1021, 1007, 908, 871, 733 cm�1; ESI-MS: m/z (%): 1156
(100) [M+OH+H]; 1184 (50); calcd for C78H42O10: M=1138.


1,2-Dihydroxy-4,11,15,30-tetra-tert-butylperoxy-1,2,4,11,15,30-hexahy-
dro[60]fullerene (6): The preparation of 6 was as for 5. The 1H NMR
spectrum of 6 was identical to that reported previously.[14]


1-Ethoxy-2,4-dihydroxy-11,15,30-tri-tert-butylperoxy-oxa3,4-1,2,4,11,15,30-
hexahydro[60]fulleroid (7): The preparation of 7 was as for 5.
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1H NMR (CDCl3, 400 MHz): d=4.91 (br, 2H), 4.4–4.5 (m, 1H), 3.9–4.0
(m, 1H), 1.46–1.52 (m, 3H), 1.43 (s, 9H), 1.42 (s, 9H), 1.38 ppm (s, 9H);
13C NMR (CDCl3, 100 MHz, all signals represent 1C except noted): d=
159.60, 149.82, 149.46, 149.44, 149.21, 148.97, 148.94, 148.84, 148.63 (2C),
148.51, 148.33, 148.25, 148.21 (2C), 148.13, 148.06, 148.02 (2C), 147.91,
147.86, 147.82, 147.73, 147.49, 146.67, 146.45, 146.14, 145.83, 145.73,
145.44, 145.26, 144.86, 144.37, 144.08, 144.02, 143.81, 143.61, 143.28,
142.78, 142.74 (2C), 142.71, 142.46, 142.22, 141.47, 140.61, 140.41, 140.38
(2C), 139.66, 139.51, 139.10, 138.73, 127.25, 107.60, 85.72, 84.22, 82.72 (C-
(CH3)3), 82.40 (COH), 81.77 (C(CH3)3), 81.74 (C(CH3)3), 81.33, 78.73,
66.51 (OCH2), 26.74 (3CH3), 26.72 (3CH3), 26.70 (3CH3), 15.62 ppm
(CH3); FTIR (microscope): ñ=3510, 2977, 2926, 2853, 1456, 1387, 1364,
1259, 1244, 1191, 1152, 1108, 1071, 1051, 1023, 1002, 872, 757 cm�1; ESI-
MS: m/z (%): 1100 (100) [M+OH+H]; calcd for C74H34O10: M=1082.


1-Chloro-2,4-dihydroxy-11,15,30-tri-tert-butylperoxy-oxa4,5-1,2,4,11,15,30-
hexahydro[60]fulleroid (8): La(NO3)3·xH2O (3 mg) was added to a solu-
tion of 4 (11 mg, 0.010 mmol) in CH2Cl2 (3 mL). The mixture was stirred
at room temperature Progress of the reaction was monitored by TLC.
When the desired product 8 reached its maximum yield (ca. 5 h), the re-
action was quenched with 1 mL of water. The organic layer was separat-
ed. The water phase was extracted with CHCl3 (3S5 mL). The organic
phases were combined, dried with Na2SO4, and filtered. The solvent was
removed under reduced pressure. The residue was purified by column
chromatography on silica gel with benzene/petroleum ether/ethyl acetate
(10/10/1) to give a trace of unconverted 4, followed by the desired prod-
uct 8. Yield: 5 mg, 45%.
1H NMR (CDCl3, 400 MHz): d=5.23 (s, OH), 4.74 (s, OH), 1.441 (s,
9H), 1.437 (s, 9H), 1.41 ppm (s, 9H); 13C NMR (CDCl3, 100 MHz, all sig-
nals represent 1C except where noted): d=157.66, 151.97, 150.14, 150.13,
150.04, 149.36, 149.25, 149.20 (2C), 149.17, 148.83, 148.63, 148.59, 148.55,
148.52, 148.38, 147.63, 147.53, 146.82, 146.70, 146.38, 146.36, 145.98,
145.77, 145.73, 145.57, 145.03, 145.00, 144.68, 144.46, 144.33, 144.16,
143.51, 143.39, 143.31(2C), 142.98, 142.94, 142.26, 142.24, 141.89, 141.79,
141.32, 140.84, 140.33, 140.26, 139.85, 139.06, 138.17, 136.99, 136.21,
135.85, 124.61, 122.14, 106.65, 84.06, 83.30 (C(CH3)3), 82.12 (C(CH3)3),
82.09 (C(CH3)3), 81.40, 79.23, 76.21, 73.56, 26.72 (3CH3), 26.68 (3CH3),
26.59 ppm (3CH3); ESI-MS: m/z (%): 1090 (75) [M+OH+H]; 1037 (100)
[M�Cl]; calcd for C72H29O9Cl: M=1072.5.


1-Chloro-3,14-epoxy-2,4-dihydroxy-11,15,30-tri-tert-butylperoxy-oxa3,4-
1,2,3,4,11,14,15,30-octahydro[60]fulleroid (9): mCPBA (25 mg, 70%,
0.1 mmol) was added to a solution of 3 (30 mg, 0.028 mmol) in benzene
(5 mL). The mixture was stirred at room temperature Progress of the re-
action was monitored by TLC. The reaction was stopped when the prod-
uct 9 reached its maximum yield (ca. 1 h). The reaction mixture was puri-
fied by column chromatography on silica gel with benzene/petroleum
ether/ethyl acetate (10/10/1) as eluent. Unconverted 3 (5 mg) was eluted
as the first band, followed by product 9. Yield: 15 mg, 59% (based on
consumed 3).
1H NMR (CDCl3, 400 MHz): d=5.05 (s, 1H), 4.82 (s, 1H), 1.52 (s, 9H),
1.45 (s, 9H), 1.41 ppm (s, 9H); 13C NMR (CDCl3, 100 MHz, all signals
represent 1C except where noted): d=152.84, 150.35, 150.30, 150.29,
149.58, 149.49, 149.35, 149.25, 149.06, 148.92, 148.66, 148.50, 148.42,
148.35, 148.31, 148.12, 148.08, 147.97, 147.82, 147.51, 147.44, 147.42,
146.70, 146.32, 146.18, 146.11, 145.96, 145.64, 145.13, 145.05, 144.79,
144.72, 144.48, 144.31, 144.05, 143.99, 143.91, 143.80, 143.47, 143.38,
143.16, 141.90, 141.86, 141.28, 140.33, 139.32, 138.60, 138.59, 138.24,
131.24, 130.35, 129.25, 97.92, 86.52, 83.73 (C(CH3)3), 82.42 (C(CH3)3),
82.37 (C(CH3)3), 80.75, 80.61, 80.35, 76.16, 74.76, 70.36, 26.78 (3CH3),
26.76 ppm (6CH3); FTIR (microscope): ñ=3491, 2978, 2923, 2850, 1462,
1387, 1364, 1245, 1192, 1152, 1109, 1051, 1020, 1011, 870, 831, 737 cm�1;
ESI-MS, m/z (%): 1106 (100) [M+OH+H], calcd for C72H29O10Cl: M=


1088.5.


X-ray structure analysis of 4 and 9 : Single crystals of 4 and 9 were ob-
tained by slow evaporation of solutions in CS2/n-pentane and benzene/n-
hexane, respectively, at 5 8C.


Crystal data for 4 : C73H29ClO9S2, Mr=1149.53, monoclinic, P2(1)/c, a=
23.405(5), b=10.614(2), c=19.767(4) O, b=91.00(3)8, V=4909.6(17) O3,
T=123(2) K, Z=4, 1calcd=1.555 Mgm�3, graphite-monochromatized


MoKa radiation, l=0.71073 O, crystal size 0.40S0.25S0.15 mm. Data
were collected on a Rigaku RAXIS RAPID IP diffractometer, 8642
unique reflections (Rint=0.0471). Refinement on F2, final residuals R1=
0.0585 for 3708 reflections with I>2sI), wR2=0.1136 for all data.


Crystal data for 9 : C81H40ClO11, Mr=1224.58, triclinic, P1̄, a=14.269(3),
b=14.341(3), c=15.587(3) O , a=80.59(3), b=78.36(3), g=62.50(3)8,
V=2762.1(10) O3, T=123(2) K, Z=2, 1calcd=1.472 Mgm�3, graphite-
monochromatized MoKa radiation, l=0.71073 O, crystal size 0.60S0.36S
0.28 mm3. Data were collected on a Rigaku RAXIS RAPID IP diffrac-
tometer; 9540 unique reflections (Rint=0.0389). Refinement on F2, final
residuals R1=0.0798 for 4581 reflections with I>2sI), wR2=0.2469 for
all data. The crystal was disordered. Two molecules occupied the same
position with slightly different orientations. To confirm the results, two
sets of data were collected with two crystals grown separately from two
samples. The two sets of diffraction data are exactly the same.


CCDC-252474 (4) and CCDC-252475 (9) contain the supplementary crys-
tallographic 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.


Isomerization experiments on 3, 4, and 8


Isomerization starting from pure 3 : Under laboratory light, 3 partially iso-
merized to 4 and a new hemiketal 8 when treated with La(NO3)3 or B-
(C6F5)3 for 6 h; ratio of the products could not be determined accurately
due to closely overlapping signals in the 1H NMR spectrum, but it was
evident that most (>50%) of 3 remained and there was more 4 than 8.
Irradiating 3 alone with a household lamp without a Lewis acid resulted
in slow decomposition to unknown compounds.


In total darkness, standing in CH2Cl2 solution at room temperature for
three days, standing in CH2Cl2 solution with Lewis acid B(C6F5)3, or heat-
ing at 60 8C for 7 h in CDCl3 did not result in detectable isomerization of
3 to 4 or 8.


Isomerization starting from pure 4 : Under laboratory light and with La-
(NO3)3 or B(C6F5)3 as Lewis acid, 70% of isomer 4 (estimated by TLC)
changed into 8 (yield 45%) and decomposition products over several
hours. Irradiating 4 alone with a household lamp caused isomerization to
the same extent in 1 h along with formation of decomposition products.
Longer irradiation did not give more 8, since 8 decomposed slowly under
such conditions.


In total darkness, heating 4 at 60 8C in CDCl3 solution for 7 h gave partial
isomerization (the 4/8 ratio was about 3/1). Heating 4 to 60 8C in CDCl3
in the presence of B(C6F5)3 gave mainly decomposition products (some 8
could be detected and the 4/8 ratio was ca. 3.5/1).


Isomerization starting from pure 8 : Irradiating isolated pure 8 with a
household lamp decomposed it to some unknown highly polar com-
pounds.


In total darkness 8 partially isomerized to 4 in CDCl3 on standing at
room temperature (the 4/8 ratio was 2.5/1 after 110 h). A solution of 8 in
CH2Cl2 also partially (observable by TLC) and slowly (several days) iso-
merized to 4.
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Intramolecular Carbolithiation of Allyl o-Lithioaryl Ethers: A New
Enantioselective Synthesis of Functionalized 2,3-Dihydrobenzofurans


Jos$ Barluenga,*[a] Francisco J. FaÇan,s,[a] Roberto Sanz,[b] and C$sar Marcos[b]


Introduction


The intramolecular carbolithiation of carbon�carbon double
bonds is now a common process in the generation of cyclic
compounds, and it is particularly well suited for the creation
of five-membered rings through a 5-exo-trig cyclization pro-
cess.[1] In this context, unsaturated aryllithium compounds
undergo carbometalation reactions to yield indanes,[2] benzo-
furans,[3] indoles,[4] indolines,[5] and isoquinolines.[6] Enantio-
selective reactions of this kind[7] can be carried out by start-
ing with an enantiomerically enriched secondary lithium de-
rivative in those cases in which the cyclization reaction is
fast enough to avoid epimerization.[8] Moreover, enantiofa-
cially selective cycloisomerization of an achiral olefinic orga-
nolithium can be achieved by performing the carbolithiation
reaction in the presence of a bidentate chiral ligand like
(�)-sparteine.[9] On the other hand, 2,3-dihydrobenzofuran
(coumaran) is a basic skeleton found in a number of biologi-
cally interesting compounds. For example, one group of neo-
lignans[10] possesses the dihydrobenzofuran moiety with a
trans-stereochemistry.[11] Many of the procedures used in the


construction of dihydrobenzofurans involve the radical cycli-
zation of an aryl radical onto a double bond and so general
functionalization is not always possible and, more impor-
tantly, ring closure to afford 2,3-dihydrobenzofurans is not
enantioselective and not completely diastereoselective.[12]


Moreover, an interesting study of the intramolecular carbo-
lithiation of allyl 2-lithiophenyl ether (2 a) has been publish-
ed by Bailey and Punzalan (Scheme 1).[13] The main product
of this reaction is 2-cyclopropylphenol (4) which is proposed
to be formed by an intramolecular 5-exo carbolithiation re-
action, which gives the lithiated dihydrobenzofuran (3 a),
followed by an 1,3-elimination process.


Inspired by this work and in connection with our interest
in this field,[14] we have investigated the possibility of access-
ing dihydrobenzofuran derivatives through a carbolithiation
reaction analogous to that described in Scheme 1. To this
end, it was necessary to find the appropriate conditions to
avoid the g-elimination reaction referred to above. Hence,
we report herein the stereoselective carbolithiation of allyl
o-lithioaryl ethers to afford 2,3-dihydrobenzofuran deriva-
tives. This process is amenable to the synthesis of enantio-
merically enriched products.


Keywords: (�)-sparteine · 2,3-dihy-
drobenzofurans · allyl aryl ethers ·
enantioselectivity · intramolecular
carbolithiation · synthetic methods


Abstract: A new and easy method for the diastereoselective synthesis of 3-func-
tionalized 2,3-dihydrobenzofuran derivatives from allyl 2-bromoaryl ethers is de-
scribed. The key step of this transformation involves an intramolecular carbolithia-
tion reaction of allyl 2-lithioaryl ethers. The substituents in both the allyl and the
aryl moieties play an important and decisive role in stopping the reaction at the
benzofuran thus avoiding a g-elimination reaction. Finally, this process is amenable
to the synthesis of enantiomerically enriched compounds by using (�)-sparteine as
a chiral inductor.
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Scheme 1. Tandem carbolithiation/1,3-elimination reactions of allyl 2-lith-
iophenyl ether 2 a.
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Results and Discussion


Intramolecular carbolithiation of allyl 2-lithiophenyl ether :
First, we treated allyl 2-bromophenyl ether 1 a with tert-bu-
tyllithium (2 equiv) in diethyl ether at �78 8C to afford allyl
2-lithiophenyl ether 2 a, which is stable at this temperature.
Addition of N,N,N’,N’-tetramethylethylenediamine
(TMEDA) (2.2 equiv) to the solution of intermediate 2 a,
followed by warming to �20 8C and reaction with different
electrophiles gave rise, after hydrolysis, to the functionalized
dihydrobenzofuran derivatives 5 a,b in yields of around 30%
along with 2- cyclopropylphenol 4 (ca. 20%) (Scheme 2 and
Table 1, entries 1 and 2). Moreover, in these cases around
40% of phenol was generated as a result of a competitive


SN2’ cleavage of the allyl moiety by the excess tBuLi used in
the bromine/lithium exchange reaction.[15] We concluded
that the 1,3-elimination process is not slow enough com-
pared with the carbolithiation reaction and therefore it is
not possible to obtain selectively the dihydrobenzofuran de-
rivatives 5.


2,3-Disubstituted-2,3-dihydrobenzofurans by intramolecular
carbolithiation of 1-substituted-2-propenyl 2-lithiophenyl
ethers : With the purpose of minimizing the g-elimination re-
action, we considered that this process could be avoided in


the presence of a substituent in the a-position of the allyl
moiety and so the reactions of the readily available ethers
1 b,c were investigated. Ether 1 b was prepared by the Mitsu-
nobu reaction between 2-bromophenol and 1-cyclohexyl-2-
propyn-1-ol and subsequent partial hydrogenation, whilst 1 c
was synthesized by a Williamson ether synthesis between 2-
bromophenol and ethyl 2-bromopropionate followed by dii-
sobutylaluminum hydride (DIBAL) reduction and Wittig
methylenation. Thus, treatment of ethers 1 b,c with tBuLi in
diethyl ether at �78 8C, further addition of TMEDA at the
same temperature, and warming to 0 8C afforded, after reac-
tion with different electrophiles, the corresponding function-
alized trans-2,3-dihydrobenzofurans 5 c–h in good yields and
with total diastereoselectivity[16] (Scheme 2 and Table 1, en-
tries 3–8).


It is very interesting to note that this carbolithiation reac-
tion is completely diastereoselective, since only the trans di-
astereoisomer was obtained. This fact can be explained by
assuming that the cyclization reaction takes place via a tran-
sition state with the same geometric disposition as inter-
mediate 2, which resembles a chair-like cyclohexane.[17] The
stereocontrol is attributed to steric interactions that favour a
geometry in which the substituent preferentially occupies a
pseudoequatorial position. And so, for the case shown in
Scheme 2, one would predict that the formation of the trans
isomer of 3-lithiomethyl-2-substituted-2,3-dihydrobenzofur-
an 3 would be predominant. In fact, it can be deduced from
the exclusive formation of functionalized heterocycles 5 that
this diastereoisomer was indeed formed (Scheme 2).


With this result in mind, we reasoned that if the starting
ether was nonracemic the resulting dihydrobenzofuran de-
rivative would be obtained enantioselectively. So, when (R)-
1 c, prepared by the condensation of 2-bromophenol with
(S)-ethyl lactate under Mitsunobu conditions[18] and subse-
quent DIBAL reduction and Wittig methylenation, was al-
lowed to react under the conditions indicated in Scheme 2,
trans-dihydrobenzofuran derivatives (2R,3S)-5 g,h were ob-
tained in good yields and with total transference of chirality


Abstract in Spanish: Se describe un m�todo nuevo y sencillo
para la s�ntesis diastereoselectiva de derivados de 2,3-dihidro-
benzofurano funcionalizados en la posici%n 3 a partir de alil
2-bromoaril �teres. El paso clave de esta transformaci%n im-
plica una reacci%n de carbolitiaci%n intramolecular de alil 2-
litioaril �teres. La presencia de sustituyentes tanto en el resto
al�lico como en el ar�lico desempeÇa un papel decisivo e im-
portante para poder detener la reacci%n en el estadio de ben-
zofurano, evitando as� la reacci%n de g-eliminaci%n. Final-
mente, este proceso puede ser aplicado a la s�ntesis de com-
puestos enantiom�ricamente enriquecidos mediante el uso de
(�)-esparte�na como inductor quiral.


Scheme 2. trans-2,3-Dihydrobenzofuran derivatives 5 from allyl 2-bromo-
phenyl ethers 1 through intramolecular carbolithiation of organolithium
compounds 2.


Table 1. Synthesis of dihydrobenzofuran derivatives 5.


Entry Ether[a] R E+ Product E Yield
[%][b]


1 1a H PhNCO 5a PhNHCO 34[c]


2 1a H Ph2S2 5b PhS 29[d]


3 1b c-C6H11 D2O 5c D 70
4 1b c-C6H11 TMSCl 5d TMS 64
5 1b c-C6H11 Ph2S2 5e PhS 80
6 1b c-C6H11 Et2CO 5 f Et2COH 73
7 1c Me H2O 5g H 74
8 1c Me Ph2CO 5h Ph2COH 65
9 (R)-1 c[e] Me H2O (2R,3S)-5 g H 77[f]


10 (R)-1 c[e] Me Ph2CO (2R,3S)-5 h Ph2COH 69[f]


[a] For the synthesis of the starting ethers, see the Experimental Section.
[b] Yield of isolated product based on the starting ether 1. [c] 2-Cyclopro-
pylphenol 4 (18%) and phenol (38%) were also obtained. [d] 2-Cyclo-
propylphenol 4 (20%) and phenol (40%) were also obtained. [e] An ee
of 96% was determined by HPLC. [f] An ee of 96% was determined by
HPLC.
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(Table 1, entries 9 and 10). It is remarkable that this is the
first enantioselective synthesis of trans-2,3-dimethyl-2,3-di-
hydrobenzofuran.


3-Functionalized-2,3-dihydrobenzofurans by intramolecular
carbolithiation of allyl 2-lithio-6-substituted phenyl ethers :
Owing to the effect of a substituent in the position adjacent
to the oxygen atom, we decided to study the outcomes of
this kind of carbometallation reaction with allyl aryl ethers
in which the aromatic ring possesses different substituents.
Surprisingly, we found that when simple 2-propenyl ethers 6,
substituted at the 6-position of the aryl moiety, were treated
under the same conditions as those shown in Scheme 2,
functionalized 2,3-dihydrobenzofurans 7 were generated in
moderate-to-good yields (Scheme 3 and Table 2). We tenta-


tively proposed that the substituent at the 6-position could
exert a stereoelectronic effect that inhibits the 1,3-elimina-
tion process in the intermediate organolithium 8. Although
we carried out all the reactions in the temperature range of
�78 to 0 8C, we also observed that ether 6 a, with the bulky
tert-butyl group as R1, undergoes the carbolithiation reaction
at a lower temperature (over �60 8C) than ether 6 b (over


�40 8C) with R1=Me, whereas the nonsubstituted ether 1 a
cyclizes at an even higher temperature (over �20 8C). This
fact could be due to the steric effect of the substituent that
forces the allyl group to be close to the lithium atom in the
organolithium intermediates. A similar effect could also be
responsible for the inhibition of the subsequent 1,3-elimina-
tion process.


The different behavior of the regioisomeric allyl ethers 6 f
and 6 g, in which the methyl and chlorine substituents at the
4- and 6-positions are interchanged, is remarkable. Whereas
6 f (R1=Me, R2=Cl) efficiently gave dihydrobenzofuran de-
rivative 7 s in 59% yield (Table 2), the regioisomer 6 g (R1=


Cl, R2=Me) led, under the same reaction conditions, exclu-
sively to o-cyclopropylphenol derivative 9 in 68% yield
(Scheme 4). Although the carbolithiation reactions of the or-


ganolithium intermediates derived from 6 f and 6 g are
slower at 0 8C than the cyclization reactions of the organo-
lithiums derived from 6 a–e (1 h for 6 f and 3 h for 6 g), the
different outcomes of these reactions could be attributed to
an increase in the electron-withdrawing effect of the chlor-
ine atom in intermediate 8 g (Scheme 4) relative to 8 f,
which in turn would decrease the electron density on the
oxygen atom and thus favor the g-elimination process.


Interestingly, ethers 6 c,d with trimethylsilyl groups at the
6-position behave as synthetic equivalents of the parent
ether 1 a because the trimethylsilyl group can be removed
under mild conditions with HBF4 in dichloromethane at 0 8C
(Scheme 5). In this way, functionalized 2,3-dihydrobenzofur-
an derivatives 5 i, j and 7 t,u, which have no substituents at
the 2- and 7-positions of the benzofuran moiety, can be syn-


Scheme 3. Formation of dihydrobenzofuran derivatives 7 from 6-substi-
tuted aryl ethers 6.


Table 2. Synthesis of dihydrobenzofuran derivatives 7.


Ether R1 R2 E+ Product E Yield [%][a]


6a tBu Me D2O 7 a D 73
6a tBu Me Ph2CO 7 b Ph2COH 73
6a tBu Me Br(CH2)2Br 7 c Br 63
6a tBu Me PhNCO 7 d PhNHCO 61
6b Me Me D2O 7 e D 62
6b Me Me Ph2CO 7 f Ph2COH 66
6b Me Me Ph2S2 7 g PhS 65
6b Me Me Br(CH2)2Br 7 h Br 66
6c TMS Me D2O 7 i D 75
6c TMS Me PhNCO 7 j PhNHCO 75
6c TMS Me Bu3SnCl 7 k Bu3Sn 69
6c TMS Me Br(CH2)2Br 7 l Br 75
6d TMS H H2O 7 m H 70
6d TMS H PhNCO 7 n PhNHCO 70
6d TMS H Bu3SnCl 7 o Bu3Sn 73
6d TMS H Ph2S2 7 p PhS 79
6d TMS H Me2SO4 7 q Me 67
6e i-Pr H Ph2CO 7 r Ph2COH 78
6 f Me Cl Ph2S2 7 s PhS 59


[a] Yield of isolated product based on starting ether 6.


Scheme 4. Formation of o-cyclopropylphenol derivative 9 from 6-chloro-
substituted aryl ether 6g.


Scheme 5. Protodesilylation of 7-trimethylsilyl-substituted 2,3-dihydro-
benzofurans 7 i,k,m,o.
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thesized in good yields, avoiding the careful control of the
temperature and the low yields obtained with ether 1 a.


Enantioselective synthesis of 3-functionalized-2,3-dihydro-
benzofurans : Having developed an efficient methodology
for the diastereoselective synthesis of 2,3-dihydrobenzofuran
derivatives we next turned our attention to the possibility of
carrying out this reaction enantioselectively by conducting
the carbolithiation reaction in the presence of a bidentate
chiral ligand such as (�)-sparteine.[9] First, we carried out
several experiments with ether 6 b and determined that,
under the same reaction conditions, diisopropyl ether was
the most effective solvent with which to obtain high enantio-
selectivity and chemical yield. We did not observe significant
change in the ee values when a less polar solvent such as
hexane was used, but lower chemical yields were obtained.
Accordingly, we carried out a set of experiments with ethers
6 a–e in diisopropyl ether using (�)-sparteine in the second
step and at the lowest temperature at which the carbolithia-
tion reaction proceeds to obtain the best enantioselectivity
possible. The results of these experiments are summarized
in Table 3.


The absolute configuration of the stereogenic center of
the major enantiomer was unequivocally determined by
chemical correlation of the 2,3-dihydrobenzofuran 7 q with
the known (�)-(R)-2-sec-butylphenol 10.[19] Thus, protodesi-
lylation of 2,3-dihydrobenzofuran 7 q with HBF4 followed
by reductive ring opening with Li/4,4’-di-tert-butylbiphenyl
(DTBB)[20] afforded, after hydrolysis, 2-sec-butylphenol 10
in 64% yield (Scheme 6). The measure of the specific rota-
tion of 10 {[a]23D =�15.1; [a]23D(lit.)


[19]=�18.6} allowed the
unequivocal assignment of the absolute configuration of the
stereogenic center as R. We assume the same configuration
for all the examples shown in Table 3. Note that the enantio-


facial selectivity in these cyclization reactions is the same as
that reported for the asymmetric carbolithiation of N-allyl-
2-lithioanilines, which affords (R)-lithiomethylindolines.[9a,b]


Conclusions


In summary, we have developed an effective and general
method for the synthesis of 2,3-dihydrobenzofuran deriva-
tives based on an intramolecular carbolithiation reaction of
o-lithioaryl ethers. Note that this process supposes the first
example in which the carbolithiation reaction can be stop-
ped at the 2,3-dihydrobenzofuran stage by appropriate selec-
tion of the ether moiety. Moreover, and in marked contrast
to the previously published synthesis of dihydrobenzofuran
derivatives by radical cyclization reactions, the strategy de-
scribed herein allows the enantioselective and totally dia-
stereoselective preparation of this kind of heterocycle. Cur-
rent investigations are focused on the application of this
methodology to the preparation of biologically active com-
pounds in which 2,3-dihydrobenzofuran is the basic molecu-
lar framework.


Experimental Section


General : All reactions were carried out under nitrogen in oven-dried
glassware with magnetic stirring. Temperatures are reported as bath tem-
peratures. Diethyl ether, diisopropyl ether, and THF were continuously
refluxed and freshly distilled from sodium under nitrogen. TMEDA and
(�)-sparteine were refluxed over potassium under nitrogen using benzo-
phenone as indicator and distilled at reduced pressure. Solvents used in
extraction and purification were distilled prior to use. TLC was per-
formed on aluminum-backed plates coated with silica gel 60 with F254 in-
dicator (Merck) and compounds were visualized with UV light (254 nm)
or iodine. Flash column chromatography was carried out on silica gel 60,
230–400 mesh (Merck). Melting points were obtained on a BTchi-Tottoli
apparatus using open capillary tubes and are uncorrected. 1H and 13C
NMR spectra were recorded on a Varian Inova-400 (400 MHz;
101 MHz), Varian Mercury-plus 300 (300 MHz; 75 MHz) or Varian
Gemini VXR-200 (200 MHz; 50 MHz) spectrometer. Chemical shifts are
reported in ppm relative to tetramethylsilane with the residual solvent
resonance used as the internal standard (CHCl3: dH=7.26 ppm; dC=


76.95 ppm; [D6]DMSO: dH=2.54 ppm; dC=40.15 ppm). 1H NMR data
are reported as follows: chemical shift, multiplicity (s: singlet, d: doublet,
dd: double doublet, td: triplet of doublets, t: triplet, q: quartet, dq:
double quartet, m: multiplet), coupling constants (J in Hz), and integra-
tion. Low-resolution electron-impact mass spectra (EI-LRMS) were ob-
tained at 70 eV on a HP 5987A or Micromass Autospec spectrometer
and only the molecular ions and/or base peaks in the spectra are given.
High-resolution mass spectrometry was carried out on a Micromass Au-


Table 3. Enantioselective synthesis of dihydrobenzofurans 7.


Ether R1 R2 T
[8C]


E+ Product E Yield
[%][a]


ee
[%][b]


6a tBu Me �65 Ph2CO 7b Ph2COH 64 84
6a tBu Me �65 PhNCO 7d PhNHCO 58 86
6b Me Me �40 D2O 7e D 47 79
6b Me Me �40 Ph2CO 7 f Ph2COH 60 77
6b Me Me �40 Ph2S2 7g PhS 61 80
6c TMS Me �50 PhNCO 7j PhNHCO 56 80
6d TMS H �50 PhNCO 7n PhNHCO 68 82
6d TMS H �50 Me2SO4 7q Me 76 81[c]


6e i-Pr H �60 Ph2CO 7r Ph2COH 66 87


[a] Yield of isolated product based on starting ether 6. [b] The ee values
were assayed by HPLC using mixtures of hexane/2-propanol. [c] The ee
value was determined from the specific rotation of the transformed (�)-
2-sec-butylphenol compared with the literature value.[19]


Scheme 6. Chemical correlation of 3-ethyl-7-trimethylsilyl-2,3-dihydro-
benzofuran 7q with (�)-(R)-2-sec-butylphenol.
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tospec spectrometer. Elemental analyses were performed with Perkin
Elmer and LECO elemental analysers. Enantiomer ratios were deter-
mined by chiral HPLC analysis using a Hewlett Packard Series 1100 with
G1315A detector and a Chiralcel OD-H column (25V0.46 cm, Daicel
Chem. Ind.) in comparison with the authentic racemic products. Optical
rotations were measured on a Perkin Elmer 241 polarimeter (c=1,
10 mgmL�1); [a]D values are given in units of 10�1 degcm2g�1. All com-
mercially available reagents were used without further purification unless
otherwise indicated and were purchased from Aldrich Chemical Co. and
Acros Organics. tBuLi was used as a 1.5m solution in pentane. Ether 1 a
was prepared as described in our previous report.[14c]


Procedure for the synthesis of 2-bromophenyl 1-cyclohexyl-2-propenyl
ether (1 b)


Preparation of 1-cyclohexyl-2-propynol : A solution of cyclohexanecar-
boxaldehyde (5.60 g, 50 mmol) in THF (20 mL) was added dropwise to a
solution of 0.5m ethynylmagnesium bromide in THF (100 mL, 50 mmol)
at 0 8C. After stirring for an additional 1 h at room temperature, the reac-
tion mixture was quenched with saturated aqueous NH4Cl. The aqueous
layer was extracted with ethyl acetate (3V30 mL) and the combined or-
ganic layers were dried with anhydrous Na2SO4, filtered, and concentrat-
ed under reduced pressure. Purification of the residue by column chro-
matography (hexane/ethyl acetate, 7:1) afforded 1-cyclohexyl-2-propynol
(6.42 g, 93%) as a colorless oil. Rf=0.17 (hexane/ethyl acetate, 7:1); 1H
NMR (CDCl3, 400 MHz): d=4.13–4.08 (m, 1H), 2.48 (s, 1H), 2.42 (d, J=
2.2 Hz, 1H), 1.85–1.59 (m, 5H), 1.56–1.46 (m, 1H), 1.27–0.96 (m,
5H) ppm; 13C NMR (CDCl3, 101 MHz): d=83.9, 73.3, 66.7, 43.7, 28.3,
27.8, 26.2, 25.7, 25.6 ppm ppm; LRMS (70 eV, EI): m/z (%): 138 (1) [M]+


, 55 (100).


Preparation of 2-bromophenyl 1-cyclohexyl-2-propynyl ether : A solution
of diisopropyl azodicarboxylate (6.06 g, 30 mmol) in THF (10 mL) was
added dropwise to a solution of 2-bromophenol (5.19 g, 30 mmol), 1-cy-
clohexyl-2-propynol (4.14 g, 30 mmol), and PPh3 (7.86 g, 30 mmol) in
THF (40 mL) at 0 8C. After stirring for 12 h at room temperature, the re-
action mixture was quenched with water and extracted with ethyl acetate
(3V15 mL). The combined organic layers were dried with anhydrous
Na2SO4, filtered, concentrated under reduced pressure, and purified by
silica gel column chromatography (hexane/ethyl acetate, 40:1) to afford
2-bromophenyl 1-cyclohexyl-2-propynyl ether (5.63 g, 64%) as a pale
yellow solid. M.p. 34–36 8C; 1H NMR (CDCl3, 400 MHz): d=7.54 (dd,
J=7.9, 1.6 Hz, 1H), 7.29–7.23 (m, 1H), 7.13 (dd, J=8.3, 1.4 Hz, 1H),
6.88–6.83 (m, 1H), 4.54 (dd, J=5.8, 2.1 Hz, 1H), 2.50 (d, J=2.1 Hz, 1H),
2.09–1.78 (m, 5H), 1.76–1.68 (m, 1H), 1.41–1.15 (m, 5H) ppm; 13C NMR
(CDCl3, 101 MHz): d=154.0, 133.2, 128.1, 122.3, 115.0, 112.7, 80.5, 75.7,
73.3, 42.6, 28.4, 28.2, 26.2, 25.8, 25.7 ppm; LRMS (70 eV, EI): m/z (%):
294 (4) [M+2]+ , 292 (4) [M]+ , 209 (100).


Preparation of 2-bromophenyl 1-cyclohexyl-2-propenyl ether (1b): A sus-
pension of palladium (5% on calcium carbonate, 0.39 g) in hexane
(3 mL) was added to a solution of 2-bromophenyl 1-cyclohexyl-2-propyn-
yl ether (4.40 g, 15 mmol) and quinoline (0.56 mL, 3.89 mmol) in hexane
(20 mL). The mixture was stirred under hydrogen (1 atm) at room tem-
perature until the reaction had gone to completion, which was monitored
by GC–MS. The mixture was filtered through a pad of Celite to remove
the catalyst and then hexane was removed under reduced pressure. The
resulting residue was purified by silica gel column chromatography
(hexane/ethyl acetate, 100:1) to afford 1b (3.45 g, 78%) as a colorless oil.
Rf=0.48 (hexane/ethyl acetate, 10:1); 1H NMR (CDCl3, 400 MHz): d=
7.51 (dd, J=7.9, 1.6 Hz, 1H), 7.20–7.14 (m, 1H), 6.86 (dd, J=8.3, 1.3 Hz,
1H), 6.81–6.75 (m, 1H), 5.89–5.79 (m, 1H), 5.27–5.17 (m, 2H), 4.40 (t,
J=6.1 Hz, 1H), 2.02–1.94 (m, 1H), 1.86–1.63 (m, 5H), 1.35–1.10 (m,
5H) ppm; 13C NMR (CDCl3, 101 MHz): d=154.8, 135.9, 133.1, 127.9,
121.4, 117.5, 115.2, 112.9, 84.6, 42.6, 28.7, 28.2, 26.4, 26.1, 26.0 ppm;
LRMS (70 eV, EI): m/z (%): 296 (1) [M+2]+ , 294 (1) [M]+ , 81 (100); el-
emental analysis calcd (%) for C15H19BrO: C 61.03, H 6.49; found: C
61.09, H 6.46.


Procedure for the synthesis of 2-bromophenyl 3-buten-2-yl ether (1 c)


Preparation of ethyl 2-(2-bromophenoxy)propanoate : 2-Bromophenol
(3.46 g, 20 mmol) and ethyl 2-bromopropanoate (3.62 g, 10 mmol) were
dissolved in acetone (50 mL). Potassium carbonate (2.76 g, 20 mmol) was


added to the solution and the resulting mixture was refluxed for 24 h.
Then the mixture was cooled to room temperature and concentrated to
about 5 mL. Water was added and the mixture was extracted with ethyl
acetate (3V15 mL). The combined organic layers were dried with anhy-
drous Na2SO4, filtered, and concentrated under reduced pressure to
afford the corresponding ester (4.80 g, 88%) which was used in the next
reaction step without further purification. 1H NMR (CDCl3, 400 MHz):
d=7.52 (dd, J=7.9, 1.6 Hz, 1H), 7.21–7.15 (m, 1H), 6.86–6.81 (m, 1H),
6.79 (dd J=8.2, 1.3 Hz, 1H), 4.73 (q, J=6.9 Hz, 1H), 4.24–4.14 (m, 2H),
1.66 (d, J=6.9 Hz, 3H), 1.22 (t, J=7.2 Hz, 3H) ppm; 13C NMR (CDCl3,
101 MHz): d=171.4, 154.1, 133.4, 128.2, 122.8, 114.7, 112.8, 73.9, 61.2,
18.3, 13.9 ppm; LRMS (70 eV, EI): m/z (%): 274 (38) [M+2]+ , 272 (38)
[M]+ , 199 (100).


Preparation of 2-(2-bromophenoxy)propanal : A solution of DIBAL-H
(15 mL of a 1.0m solution in hexane, 15 mmol) was added dropwise
through a syringe to a solution of ethyl 2-(2-bromophenoxy)propanoate
(4.10 g, 15 mmol) in CH2Cl2 (40 mL) at �78 8C. The resulting solution
was stirred for an additional 3 h at this temperature prior to quenching
with MeOH and the mixture was allowed to warm to room temperature.
Water was then added and the reaction mixture was filtered through a
pad of Celite and extracted with CH2Cl2 (3V20 mL). The combined or-
ganic layers were dried with anhydrous Na2SO4, filtered, concentrated
under reduced pressure, and purified by silica gel column chromatogra-
phy (hexane/ethyl acetate, 7:1) to give the title compound (2.92 g, 85%)
as a colorless oil. Rf=0.29 (hexane/ethyl acetate, 3:1); 1H NMR (CDCl3,
400 MHz): d=9.76 (d, J=1.8 Hz, 1H), 7.56 (dd, J=7.9, 1.6 Hz, 1H),
7.25–7.19 (m, 1H), 6.91–6.86 (m, 1H), 6.80 (dd, J=8.2, 1.4 Hz, 1H), 4.62
(dq, J=6.9, 1.8 Hz, 1H), 1.52 (d, J=6.9 Hz, 3H) ppm; 13C NMR (CDCl3,
101 MHz): d=201.6, 153.8, 133.7, 128.4, 123.2, 115.1, 113.1, 79.4,
15.4 ppm; LRMS (70 eV, EI): m/z (%): 230 (86) [M+2]+ , 228 (87) [M]+ ,
63 (100).


Procedure for the synthesis of 2-bromophenyl 3-buten-2-yl ether (1c): A
solution of LDA, obtained by addition of nBuLi (6.0 mL of a 2.5m solu-
tion in hexane, 15 mmol) to a solution of diisopropylamine (2.10 mL,
15 mmol) in THF (5 mL), was added dropwise to a stirred suspension of
methyltriphenylphosphonium bromide (5.36 g, 15 mmol) in THF (10 mL)
at 0 8C. The mixture was stirred for an additional 1.5 h at 0 8C and a solu-
tion of 2-(2-bromophenoxy)propanal (2.29 g, 10 mmol) in THF (10 mL)
was added dropwise at 0 8C. The suspension was then allowed to warm to
room temperature and stirred for an additional 10 h. Water was added
and the mixture was extracted with ethyl acetate (3V15 mL). The com-
bined organic layers were dried with anhydrous Na2SO4, filtered, concen-
trated under reduced pressure, and purified by silica gel column chroma-
tography (hexane/ethyl acetate, 100:1) to give 1c (1.27 g, 56%) as a col-
orless oil. Rf=0.43 (hexane/ethyl acetate, 10:1); 1H NMR (CDCl3,
400 MHz): d=7.53 (d, J=8.0 Hz, 1H), 7.24–7.18 (m, 1H), 6.92 (d, J=
8.3 Hz, 1H), 6.84–6.79 (m, 1H), 5.99–5.88 (m, 1H), 5.29 (dd, J=17.2,
1.2 Hz, 1H), 5.18 (dd, J=10.5, 1.2 Hz, 1H), 4.81 (quintet, J=6.3 Hz,
1H), 1.50 (d, J=6.3 Hz, 3H) ppm; 13C NMR (CDCl3, 101 MHz): d=


154.3, 138.5, 133.2, 128.0, 121.9, 115.9, 115.8, 113.2, 76.3, 21.2 ppm; LRMS
(70 eV, EI): m/z (%): 228 (7) [M+2]+ , 226 (7) [M]+ , 172 (100); elemen-
tal analysis calcd (%) for C10H11BrO: C 52.89, H 4.88; found: C 52.86, H
4.90.


Procedure for the synthesis of the starting ether (R)-1 c


Preparation of (R)-ethyl 2-(2-bromophenoxy)propanoate : The title com-
pound was prepared from 2-bromophenol and (S)-ethyl lactate under
Mitsunobu conditions following the procedure described in the litera-
ture.[18] HPLC (Daicel Chiralcel OD-H, hexane/2-PrOH=90:10, flow
rate=0.8 mLmin�1, l=210 nm): tR=5.84 (minor), 7.06 (major) min.


Procedure for the synthesis of (R)-2-bromophenyl 3-buten-2-yl ether [(R)-
1c]: The title compound was prepared from (R)-ethyl 2-(2-bromophenox-
y)propanoate by the same procedure (DIBAL reduction and Wittig olefi-
nation) as described above for the synthesis of the racemic ether. HPLC
(Daicel Chiralcel OD-H, hexane/2-PrOH=99.5:0.5, flow rate=
0.8 mLmin�1, l=210 nm): tR=16.45 (minor), 21.68 (major) min.


General procedure for the synthesis of starting ethers 6a–g : 2-Bromo-6-
tert-butyl-4-methylphenol, 2-bromo-4,6-dimethylphenol, 2-bromo-4-
chloro-6-methylphenol, and 2-bromo-6-chloro-4-methylphenol were pre-
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pared by bromination of commercially available 2-tert-butyl-4-methylphe-
nol, 2,4-dimethylphenol, 4-chloro-2-methylphenol, and 2-chloro-4-methyl-
phenol with bromine in CH2Cl2. 2-Bromo-6-isopropylphenol was pre-
pared by bromination of 2-isopropylphenol with Br2/tBuNH2.


[21] 2-
Bromo-4-methyl-6-trimethylsilylphenol and 2-bromo-6-trimethylsilylphe-
nol were prepared by treatment of the corresponding O-trimethylsilyl
ether of 2,6-dibromo-4-methylphenol and 2,6-dibromophenol with
nBuLi.[22] The corresponding 2-bromophenol (25 mmol) and allyl bro-
mide (4.24 g, 35 mmol) were dissolved in acetone (50 mL), potassium car-
bonate (3.46 g, 25 mmol) was added to the solution, and the resulting
mixture was refluxed for 24 h. Then the mixture was cooled to room tem-
perature and concentrated to about 5 mL. Water was added and the mix-
ture was extracted with ethyl acetate (3V15 mL). The combined organic
layers were dried with anhydrous Na2SO4, filtered, and concentrated
under reduced pressure. The residue was purified by flash chromatogra-
phy (hexane/ethyl acetate, 100:1) to afford the corresponding ethers 6.


2-Bromo-6-tert-butyl-4-methylphenyl 2-propenyl ether (6 a): Reaction of
2-bromo-6-tert-butyl-4-methylphenol (6.09 g, 25 mmol), K2CO3 (3.46 g,
25 mmol), and allyl bromide (4.24 g, 35 mmol) in acetone (50 mL), fol-
lowed by workup as described above, yielded 6a (5.59 g, 79%) as a color-
less oil. Rf=0.59 (hexane/ethyl acetate, 10:1); 1H NMR (CDCl3,
400 MHz): d=7.25 (s, 1H), 7.07 (s, 1H), 6.19–6.08 (m, 1H), 5.50 (dq, J=
17.2, 1.6 Hz, 1H), 5.30 (dq, J=10.6, 1.6 Hz, 1H), 4.57 (dt, J=5.2, 1.6 Hz,
2H), 2.27 (s, 3H), 1.38 (s, 9H) ppm; 13C NMR (CDCl3, 101 MHz): d=
152.5, 144.7, 134.1, 133.4, 132.1, 127.4, 117.9, 117.0, 73.3, 35.4, 30.8,
20.7 ppm; LRMS (70 eV, EI): m/z (%): 284 (11) [M+2]+ , 282 (11) [M]+ ,
162 (100); HRMS (EI): calcd for C14H19BrO: 282.0619; found: 282.0620;
elemental analysis calcd (%) for C14H19BrO: C 59.37, H 6.76; found: C
59.43, H 6.73.


2-Bromo-4,6-dimethylphenyl 2-propenyl ether (6 b): Reaction of 2-
bromo-4,6-dimethylphenol (5.03 g, 25 mmol), K2CO3 (3.46 g, 25 mmol),
and allyl bromide (4.24 g, 35 mmol) in acetone (50 mL) followed by
workup as described above yielded 6b (4.88 g, 81%) as a colorless oil.
Rf=0.34 (hexane/ethyl acetate, 25:1); 1H NMR (CDCl3, 400 MHz): d=
7.19 (s, 1H), 6.91 (s, 1H), 6.13 (ddt, J=17.1, 10.4, 5.7 Hz, 1H), 5.43 (dq,
J=17.1, 1.4 Hz, 1H), 5.26 (dq, J=10.4, 1.4 Hz, 1H), 4.40 (dt, J=5.7,
1.4 Hz, 2H), 2.27 (s, 3H), 2.24 (s, 3H) ppm; 13C NMR (CDCl3,
101 MHz): d=151.9, 134.8, 133.6, 132.7, 131.2, 130.9, 117.7, 117.0, 73.5,
20.4, 17.0 ppm; LRMS (70 eV, EI): m/z (%): 242 (34) [M+2]+ , 240 (34)
[M]+ , 199 (100); HRMS (EI): calcd for C11H13BrO: 240.0150; found:
240.0148; elemental analysis calcd (%) for C11H13BrO: C 54.79, H 5.43;
found: C 54.75, H 5.41.


2-Bromo-4-methyl-6-trimethylsilylphenyl 2-propenyl ether (6 c): Reaction
of 2-bromo-4-methyl-6-trimethylsilylphenol (6.48 g, 25 mmol), K2CO3


(3.46 g, 25 mmol), and allyl bromide (4.24 g, 35 mmol) in acetone
(50 mL) followed by workup as described above yielded 6c (5.54 g, 74%)
as a colorless oil. Rf=0.49 (hexane/ethyl acetate, 30:1); 1H NMR (CDCl3,
400 MHz): d=7.39 (s, 1H), 7.13 (s, 1H), 6.17–6.06 (m, 1H), 5.47 (dq, J=
17.3, 1.6 Hz, 1H), 5.29 (dq, J=10.6, 1.6 Hz, 1H), 4.50 (dt, J=5.3, 1.6 Hz,
2H), 2.29 (s, 3H), 0.30 (s, 9H) ppm; 13C NMR (CDCl3, 101 MHz): d=
157.8, 135.3, 135.0, 134.8, 133.4, 117.2, 116.4, 73.9, 20.4, �0.3 ppm; LRMS
(70 eV, EI): m/z (%): 300 (14) [M+2]+ , 298 (14) [M]+ , 177 (100); HRMS
(EI) calcd for C13H19BrOSi: 298.0389; found: 298.0393.


2-Bromo-6-trimethylsilylphenyl 2-propenyl ether (6 d): Reaction of 2-
bromo-6-trimethylsilylphenol (6.13 g, 25 mmol), K2CO3 (3.46 g,
25 mmol), and allyl bromide (4.24 g, 35 mmol) in acetone (50 mL) fol-
lowed by workup as described above yielded 6 d (5.49 g, 77%) as a color-
less oil. Rf=0.57 (hexane/ethyl acetate, 10:1); 1H NMR (CDCl3,
400 MHz): d=7.56 (dd, J=7.9, 1.6 Hz, 1H), 7.35 (dd, J=7.5, 1.6 Hz,
1H), 6.98 (dd, J=7.9, 7.5 Hz, 1H), 6.17–6.06 (m, 1H), 5.48 (dq, J=17.3,
1.6 Hz, 1H), 5.30 (dq, J=10.6, 1.6 Hz, 1H), 4.53 (dt, J=5.3, 1.6 Hz, 1H),
0.30 (s. 9H) ppm; 13C NMR (CDCl3, 101 MHz): d=160.1, 135.6, 135.1,
134.4, 133.3, 125.2, 117.2, 116.8, 73.8, �0.3 ppm; LRMS (70 eV, EI): m/z
(%): 286 (4) [M+2]+ , 284 (3) [M]+ , 269 (100); elemental analysis calcd
(%) for C12H17BrOSi: C 50.53, H 6.01; found: C 50.59, H 5.98.


2-Bromo-6-isopropylphenyl 2-propenyl ether (6 e): Reaction of 2-bromo-
6-isopropylphenol (5.38 g, 25 mmol), K2CO3 (3.46 g, 25 mmol), and allyl
bromide (4.24 g, 35 mmol) in acetone (50 mL) followed by workup as de-


scribed above yielded 6e (5.23 g, 82%) as a colorless oil. Rf=0.57
(hexane/ethyl acetate, 5:1); 1H NMR (CDCl3, 400 MHz): d=7.38 (dd, J=
7.8, 1.6 Hz, 1H), 7.20 (dd, J=7.8, 1.6 Hz, 1H), 6.98 (t, J=7.8 Hz, 1H),
6.15 (ddt, J=17.2, 10.4, 5.6 Hz, 1H), 5.46 (dq, J=17.2, 1.5 Hz, 1H), 5.29
(dq, J=10.4, 1.5 Hz, 1H), 4.45 (dt, J=5.6, 1.5 Hz, 2H), 3.36 (sept., J=
7.0 Hz, 1H), 1.22 (d, J=7.0 Hz, 6H) ppm; 13C NMR (CDCl3, 101 MHz):
d=153.0, 144.2, 133.4, 130.7, 125.8, 125.5, 117.6, 117.5, 74.4, 27.1,
23.7 ppm; LRMS (70 eV, EI): m/z (%): 256 (73) [M+2]+ , 254 (74) [M]+ ,
41 (100); HRMS (EI) calcd for C12H15BrO: 254.0306; found: 254.0308; el-
emental analysis calcd (%) for C12H15BrO: C 56.49, H 5.93; found: C
56.52, H 5.97.


2-Bromo-4-chloro-6-methylphenyl 2-propenyl ether (6 f): Reaction of 2-
bromo-4-chloro-6-methylphenol (5.54 g, 25 mmol), K2CO3 (3.46 g,
25 mmol), and allyl bromide (4.24 g, 35 mmol) in acetone (50 mL) fol-
lowed by workup as described above yielded 6 f (5.43 g, 83%) as a white
solid. M.p. 36–38 8C; 1H NMR (CDCl3, 400 MHz): d=7.37 (dq, J=2.6,
0.6 Hz, 1H), 7.09 (dq, J=2.6, 0.6 Hz, 1H), 6.11 (ddt, J=17.2, 10.4,
5.8 Hz, 1H), 5.42 (dq, J=17.2, 1.5 Hz, 1H), 5.28 (dq, J=10.4, 1.5 Hz,
1H), 4.40 (dt, J=5.8, 1.5 Hz, 2H), 2.28 (t, J=0.6 Hz, 3H) ppm; 13C NMR
(CDCl3, 101 MHz): d=153.0, 134.6, 133.1, 130.3, 130.0, 129.3, 118.2,
117.8, 73.7, 16.8 ppm; LRMS (70 eV, EI): m/z (%): 264 (8) [M+4]+ , 262
(36) [M+2]+ , 260 (28) [M]+ , 221 (100); HRMS (EI) calcd for
C10H10BrClO: 259.9604; found: 259.9608.


2-Bromo-6-chloro-4-methylphenyl 2-propenyl ether (6 g): Reaction of 2-
bromo-6-chloro-4-methylphenol (5.54 g, 25 mmol), K2CO3 (3.46 g,
25 mmol), and allyl bromide (4.24 g, 35 mmol) in acetone (50 mL) fol-
lowed by workup as described above yielded 6 g (5.36 g, 82%) as a color-
less oil. Rf=0.37 (hexane/ethyl acetate, 30:1); 1H NMR (CDCl3,
400 MHz): d=7.25 (dq, J=2.1, 0.7 Hz, 1H), 7.12 (dq, J=2.1, 0.7 Hz,
1H), 6.15 (ddt, J=17.2, 10.4, 5.9 Hz, 1H), 5.43 (dq, J=17.2, 1.5 Hz, 1H),
5.27 (dq, J=10.4, 1.5 Hz, 1H), 4.51 (dt, J=5.9, 1.5 Hz, 2H), 2.26 (t, J=
0.7 Hz, 3H) ppm; 13C NMR (CDCl3, 101 MHz): d=149.7, 135.8, 133.0,
132.2, 130.0, 128.6, 118.5, 118.2, 74.1, 20.3 ppm; LRMS (70 eV, EI): m/z
(%): 264 (12) [M+4]+ , 262 (55) [M+2]+ , 260 (42) [M]+ , 221 (100);
HRMS (EI) calcd for C10H10BrClO: 259.9604; found 259.9598.


Procedure for the carbolithiation of ether 1 a: Preparation of 2-cyclopro-
pylphenol (4) and 2,3-dihydrobenzofuran derivatives 5 a and 5 b : A solu-
tion of ether 1a (213 mg, 1 mmol) in diethyl ether (10 mL) cooled in a
dry ice/acetone bath at �78 8C was treated with tBuLi (1.33 mL, 2 mmol)
and the reaction mixture was stirred for 15 min at this temperature.
TMEDA (0.33 mL, 2.2 mmol) was added to the resulting solution at
�78 8C and the reaction mixture was stirred for an additional 30 min at
this temperature. The resulting mixture was allowed to warm to �20 8C
and stirred overnight at this temperature. Then the corresponding elec-
trophile (PhNCO or Ph2S2, 1.1 mmol) was added at �78 8C. Stirring was
continued for 30 min at this temperature and then for 5 h at room tem-
perature before the hydrolysis with water. The mixture was extracted
with ethyl acetate (3V10 mL) and the combined organic layers were
washed with 1m HCl (2V10 mL), dried with anhydrous Na2SO4, filtered,
and concentrated under reduced pressure. The residue was purified by
silica gel column chromatography (hexane/ethyl acetate).


2-Cyclopropylphenol (4): The spectral data of 4 were in total agreement
with those previously reported.[14c]


(2,3-Dihydrobenzofuran-3-yl)-N-phenylacetamide (5 a): Ether 1 a
(213 mg, 1 mmol) was treated with tBuLi (1.33 mL, 2 mmol) and
TMEDA (0.33 mL, 2.2 mmol). Addition of phenyl isocyanate (131 mg,
1.1 mmol) and workup as described above yielded 5a (86 mg, 34%) as a
pale yellow solid. M.p. 128–130 8C (lit.[23] 132–133 8C); 1H NMR
([D6]DMSO, 400 MHz): d=10.02 (s, 1H), 7.65–7.56 (m, 2H), 7.33–7.17
(m, 3H), 7.13–6.98 (m, 2H), 6.85–6.72 (m, 2H), 4.68 (t, J=9.0 Hz, 1H),
4.24 (dd, J=9.0, 6.6 Hz, 1H), 3.92–3.81 (m, 1H), 2.83 (dd, J=15.2,
5.9 Hz, 1H), 2.61 (dd, J=15.2, 8.8 Hz, 1H) ppm; 13C NMR ([D6]DMSO,
101 MHz): d=170.1, 160.1, 139.7, 130.8, 129.4, 128.9, 125.2, 123.9, 121.0,
119.8, 109.9, 76.9, 42.1, 38.7 ppm; LRMS (70 eV, EI): m/z (%): 253 (88)
[M]+ , 134 (100); HRMS (EI) calcd for C15H15NO2: 253.1102; found:
253.1099.


3-Phenylthiomethyl-2,3-dihydrobenzofuran (5 b):[12f] Ether 1 a (213 mg,
1 mmol) was treated with tBuLi (1.33 mL, 2 mmol) and TMEDA
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(0.33 mL, 2.2 mmol). Addition of diphenyl disulfide (237 mg, 1.1 mmol)
and workup as described above yielded 5 b (70 mg, 29%) as a colorless
oil. Rf=0.40 (hexane/ethyl acetate, 5:1); 1H NMR (CDCl3, 400 MHz):
d=7.42–7.37 (m, 2H), 7.34–7.29 (m, 2H), 7.27–7.20 (m, 2H), 7.18–7.13
(m, 1H), 6.90–6.84 (m, 1H), 6.82–6.79 (m, 1H), 4.62 (t, J=9.1 Hz, 1H),
4.45 (dd, J=9.1, 5.5 Hz, 1H), 3.68–3.57 (m, 1H), 3.32 (dd, J=13.0,
5.0 Hz, 1H), 3.01 (dd, J=13.0, 9.7 Hz, 1H) ppm; 13C NMR (CDCl3,
101 MHz): d=159.9, 135.4, 129.8, 129.0, 128.8, 126.5, 124.5, 120.4, 109.7,
76.0, 41.5, 38.8 ppm; LRMS (70 eV, EI): m/z (%): 242 (95) [M]+ , 77
(100); HRMS (EI) calcd for C15H14OS: 242.0765; found: 242.0766.


General procedure for the carbolithiation of ethers 1 b,c and 6: Prepara-
tion of 2,3-dihydrobenzofuran derivatives 5c–h, 7 a—s, and 2-chloro-6-cy-
clopropyl-4-methylphenol (9): A solution of the corresponding starting
ether 1b,c or 6 (1 mmol) in diethyl ether (10 mL) cooled in a dry ice/ace-
tone bath at �78 8C was treated with tBuLi (1.33 mL, 2 mmol) and the
reaction mixture was stirred for 15 min at this temperature. TMEDA
(0.33 mL, 2.2 mmol) was added to the resulting solution at �78 8C and
the reaction mixture was stirred for an additional 30 min at this tempera-
ture. The mixture was allowed to warm to 0 8C and then stirred for an ad-
ditional 15 min for ethers 1b,c and 6 a–e, 1 h for ether 6 f, and 3 h for
ether 6g. The corresponding electrophile (1.1 mmol) was added to the so-
lution at �78 8C and stirring was continued for 30 min at this temperature
and then for 5 h at room temperature prior to the addition of water. The
mixture was extracted with ethyl acetate (3V10 mL) and the combined
organic layers were washed with 1m HCl (2V10 mL), dried with anhy-
drous Na2SO4, filtered, and concentrated under reduced pressure. The
residue was purified by silica gel column chromatography.


(R*,S*)-2-Cyclohexyl-3-deuteriomethyl-2,3-dihydrobenzofuran (5 c):
Ether 1 b (295 mg, 1 mmol) was treated with tBuLi (1.33 mL, 2 mmol)
and TMEDA (0.33 mL, 2.2 mmol). Addition of deuterium oxide (excess)
and workup as described above yielded 5 c (152 mg, 70%) as a white
solid. M.p. 38–40 8C; 1H NMR (CDCl3, 400 MHz): d=7.17–7.10 (m, 2H),
6.90–6.84 (m, 1H), 6.82–6.76 (m, 1H), 4.08 (t, J=6.9 Hz, 1H), 3.31 (q,
J=6.9 Hz, 1H), 2.02–1.94 (m, 1H), 1.88–1.61 (m, 5H), 1.38–1.09 (m,
7H) ppm; 13C NMR (CDCl3, 101 MHz): d=159.1, 132.3, 127.8, 123.6,
119.8, 108.9, 94.9, 42.5, 39.1, 28.4, 28.3, 26.4, 26.0, 25.8, 20.2 (t, J=
19.6 Hz) ppm; LRMS (70 eV, EI): m/z (%): 217 (14) [M]+ , 122 (100);
HRMS (EI) calcd for C15H19DO: 217.1576; found: 217.1580.


(R*,S*)-2-Cyclohexyl-3-trimethylsilylmethyl-2,3-dihydrobenzofuran (5 d):
Ether 1 b (295 mg, 1 mmol) was treated with tBuLi (1.33 mL, 2 mmol)
and TMEDA (0.33 mL, 2.2 mmol). Addition of chlorotrimethylsilane
(120 mg, 1.1 mmol) and workup as described above yielded 5d (185 mg,
64%) as a colorless oil. Rf=0.60 (hexane/ethyl acetate, 15:1); 1H NMR
(CDCl3, 400 MHz): d=7.11–7.06 (m, 2H), 6.84–6.79 (m, 1H), 6.76–6.73
(m, 1H), 4.14 (t, J=5.3 Hz, 1H), 3.34 (q, J=6.0 Hz, 1H), 1.85–1.62 (m,
5H), 1.58–1.46 (m, 1H), 1.30–1.04 (m, 5H), 1.00 (d, J=6.5 Hz, 2H), 0.03
(s, 9H) ppm; 13C NMR (CDCl3, 101 MHz): d=159.1, 133.3, 127.7, 124.0,
119.8, 108.9, 94.6, 42.7, 40.8, 29.4, 27.3, 26.4, 26.2, 25.9, 24.6, �0.5 ppm;
LRMS (70 eV, EI): m/z (%): 288 (21) [M]+ , 73 (100); HRMS (EI) calcd
for C18H28OSi: 288.1909; found: 288.1911.


(R*,S*)-2-Cyclohexyl-3-phenylthiomethyl-2,3-dihydrobenzofuran (5 e):
Ether 1 b (295 mg, 1 mmol) was treated with tBuLi (1.33 mL, 2 mmol)
and TMEDA (0.33 mL, 2.2 mmol). Addition of diphenyl disulfide
(237 mg, 1.1 mmol) and workup as described above yielded 5e (260 mg,
80%) as a colorless oil. Rf=0.27 (hexane/ethyl acetate, 30:1); 1H NMR
(CDCl3, 400 MHz): d=7.44–7.39 (m, 2H), 7.37–7.30 (m, 3H), 7.27–7.16
(m, 2H), 6.91–6.86 (m, 1H), 6.86–6.82 (m, 1H), 4.45 (dd, J=6.0, 4.5 Hz,
1H), 3.49–3.43 (m, 1H), 3.29 (dd, J=12.8, 5.5 Hz, 1H), 3.10 (dd, J=12.8,
8.6 Hz, 1H), 1.89–1.52 (m, 6H), 1.30–1.02 (m, 5H) ppm; 13C NMR
(CDCl3, 101 MHz): d=159.5, 135.9, 129.1, 129.0, 128.9, 128.7, 126.1,
124.5, 119.9, 109.2, 91.7, 43.7, 42.5, 39.5, 28.4, 27.5, 26.2, 25.9, 25.7 ppm;
LRMS (70 eV, EI): m/z (%): 324 (35) [M]+ , 83 (100); elemental analysis
calcd (%) for C21H24OS: C 77.73, H 7.46; found: C 77.70, H 7.47.


(R*,S*)-3-(2-Cyclohexyl-2,3-dihydrobenzofuran-3-ylmethyl)-3-pentanol
(5 f): Ether 1b (295 mg, 1 mmol) was treated with tBuLi (1.33 mL,
2 mmol) and TMEDA (0.33 mL, 2.2 mmol). Addition of 3-pentanone
(95 mg, 1.1 mmol) and workup as described above yielded 5 f (221 mg,
73%) as a colorless oil. Rf=0.18 (hexane/ethyl acetate, 10:1); 1H NMR


(CDCl3, 400 MHz): d=7.17–7.14 (m, 1H), 7.11–7.05 (m, 1H), 6.83–6.78
(m, 1H), 6.76–6.71 (m, 1H), 4.43 (t, J=4.4 Hz, 1H), 3.38–3.32 (m, 1H),
1.83–1.47 (m, 12H), 1.35–0.98 (m, 6H), 0.94–0.85 (m, 6H) ppm; 13C
NMR (CDCl3, 101 MHz): d=159.3, 132.1, 127.7, 124.3, 119.8, 108.7, 93.9,
74.9, 45.4, 42.2, 40.0, 31.6, 30.7, 29.8, 26.6, 26.3, 26.2, 25.9, 8.0, 7.6 ppm;
LRMS (70 eV, EI): m/z (%): 302 (12) [M]+ , 161 (100); HRMS (EI) calcd
for C20H30O2: 302.2246; found: 302.2244.


(R*,S*)-2,3-Dimethyl-2,3-dihydrobenzofuran (5 g):[16] Ether 1c (227 mg,
1 mmol) was treated with tBuLi (1.33 mL, 2 mmol) and TMEDA
(0.33 mL, 2.2 mmol). Addition of water (excess) and workup as described
above yielded 5 g (110 mg, 74%) as a colorless oil. Rf=0.34 (hexane/
ethyl acetate, 10:1); 1H NMR (CDCl3, 400 MHz): d=7.15–7.09 (m, 2H),
6.89–6.84 (m, 1H), 6.79–6.75 (m, 1H), 4.35 (dq, J=8.4, 6.3 Hz, 1H),
3.11–3.02 (m, 1H), 1.49 (d, J=6.3 Hz, 3H), 1.32 (d, J=6.9 Hz, 3H) ppm;
13C NMR (CDCl3, 101 MHz): d=159.0, 132.4, 127.9, 123.6, 120.2, 109.3,
87.2, 43.8, 20.0, 17.9 ppm; LRMS (70 eV, EI): m/z (%): 148 (62) [M]+ ,
133 (100); HRMS (EI) calcd for C10H12O: 148.0888; found: 148.0891.


(R*,S*)-2-(2-Methyl-2,3-dihydrobenzofuran-3-yl)-1,1-diphenylethanol
(5 h): Ether 1c (227 mg, 1 mmol) was treated with tBuLi (1.33 mL,
2 mmol) and TMEDA (0.33 mL, 2.2 mmol). Addition of benzophenone
(200 mg, 1.1 mmol) and workup as described above yielded 5g (215 mg,
65%) as a white solid. M.p. 132–134 8C; 1H NMR (CDCl3, 400 MHz): d=
7.51–7.23 (m, 10H), 7.13–7.07 (m, 1H), 7.04 (d, J=7.4 Hz, 1H), 6.85–6.79
(m, 1H), 7.23 (d, J=8.0 Hz, 1H), 4.61–4.54 (m, 1H), 3.10–3.04 (m, 1H),
2.75–2.65 (m, 2H), 2.21 (s, 1H), 1.16 (d, J=6.2 Hz, 3H) ppm; 13C NMR
(CDCl3, 101 MHz): d=158.7, 147.0, 146.4, 131.6, 128.3, 128.0, 127.3,
127.1, 126.1, 124.6, 120.1, 109.3, 86.5, 78.4, 48.6, 44.8, 20.6 ppm; LRMS
(70 eV, EI): m/z (%): 330 (75) [M]+ , 75 (100); elemental analysis calcd
(%) for C23H22O2: C 83.60, H 6.71; found: C 83.54, H 6.72.


(2R,3S)-5 g : HPLC (Daicel Chiralcel OD-H, hexane/2-PrOH=99.8:0.2,
flow rate=0.8 mLmin�1, l=290 nm): tR=8.94 (minor), 9.95 (major) min.


(2R,3S)-5 h : HPLC (Daicel Chiralcel OD-H, hexane/2-PrOH=90:10,
flow rate=0.8 mLmin�1, l=210 nm): tR=11.37 (minor), 15.06 (major) -
min.


7-tert-Butyl-3-deuteriomethyl-5-methyl-2,3-dihydrobenzofuran (7 a):
Ether 6a (283 mg, 1 mmol) was treated with tBuLi (1.33 mL, 2 mmol)
and TMEDA (0.33 mL, 2.2 mmol). Addition of deuterium oxide (excess)
and workup as described above yielded 7a (150 mg, 73%) as a colorless
oil. Rf=0.48 (hexane/ethyl acetate, 25:1); 1H NMR (CDCl3, 400 MHz):
d=6.97 (s, 1H), 6.93 (s, 1H), 4.73 (t, J=8.5 Hz, 1H), 4.10 (t, J=8.5 Hz,
1H), 3.58–3.48 (m, 1H), 2.39 (s, 3H), 1.45 (s, 9H), 1.39–1.35 (m,
2H) ppm; 13C NMR (CDCl3, 101 MHz): d=155.5, 132.7, 132.5, 129.1,
125.2, 121.9, 77.8, 36.2, 33.9, 29.3, 21.0, 18.7 (t, J=19.5 Hz) ppm; LRMS
(70 eV, EI): m/z (%): 205 (28) [M]+ , 190 (100); HRMS (EI) calcd for
C14H19DO: 205.1576; found: 205.1573.


2-(7-tert-Butyl-5-methyl-2,3-dihydrobenzofuran-3-yl)-1,1-diphenylethanol
(7 b): Ether 6 a (283 mg, 1 mmol) was treated with tBuLi (1.33 mL,
2 mmol) and TMEDA (0.33 mL, 2.2 mmol). Addition of benzophenone
(200 mg, 1.1 mmol) and workup as described above yielded 7b (282 mg,
73%) as a colorless oil. Rf=0.28 (hexane/ethyl acetate, 5:1); 1H NMR
(CDCl3, 400 MHz): d=7.57–7.47 (m, 4H), 7.44–7.29 (m, 6H), 6.95 (s,
1H), 6.87 (s, 1H), 4.44 (t, J=9.0 Hz, 1H), 4.00 (t, J=9.0 Hz, 1H), 3.56–
3.46 (m, 1H), 3.00 (dd, J=14.1, 2.1 Hz, 1H), 2.64 (dd, J=14.1, 10.3 Hz,
1H), 2.37 (s, 3H), 2.30 (s, 1H), 1.41 (s, 9H) ppm; 13C NMR (CDCl3,
101 MHz): d=155.5, 147.0, 146.3, 132.4, 131.5, 129.0, 128.3, 128.2, 127.2,
127.0, 126.0, 125.9, 125.3, 121.8, 78.0, 77.6, 47.1, 37.8, 33.8, 29.2, 21.0 ppm;
LRMS (70 eV, EI): m/z (%): 386 (52) [M]+ , 355 (100); HRMS (EI) calcd
for C27H30O2: 386.2246; found: 386.2245.


3-Bromomethyl-7-tert-butyl-5-methyl-2,3-dihydrobenzofuran (7 c): Ether
6a (283 mg, 1 mmol) was treated with tBuLi (1.33 mL, 2 mmol) and
TMEDA (0.33 mL, 2.2 mmol). Addition of 1,2-dibromoethane (207 mg,
1.1 mmol) and workup as described above yielded 7c (178 mg, 63%) as a
white solid. M.p. 65–67 8C; 1H NMR (CDCl3, 400 MHz): d=6.96 (s, 1H),
6.91 (s, 1H), 4.64 (t, J=9.2 Hz, 1H), 4.46 (dd, J=9.2, 5.3 Hz, 1H), 3.84–
3.75 (m, 1H), 3.65 (dd, J=10.0, 4.4 Hz, 1H), 3.40 (t, J=10.0 Hz, 1H),
2.32 (s, 3H), 1.36 (s, 9H) ppm; 13C NMR (CDCl3, 101 MHz): d=156.0,
133.2, 129.5, 127.9, 126.7, 122.4, 75.3, 44.7, 35.2, 33.9, 29.2, 21.0 ppm;
LRMS (70 eV, EI): m/z (%): 284 (55) [M+2]+ , 282 (59) [M]+ , 267 (100);
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elemental analysis calcd (%) for C14H19BrO: C 59.37, H 6.76; found: C
59.44, H 6.79.


2-(7-tert-Butyl-5-methyl-2,3-dihydrobenzofuran-3-yl)-N-phenylacetamide
(7 d): Ether 6 a (283 mg, 1 mmol) was treated with tBuLi (1.33 mL,
2 mmol) and TMEDA (0.33 mL, 2.2 mmol). Addition of phenyl isocya-
nate (131 mg, 1.1 mmol) and workup as described above yielded 7d
(197 mg, 61%) as a white solid. M.p. 132–134 8C; 1H NMR (CDCl3,
400 MHz): d=7.69 (s, 1H), 7.51–7.45 (m, 2H), 7.33–7.27 (m, 2H), 7.15–
7.09 (m, 1H) 6.93 (s, 1H), 6.85 (s, 1H), 4.68 (t, J=9.1 Hz, 1H), 4.27 (dd,
J=9.1, 5.7 Hz, 1H), 3.94–3.84 (m, 1H), 2.74 (dd, J=15.0, 5.7 Hz, 1H),
2.59 (dd, J=15.0, 8.8 Hz, 1H), 2.27 (s, 3H), 1.36 (s, 9H) ppm; 13C NMR
(CDCl3, 101 MHz): d=169.5, 155.5, 137.4, 132.8, 129.7, 129.4, 128.9,
125.9, 124.4, 122.2, 120.1, 75.8, 42.5, 38.5, 33.9, 29.2, 20.9 ppm; LRMS
(70 eV, EI): m/z (%): 323 (18) [M]+ , 135 (100); elemental analysis calcd
(%) for C21H25NO2: C 77.98, H 7.79, N 4.33; found: C 78.03, H 7.74, N
4.35.


3-Deuteriomethyl-5,7-dimethyl-2,3-dihydrobenzofuran (7 e): Ether 6b
(241 mg, 1 mmol) was treated with tBuLi (1.33 mL, 2 mmol) and
TMEDA (0.33 mL, 2.2 mmol). Addition of deuterium oxide (excess) and
workup as described above yielded 7e (101 mg, 62%) as a colorless oil.
Rf=0.22 (hexane/ethyl acetate, 20:1); 1H NMR (CDCl3, 400 MHz): d=
6.80 (s, 1H), 6.76 (s, 1H), 4.66 (t, J=8.7 Hz, 1H), 4.04 (dd, J=8.7,
7.6 Hz, 1H), 3.54–3.45 (m, 1H), 2.27 (s, 3H), 2.18 (s, 3H), 1.30–1.26 (m,
2H) ppm; 13C NMR (CDCl3, 101 MHz): d=155.8, 131.5, 129.7, 129.6,
121.6, 119.0, 78.2, 36.7, 20.7, 18.9 (t, J=19.5 Hz), 15.0 ppm; LRMS
(70 eV, EI): m/z (%): 163 (74) [M]+ , 147 (100); HRMS (EI) calcd for
C11H13DO: 163.1106; found: 163.1110.


2-(5,7-Dimethyl-2,3-dihydrobenzofuran-3-yl)-1,1-diphenylethanol (7 f):
Ether 6 b (241 mg, 1 mmol) was treated with tBuLi (1.33 mL, 2 mmol)
and TMEDA (0.33 mL, 2.2 mmol). Addition of benzophenone (200 mg,
1.1 mmol) and workup as described above yielded 7 f (227 mg, 66%) as a
colorless oil. Rf=0.21 (hexane/ethyl acetate, 5:1); 1H NMR (CDCl3,
400 MHz): d=7.56–7.29 (m, 10H), 6.84–6.81 (m, 2H), 4.42 (t, J=9.0 Hz,
1H), 4.02 (t, J=9.0 Hz, 1H), 3.58–3.48 (m, 1H), 2.97 (dd, J=14.1,
2.1 Hz, 1H), 2.62 (dd, J=14.1, 10.3 Hz, 1H), 2.39 (s, 1H), 2.34 (s, 3H),
2.24 (s, 3H) ppm; 13C NMR (CDCl3, 101 MHz): d=155.7, 147.0, 146.2,
130.3, 129.8, 129.3, 128.2, 128.1, 127.2, 126.9, 126.0, 125.9, 121.5, 118.9,
77.9, 77.8, 47.2, 38.2, 20.6, 15.0 ppm; LRMS (70 eV, EI): m/z (%): 344
(17) [M]+ , 146 (100); HRMS (EI) calcd for C24H24O2: 344.1776; found:
344.1776.


5,7-Dimethyl-3-phenylthiomethyl-2,3-dihydrobenzofuran (7 g): Ether 6b
(241 mg, 1 mmol) was treated with tBuLi (1.33 mL, 2 mmol) and
TMEDA (0.33 mL, 2.2 mmol). Addition of diphenyl disulfide (237 mg,
1.1 mmol) and workup as described above yielded 7g (176 mg, 65%) as a
colorless oil. Rf=0.21 (hexane/ethyl acetate, 20:1); 1H NMR (CDCl3,
400 MHz): d=7.48–7.43 (m, 2H), 7.40–7.34 (m, 2H), 7.30–7.24 (m, 1H),
6.95 (s, 1H), 6.86 (s, 1H), 4.66 (t, J=9.0 Hz, 1H), 4.49 (dd, J=9.0,
5.7 Hz, 1H), 3.70–3.61 (m, 1H), 3.38 (dd, J=12.9, 4.8 Hz, 1H), 3.03 (dd,
J=12.9, 9.9 Hz, 1H), 2.34 (s, 3H), 2.26 (s, 3H) ppm; 13C NMR (CDCl3,
101 MHz): d=156.1, 135.5, 130.5, 129.5, 128.9, 128.2, 126.2, 122.1, 119.3,
75.7, 41.8, 38.5, 20.6, 15.0 ppm; LRMS (70 eV, EI): m/z (%): 270 (28)
[M]+ , 147 (100); HRMS (EI) calcd for C17H18OS: 270.1078; found:
270.1076.


3-Bromomethyl-5,7-dimethyl-2,3-dihydrobenzofuran (7 h): Ether 6 b
(241 mg, 1 mmol) was treated with tBuLi (1.33 mL, 2 mmol) and
TMEDA (0.33 mL, 2.2 mmol). Addition of 1,2-dibromoethane (207 mg,
1.1 mmol) and workup as described above yielded 7 h (159 mg, 66%) as a
colorless oil. Rf=0.33 (hexane/ethyl acetate, 20:1); 1H NMR (CDCl3,
400 MHz): d=6.87 (s, 1H), 6.84 (s, 1H), 4.64 (t, J=9.2 Hz, 1H), 4.45 (dd,
J=9.2, 5.3 Hz, 1H), 3.87–3.79 (m, 1H), 3.63 (dd, J=10.0, 4.6 Hz, 1H),
3.39 (t, J=10.0 Hz, 1H), 2.28 (s, 3H), 2.20 (s, 3H) ppm; 13C NMR
(CDCl3, 101 MHz): d=156.4, 131.1, 129.7, 126.6, 122.2, 119.7, 75.6, 45.1,
35.1, 20.6, 15.0 ppm; LRMS (70 eV, EI): m/z (%): 242 (4) [M+2]+ , 240
(4) [M]+ , 147 (100); elemental analysis calcd (%) for C11H13BrO: C
54.79, H 5.43; found: C 54.84, H 5.40.


3-Deuteriomethyl-5-methyl-7-trimethylsilyl-2,3-dihydrobenzofuran (7 i):
Ether 6c (299 mg, 1 mmol) was treated with tBuLi (1.33 mL, 2 mmol)
and TMEDA (0.33 mL, 2.2 mmol). Addition of deuterium oxide (excess)


and workup as described above yielded 7 i (166 mg, 75%) as a colorless
oil. Rf=0.52 (hexane/ethyl acetate, 20:1); 1H NMR (CDCl3, 400 MHz):
d=7.12–7.07 (m, 2H), 4.73 (t, J=8.7 Hz, 1H), 4.10 (dd, J=8.7, 7.8 Hz,
1H), 3.61–3.51 (m, 1H), 2.41 (s, 3H), 1.42–1.38 (m, 2H), 0.40 (s,
9H) ppm; 13C NMR (CDCl3, 50 MHz): d=162.8, 133.2, 130.8, 128.9,
125.5, 119.2, 77.9, 36.0, 20.8, 18.7 (t, J=19.5 Hz), �1.2 ppm; LRMS
(70 eV, EI): m/z (%): 221 (97) [M]+ , 75 (100); HRMS calcd for
C13H19DOSi: 221.1346; found: 221.1342.


2-(5-Methyl-7-trimethylsilyl-2,3-dihydrobenzofuran-3-yl)-N-phenylacet-
amide (7 j): Ether 6 c (299 mg, 1 mmol) was treated with tBuLi (1.33 mL,
2 mmol) and TMEDA (0.33 mL, 2.2 mmol). Addition of phenyl isocya-
nate (131 mg, 1.1 mmol) and workup as described above yielded 7 j
(255 mg, 75%) as a white solid. M.p. 130–132 8C; 1H NMR (CDCl3,
400 MHz): d=7.74 (s, 1H), 7.54–7.45 (m, 2H), 7.35–7.26 (m, 2H), 7.16–
7.09 (m, 1H), 7.04 (s, 1H), 6.99 (s, 1H), 4.66 (t, J=9.2 Hz, 1H), 4.24 (dd,
J=9.2, 5.8, 1H), 3.96–3.85 (m, 1H), 2.73 (dd, J=15.2, 6.2, 1H), 2.60 (dd,
J=15.2, 8.5, 1H), 2.27 (s, 3H), 0.30 (s, 9H) ppm; 13C NMR (CDCl3,
50 MHz): d=169.5, 162.7, 137.4, 133.9, 129.1, 128.9, 127.9, 125.9, 124.4,
120.1, 119.7, 75.9, 42.5, 38.3, 20.7, �1.3 ppm; LRMS (70 eV, EI): m/z (%):
339 (28) [M]+ , 135 (100); elemental analysis calcd (%) for C20H25NO2Si:
C 70.75, H 7.42, N 4.13; found: C 70.67, H 7.38, N 4.09.


5-Methyl-3-tributylstannylmethyl-7-trimethylsilyl-2,3-dihydrobenzofuran
(7 k): Ether 6c (299 mg, 1 mmol) was treated with tBuLi (1.33 mL,
2 mmol) and TMEDA (0.33 mL, 2.2 mmol). Addition of tributyltin chlo-
ride (358 mg, 1.1 mmol) and workup as described above yielded 7k
(351 mg, 69%) as a colorless oil. Rf=0.43 (hexane); 1H NMR (CDCl3,
400 MHz): d=7.08–7.03 (m, 2H), 4.71 (t, J=8.3 Hz, 1H), 4.01 (t, J=
8.3 Hz, 1H), 3.85–3.70 (m, 1H), 2.39 (s, 3H), 1.64–1.34 (m, 13H), 1.20
(dd, J=13.2, 9.2 Hz, 1H), 1.03–0.81 (m, 15H), 0.38 (s, 9H) ppm; 13C
NMR (CDCl3, 101 MHz): d=162.6, 133.1, 132.4, 128.9, 125.5, 119.2, 78.9,
39.9, 29.2, 27.4, 20.8, 14.5, 13.7, 9.3, �1.2 ppm; LRMS (70 eV, EI): m/z
(%): 453 (53) [M�C4H9]


+ , 179 (100); elemental analysis calcd (%) for
C25H46OSiSn: C 58.94, H 9.10; found: C 58.85, H 9.04.


3-Bromomethyl-5-methyl-7-trimethylsilyl-2,3-dihydrobenzofuran (7 l):
Ether 6c (299 mg, 1 mmol) was treated with tBuLi (1.33 mL, 2 mmol)
and TMEDA (0.33 mL, 2.2 mmol). Addition of 1,2-dibromoethane
(207 mg, 1.1 mmol) and workup as described above yielded 7 l (224 mg,
75%) as a white solid. M.p. 26–28 8C; 1H NMR (CDCl3, 400 MHz): d=
7.11–7.06 (m, 2H), 4.64 (t, J=9.3 Hz, 1H), 4.44 (dd, J=9.3, 5.4 Hz, 1H),
3.87–3.78 (m, 1H), 3.66 (dd, J=10.0, 4.6 Hz, 1H), 3.42 (t, J=10.0 Hz,
1H), 2.33 (s, 3H), 0.32 (s, 9H) ppm; 13C NMR (CDCl3, 101 MHz): d=
163.1, 134.7, 129.2, 126.1, 126.0, 120.2, 75.4, 44.6, 35.1, 20.7, �1.3 ppm;
LRMS (70 eV, EI): m/z (%): 300 (100) [M+2]+ , 298 (92) [M]+ ; HRMS
(EI) calcd for C13H19BrOSi: 298.0389; found: 298.0390.


3-Methyl-7-trimethylsilyl-2,3-dihydrobenzofuran (7 m): Ether 6d (285 mg,
1 mmol) was treated with tBuLi (1.33 mL, 2 mmol) and TMEDA
(0.33 mL, 2.2 mmol). Addition of water (excess) and workup as described
above yielded 7 m (144 mg, 70%) as a colorless oil. Rf=0.56 (hexane/
ethyl acetate, 10:1); 1H NMR (CDCl3, 400 MHz): d=7.26–7.19 (m, 2H),
6.91 (t, J=7.3 Hz, 1H), 4.69 (t, J=8.5 Hz, 1H), 4.07 (t, J=8.5 Hz, 1H),
3.60–3.49 (m, 1H), 1.37 (d, J=6.9 Hz, 3H), 0.34 (s, 9H) ppm; 13C NMR
(CDCl3, 101 MHz): d=164.8, 132.9, 130.7, 124.8, 119.9, 119.7, 77.8, 36.1,
19.1, �1.2 ppm; LRMS (70 eV, EI): m/z (%): 206 (38) [M]+ , 75 (100);
HRMS calcd for C12H18OSi: 206.1127; found: 206.1129.


2-(7-Trimethylsilyl-2,3-dihydrobenzofuran-3-yl)-N-phenylacetamide (7 n):
Ether 6 d (285 mg, 1 mmol) was treated with tBuLi (1.33 mL, 2 mmol)
and TMEDA (0.33 mL, 2.2 mmol). Addition of phenyl isocyanate
(131 mg, 1.1 mmol) and workup as described above yielded 7n (228 mg,
70%) as a white solid. M.p. 129–131 8C; 1H NMR (CDCl3, 400 MHz): d=
7.81 (s, 1H), 7.51–7.43 (m, 2H), 7.33–7.23 (m, 3H), 7.19–7.08 (m, 2H),
6.86 (t, J=7.3 Hz, 1H), 4.68 (t, J=9.1 Hz, 1H), 4.24 (dd, J=9.1, 5.8 Hz,
1H), 3.98–3.88 (m, 1H), 2.72 (dd, J=15.1, 6.2 Hz, 1H), 2.59 (dd, J=15.1,
8.5 Hz, 1H), 0.32 (s, 9H) ppm; 13C NMR (CDCl3, 50 MHz): d=169.5,
164.7, 137.4, 133.7, 128.9, 127.7, 125.2, 124.5, 120.2, 120.1, 75.8, 42.5, 38.2,
�1.3 ppm; LRMS (70 eV, EI): m/z (%): 325 (13) [M]+ , 135 (100); ele-
mental analysis calcd (%) for C19H23NO2Si: C 70.11, H 7.12, N 4.30;
found: C 70.17, H 7.18, N 4.25.
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3-Tributylstannylmethyl-7-trimethylsilyl-2,3-dihydrobenzofuran (7 o):
Ether 6 d (285 mg, 1 mmol) was treated with tBuLi (1.33 mL, 2 mmol)
and TMEDA (0.33 mL, 2.2 mmol). Addition of tributyltin chloride
(358 mg, 1.1 mmol) and workup as described above yielded 7o (361 mg,
73%) as a colorless oil. Rf=0.69 (hexane/ethyl acetate, 10:1); 1H NMR
(CDCl3, 400 MHz): d=7.21–7.14 (m, 2H), 6.87 (t, J=7.3 Hz, 1H), 4.65
(t, J=8.5 Hz, 1H), 3.94 (t, J=8.5 Hz, 1H), 3.79–3.68 (m, 1H), 1.56–1.25
(m, 13H), 1.12 (dd, J=13.2, 9.3 Hz, 1H), 0.95–0.72 (m, 15H), 0.30 (s,
9H) ppm; 13C NMR (CDCl3, 101 MHz): d=164.5, 132.8, 132.3, 124.8,
120.0, 119.7, 78.7, 39.9, 29.1, 27.4, 14.5, 13.7, 9.3, �1.2 ppm; LRMS
(70 eV, EI): m/z (%): 439 (59) [M�C4H9]


+ , 179 (100).


3-Phenylthiomethyl-7-trimethylsilyl-2,3-dihydrobenzofuran (7 p): Ether
6d (285 mg, 1 mmol) was treated with tBuLi (1.33 mL, 2 mmol) and
TMEDA (0.33 mL, 2.2 mmol). Addition of diphenyl disulfide (237 mg,
1.1 mmol) and workup as described above yielded 7 p (248 mg, 79%) as a
colorless oil. Rf=0.39 (hexane/ethyl acetate, 10:1); 1H NMR (CDCl3,
400 MHz): d=7.51–7.46 (m, 2H), 7.42–7.26 (m, 5H), 6.96 (t, J=7.3 Hz,
1H), 4.67 (t, J=9.2 Hz, 1H), 4.49 (dd, J=9.2, 5.9 Hz, 1H), 3.73–3.64 (m,
1H), 3.41 (dd, J=12.9, 5.1 Hz, 1H), 3.08 (dd, J=12.9, 9.7 Hz, 1H), 0.40
(s, 9H) ppm; 13C NMR (CDCl3, 101 MHz): d=164.9, 135.5, 133.8, 129.6,
128.9, 127.5, 126.3, 125.4, 120.1, 120.0, 75.3, 41.1, 38.6, �1.3 ppm; LRMS
(70 eV, EI): m/z (%): 314 (46) [M]+ , 191 (100); HRMS (EI) calcd for
C18H22OSSi: 314.1161; found: 314.1157.


3-Ethyl-7-trimethylsilyl-2,3-dihydrobenzofuran (7 q): Ether 6 d (285 mg,
1 mmol) was treated with tBuLi (1.33 mL, 2 mmol) and TMEDA
(0.33 mL, 2.2 mmol). Addition of dimethyl sulfate (139 mg, 1.1 mmol)
and workup as described above yielded 7 q (148 mg, 67%) as a colorless
oil. Rf=0.43 (hexane/ethyl acetate, 20:1); 1H NMR (CDCl3, 300 MHz):
d=7.26–7.20 (m, 2H), 6.90 (t, J=7.3 Hz, 1H), 4.64 (t, J=8.9 Hz, 1H),
4.22 (dd, J=8.9, 6.5 Hz, 1H), 3.43–3.31 (m, 1H), 1.93–1.78 (m, 1H) 1.71–
1.55 (m, 1H), 1.03 (t, J=7.5 Hz, 3H), 0.33 (s, 9H) ppm; 13C NMR
(CDCl3, 75 MHz): d=165.0, 133.0, 129.4, 125.3, 119.7, 119.6, 75.9, 43.0,
27.6, 11.5, �1.3 ppm; LRMS (70 eV, EI): m/z (%): 220 (86) [M]+ , 163
(100); HRMS (EI) calcd for C13H20OSi: 220.1283; found: 220.1285.


2-(7-Isopropyl-2,3-dihydrobenzofuran-3-yl)-1,1-diphenylethanol (7 r):
Ether 6e (255 mg, 1 mmol) was treated with tBuLi (1.33 mL, 2 mmol)
and TMEDA (0.33 mL, 2.2 mmol). Addition of benzophenone (200 mg,
1.1 mmol) and workup as described above yielded 7 r (279 mg, 78%) as a
colorless oil. Rf=0.42 (hexane/ethyl acetate, 3:1); 1H NMR (CDCl3,
400 MHz): d=7.51–7.26 (m, 10H), 7.03 (d, J=7.5 Hz, 1H), 6.97 (d, J=
7.5 Hz, 1H), 6.85 (t, J=7.5 Hz, 1H), 4.41 (t, J=9.0 Hz, 1H), 4.00 (t, J=
9.0 Hz, 1H), 3.57–3.47 (m, 1H), 3.08 (sept., J=7.0 Hz, 1H), 2.95 (dd, J=
14.0, 2.0 Hz, 1H), 2.62 (dd, J=14.0, 10.3 Hz, 1H), 2.22 (s, 1H), 1.27–1.21
(m, 6H) ppm; 13C NMR (CDCl3, 101 MHz): d=157.0, 147.0, 146.2, 130.6,
130.4, 128.3, 128.2, 127.2, 127.0, 126.0, 125.9, 124.8, 121.0, 120.2, 78.0,
77.9, 47.3, 38.2, 28.0, 22.3, 22.2 ppm; LRMS (70 eV, EI): m/z (%): 358
(30) [M]+ , 327 (100); HRMS (EI) calcd for C25H26O2: 358.1933; found:
358.1930.


5-Chloro-7-methyl-3-(phenylthiomethyl)-2,3-dihydrobenzofuran (7 s):
Ether 6 f (262 mg, 1 mmol) was treated with tBuLi (1.33 mL, 2 mmol)
and TMEDA (0.33 mL, 2.2 mmol). Addition of diphenyl disulfide
(237 mg, 1.1 mmol) and workup as described above yielded 7 s (172 mg,
59%) as a pale yellow solid. M.p. 39–41 8C; 1H NMR (CDCl3, 400 MHz):
d=7.42–7.37 (m, 2H), 7.35–7.29 (m, 2H), 7.27–7.21 (m, 1H), 7.04 (s,
1H), 6.95 (s, 1H), 4.62 (t, J=9.2 Hz, 1H), 4.46 (dd, J=9.2, 5.7 Hz, 1H),
3.64–3.55 (m, 1H), 3.28 (dd, J=13.1, 5.1 Hz, 1H), 2.98 (dd, J=13.1,
9.5 Hz, 1H), 2.17 (s, 3H) ppm; 13C NMR (CDCl3, 101 MHz): d=156.9,
135.0, 129.9, 129.8, 129.6, 129.0, 126.6, 124.6, 121.8, 121.2, 76.1, 41.7, 38.5,
15.0 ppm; LRMS (70 eV, EI): m/z (%): 292 (14) [M+2]+ , 290 (35) [M]+ ,
167 (100); elemental analysis calcd (%) for C16H15ClOS: C 66.08, H 5.20;
found: C 65.99, H 5.13.


2-Chloro-6-cyclopropyl-4-methylphenol (9): Ether 6g (262 mg, 1 mmol)
was treated with tBuLi (1.33 mL, 2 mmol) and TMEDA (0.33 mL,
2.2 mmol). Workup as described above yielded 9 (124 mg, 68%) as a col-
orless oil. Rf=0.38 (hexane/ethyl acetate, 5:1); 1H NMR (CDCl3,
400 MHz): d=6.95 (s, 1H), 6.60 (s, 1H), 5.58 (s, 1H), 2.21 (s, 3H), 2.10–
2.03 (m, 1H), 0.98–0.93 (m, 2H), 0.69–0.64 (m, 2H) ppm; 13C NMR
(CDCl3, 101 MHz): d=147.9, 130.3, 130.0, 126.4, 125.4, 119.1, 20.4, 9.8,


7.1 ppm; LRMS (70 eV, EI): m/z (%): 184 (34) [M+2]+ , 182 (100) [M]+ ;
HRMS (EI) calcd for C10H11ClO: 182.0498; found: 182.0496.


General procedure for the protodesilylation of 2,3-dihydrobenzofuran de-
rivatives 7 i,k,m,o: Preparation of 2,3-dihydrobenzofuran derivatives 5 i, j
and 7t, u : A solution of the 7-trimethylsilyl-2,3-dihydrobenzofuran
7 i,k,m,o (0.5 mmol) in CH2Cl2 (5 mL) at 0 8C was treated with HBF4


(0.083 mL of a 54 wt.% solution in diethyl ether, 0.6 mmol) and the reac-
tion mixture was stirred for 2 h at this temperature prior to the addition
of water. The organic layer was washed with a saturated aqueous
NaHCO3 solution and the mixture was extracted with ethyl acetate (3V
10 mL). The combined organic layers were dried with anhydrous Na2SO4,
filtered, and concentrated under reduced pressure. The residue was puri-
fied by silica gel column chromatography.


3-Deuteriomethyl-5-methyl-2,3-dihydrobenzofuran (7 t): Reaction of 2,3-
dihydrobenzofuran 7 i (111 mg, 0.5 mmol) and HBF4 (0.083 mL,
0.6 mmol) in CH2Cl2 (5 mL) followed by workup as described above
yielded 7 t (56 mg, 75%) as a colorless oil. Rf=0.20 (hexane/ethyl ace-
tate, 20:1); 1H NMR (CDCl3, 400 MHz): d=6.99 (s, 1H), 6.94 (d, J=
8.1 Hz, 1H), 6.71 (d, J=8.1 Hz, 1H), 4.68 (t, J=8.6 Hz, 1H), 4.07 (dd,
J=8.6, 7.6 Hz, 1H), 3.57–3.47 (m, 1H), 2.33 (s, 3H), 1.34–1.30 (m,
2H) ppm; 13C NMR (CDCl3, 101 MHz): d=157.5, 132.1, 129.6, 128.2,
124.3, 108.8, 78.4, 36.4, 20.7, 18.8 (t, J=19.6 Hz) ppm; LRMS (70 eV, EI):
m/z (%): 149 (72) [M]+ , 133 (100); HRMS (EI) calcd for C10H11DO:
149.0950; found: 149.0955.


5-Methyl-3-tributylstannylmethyl-2,3-dihydrobenzofuran (7 u): Reaction
of 2,3-dihydrobenzofuran 7 k (255 mg, 0.5 mmol) and HBF4 (0.083 mL,
0.6 mmol) in CH2Cl2 (5 mL) followed by workup as described above
yielded 7u (181 mg, 83%) as a colorless oil. Rf=0.47 (hexane/ethyl ace-
tate, 10:1); 1H NMR (CDCl3, 400 MHz): d=6.95 (s, 1H), 6.89 (d, J=
8.2 Hz, 1H), 6.66 (d, J=8.2 Hz, 1H), 4.63 (t, J=8.5 Hz, 1H), 3.94 (dd,
J=8.5, 7.4 Hz, 1H), 3.73–3.62 (m, 1H), 2.29 (s, 3H), 1.50–1.23 (m, 13H),
1.08 (dd, J=13.2, 9.5 Hz, 1H), 0.92–0.73 (m, 15H) ppm; 13C NMR
(CDCl3, 101 MHz): d=157.3, 133.8, 129.6, 128.1, 124.3, 108.9, 79.5, 40.3,
29.1, 27.4, 20.8, 14.6, 13.6, 9.3 ppm; LRMS (70 eV, EI): m/z (%): 381
(100) [M�C4H9]


+ ; elemental analysis calcd (%) for C22H38OSn: C 60.43,
H 8.76; found: C 60.35, H 8.71.


3-Methyl-2,3-dihydrobenzofuran (5 i):[12f] Reaction of 2,3-dihydrobenzo-
furan 7m (103 mg, 0.5 mmol) and HBF4 (0.083 mL, 0.6 mmol) in CH2Cl2
(5 mL) followed by workup as described above yielded 5 i (57 mg, 84%)
as a colorless oil. Rf=0.29 (hexane/ethyl acetate, 15:1); 1H NMR (CDCl3,
400 MHz): d=7.21–7.17 (m, 1H), 7.16–7.13 (m, 1H), 6.94–6.88 (m, 1H),
6.85–6.82 (m, 1H), 4.71 (t, J=8.6 Hz, 1H), 4.10 (dd, J=8.6, 7.5 Hz, 1H),
3.62–3.51 (m, 1H), 1.36 (d, J=6.9 Hz, 3H) ppm; 13C NMR (CDCl3,
101 MHz): d=159.5, 132.1, 127.8, 123.7, 120.3, 109.3, 78.3, 36.3, 19.2 ppm;
LRMS (70 eV, EI): m/z (%): 134 (66) [M]+ , 119 (100); HRMS (EI)
calcd. for C9H10O: 134.0732; found: 134.0730.


3-Tributylstannylmethyl-2,3-dihydrobenzofuran (5 j): Reaction of 2,3-di-
hydrobenzofuran 7 o (248 mg, 0.5 mmol) and HBF4 (0.083 mL, 0.6 mmol)
in CH2Cl2 (5 mL)followed by workup as described above yielded 5 j
(190 mg, 90%) as a colorless oil. Rf=0.45 (hexane/ethyl acetate, 10:1);
1H NMR (CDCl3, 400 MHz): d=7.18–7.14 (m, 1H), 7.13–7.08 (m, 1H),
6.90–6.84 (m, 1H), 6.80–6.76 (m, 1H), 4.66 (t, J=8.5 Hz, 1H), 3.99 (t, J=
8.5 Hz, 1H), 3.82–3.66 (m, 1H), 1.57–1.25 (m, 13H), 1.13 (dd, J=13.2,
9.5 Hz, 1H), 0.97–0.77 (m, 15H) ppm; 13C NMR (CDCl3, 101 MHz): d=
159.4, 133.8, 127.7, 123.6, 120.4, 109.4, 79.3, 40.2, 29.1, 27.3, 14.6, 13.6, 9.2;
elemental analysis calcd (%) for C21H36OSn: C 59.60, H 8.57; found: C
59.66, H 8.51.


General procedure for the enantioselective carbolithiation of ethers 6:
Preparation of enantioenriched 2,3-dihydrobenzofuran derivatives 7b,d–
g,j,n,q,r : A solution of the corresponding starting ether 6 (1 mmol) in dii-
sopropyl ether (10 mL) cooled in a dry ice/acetone bath at �78 8C was
treated with tBuLi (1.33 mL, 2 mmol) and the reaction mixture was stir-
red for 15 min at this temperature. (�)-Sparteine (0.50 mL, 2.2 mmol)
was added to the resulting solution at �78 8C and the reaction mixture
was stirred for an additional 30 min at this temperature. The mixture was
allowed to warm to �65 8C for ether 6 a, �40 8C for ether 6 b, �50 8C for
ethers 6c,d, and �60 8C for ether 6e and then stirred at this temperature
overnight. The corresponding electrophile (1.1 mmol) at �78 8C was
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added to the solution and stirring was continued for 30 min at this tem-
perature and for 5 h at room temperature prior to the addition of water.
The mixture was extracted with ethyl acetate (3V10 mL) and the com-
bined organic layers were washed with 1m HCl (2V10 mL), dried with
anhydrous Na2SO4, filtered, and concentrated under reduced pressure.
The residue was purified by silica gel column chromatography. The physi-
cal and spectroscopic data of the resulting dihydrobenzofuran derivatives
have been reported above and the ee values were determined by HPLC
(except for 7 q).


7b : HPLC (Daicel Chiralcel OD-H, hexane/2-PrOH=96:4, flow rate=
0.8 mLmin�1, l=210 nm): tR=9.59 (minor), 20.64 (major) min.


7d : HPLC (Daicel Chiralcel OD-H, hexane/2-PrOH=90:10, flow rate=
0.8 mLmin�1, l=210 nm): tR=15.19 (major), 25.47 (minor) min.


7e : HPLC (Daicel Chiralcel OD-H, hexane, flow rate=0.8 mLmin�1, l=
290 nm): tR=12.33 (major), 14.02 (minor) min.


7 f : HPLC (Daicel Chiralcel OD-H, hexane/2-PrOH=96:4, flow rate=
0.8 mLmin�1, l=210 nm): tR=15.54 (minor), 24.21 (major) min.


7g : HPLC (Daicel Chiralcel OD-H, hexane/2-PrOH=99.5:0.5, flow
rate=0.8 mLmin�1, l=210 nm): tR=40.62 (minor), 52.48 (major) min.


7j : HPLC (Daicel Chiralcel OD-H, hexane/2-PrOH=90:10, flow rate=
0.8 mLmin�1, l=210 nm): tR=14.06 (major), 21.98 (minor) min.


7n : HPLC (Daicel Chiralcel OD-H, hexane/2-PrOH=90:10, flow rate=
0.8 mLmin�1, l=254 nm): tR=14.89 (major), 21.61 (minor) min.


7q : Ether 6d (4.28 g, 15 mmol) in diisopropyl ether (40 mL) was treated
with tBuLi (20 mL, 30 mmol) and (�)-sparteine (7.6 mL, 33 mmol). Ad-
dition of dimethyl sulfate (2.14 g, 17 mmol) and workup as described
above yielded 7q (2.51 g, 76%) as a colorless oil. The ee (81%) was de-
termined by comparing the specific rotation of the transformed (�)-2-
sec-butylphenol ([a]23D =�15.1) with the literature value ([a]23D =�18.6).[19]


7r : HPLC (Daicel Chiralcel OD-H, hexane/2-PrOH=90:10, flow rate=
0.8 mLmin�1, l=290 nm): tR=13.61 (minor), 14.87 (major) min.


Procedure for the transformation of 7 q into (�)-2-sec-butylphenol (10):
Preparation of 3-ethyl-2,3-dihydrobenzofuran : 3-Ethyl-2,3-dihydrobenzo-
furan was prepared from 7-trimethylsilyl-2,3-dihydrobenzofuran 7 q fol-
lowing the general procedure for protodesilylation as described above for
2,3-dihydrobenzofuran derivatives 7 i,k,m,o. Reaction of 7q (2.20 g,
10 mmol) and HBF4 (1.65 mL, 12 mmol) in CH2Cl2 (20 mL) and workup
as described above yielded 3-ethyl-2,3-dihydrobenzofuran[12f] (1.32 g,
89%) as a colorless oil. Rf=0.43 (hexane/ethyl acetate, 10:1); 1H NMR
(CDCl3, 300 MHz): d=7.23–7.11 (m, 2H), 6.92–6.88 (m, 2H), 4.66 (t, J=
8.9 Hz, 1H), 4.25 (dd, J=8.9, 6.3 Hz, 1H), 3.46–3.39 (m, 1H), 1.91–1.75
(m, 1H), 1.70–1.55 (m, 1H), 1.00 (t, J=7.5 Hz, 3H) ppm; 13C NMR
(CDCl3, 75 MHz): d=159.9, 130.8, 128.0, 124.3, 120.2, 109.3, 76.5, 43.2,
27.6, 11.3 ppm; LRMS (70 eV, EI): m/z (%): 148 (48) [M]+ , 119 (100).


Preparation of 2-sec-butylphenol (10): A mixture of lithium (29 mg,
4.2 mmol) and 4,4’-di-tert-butylbiphenyl (DTBB) (1.12 g, 4.2 mmol) in
THF (5 mL) was stirred for 4 h at 0 8C. 3-Ethyl-2,3-dihydrobenzofuran
(296 mg, 2 mmol) was added and the resulting mixture was stirred for an
additional 6 h at 0 8C. The reaction was carefully quenched with 1m HCl
at the same temperature and the mixture was extracted with ethyl acetate
(3V10 mL). The combined organic layers were dried with anhydrous
Na2SO4, filtered, and concentrated under reduced pressure. The residue
was purified by silica gel column chromatography (hexane/ethyl acetate,
10:1) to afford the title compound (216 mg, 72%) as a colorless oil. Spec-
tral data of the obtained product were in total agreement with those cor-
responding to a commercial sample. The ee (81%) was determined by
comparing its specific rotation ([a]23D =�15.1) with the literature value
([a]23D =�18.6).[19]
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Seven-Minute Synthesis of Pure Cs-C60Cl6 from [60]Fullerene and Iodine
Monochloride: First IR, Raman, and Mass Spectra of 99 mol% C60Cl6


Igor V. Kuvychko,[a] Alexey V. Streletskii,[b, c] Alexey A. Popov,[b] Sotirios G. Kotsiris,[c]


Thomas Drewello,*[c] Steven H. Strauss,*[a] and Olga V. Boltalina*[a, b]


Introduction


Among the simple, s-bonded derivatives of fullerenes, halo-
genated compounds have attracted a great deal of attention
over the years. Dozens of C60 derivatives containing from 2
to 48 fluorine atoms and, in many cases, other substituents
as well have been extensively studied.[1,2] In addition, bromi-
nation of C60 yielded the three single-composition/single-
isomer products Cs-C60Br6, C2v-C60Br8, and Th-C60Br24, all of


which have been structurally characterized.[3,4] As far as
chloro[60]fullerenes are concerned, the situation is paradoxi-
cal. Although chlorination was one of the first C60 derivati-
zations reported in the literature, revealing the formation of
C60Cl6


[5] and putative C60Cln compounds with up to 24 chlor-
ine atoms s-bonded to the C60 cage,[6,7] structurally-charac-
terized compounds such as Th-C60Cl24,


[8] C1-C60Cl28,
[9] C2-


C60Cl30,
[9] and D3d-C60Cl30


[10] have only been reported in the
past few months (the compound C60Cl6 is believed to have
the same structure as Cs-C60Br6 based on its 13C NMR spec-
trum[5]). Nevertheless, after nearly 15 years the composition-
al purity of C60Cl6, which has always been assumed to be
high,[5,11,12] has never been satisfactorily demonstrated (i.e.,
none of the three previous reports of its synthesis properly
established its purity[5,11,12]). In fact, recent work by us[13] and
others[14] suggests that it may be only about 75% pure.


The facile transformation of fullerene C�Cl bonds into
C�R or C�Ar bonds by Olah and co-workers in 1991 sug-
gested that chlorofullerenes could be useful synthons.[7] Sub-
sequent papers by others reported the use of C60Cl6 to pre-
pare organic derivatives of C60.


[14–16] It is possible that chlor-
ofullerenes could also be used to prepare new inorganic full-
erene derivatives under mild conditions (a recent, related
example involving a bromofullerene is the transformation of
Th-C60Br24 to kinetically-stable Th-C60F24 at 25 8C


[17]). Howev-
er, significant progress in the use of chlorofullerene synthons


Abstract: Three previously reported
procedures for the synthesis of pure Cs-
C60Cl6 from C60 and ICl dissolved in
benzene or 1,2-dichlorobenzene were
shown to actually yield complex mix-
tures of products that contain, at best,
54–80% Cs-C60Cl6 based on HPLC in-
tegrated intensities. MALDI mass spec-
trometry was used for the first time to
identify other components of the reac-
tion mixtures. An improved synthetic
procedure was developed for the syn-


thesis of about 150 mg batches of chlor-
ofullerenes containing 90% Cs-C60Cl6
based on HPLC intensities. The opti-
mum reaction time was decreased from
several days to seven minutes. Small
amounts of the product were purified
by HPLC (toluene eluent) to 99%


purity. The pure compound Cs-C60Cl6 is
stable for at least three months as a
solvent-free powder at 25 8C. The
Raman, far-IR, and MALDI mass
spectra of pure Cs-C60Cl6 are reported
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will depend on the availability of 10+ milligram batches of
a variety of pure chlorofullerenes with specific compositions
and structures. For this reason, we have started a systematic
study of fullerene chlorination reactions and have continued
to develop Raman and mass spectrometry[18] procedures for
the analysis of chlorofullerenes. This paper, the first in a
series, describes an improved, rapid method for the prepara-
tion of 150+ mg batches of C60Cl6 with 90% yield/purity
(HPLC integrated intensity). We also report for the first
time the Raman, far-IR, and mass spectra of a sample of
C60Cl6 purified by HPLC to 99% and a DFT analysis of its
vibrational spectra.


Experimental Section


Reagents and solvents : Benzene (Na), chlorobenzene (CaH2), and 1,2-di-
chlorobenzene (CaH2) were ACS Reagent Grade (Sigma-Aldrich) and
were distilled from the indicated drying agent under a purified N2 atmos-
phere prior to use. HPLC Grade toluene (Fisher) was used as received.
Iodine monochloride (Sigma Aldrich, ACS Reagent Grade), trans-2-[3-
{4-tert-butylphenyl}-2-methyl-2-propenylidene]malononitrile (Fluka),
chromium(iii) acetyl acetonate (Sigma Aldrich), and KBr (Sigma Aldrich,
99+ % FTIR grade) were used as received. Since ICl is moisture sensi-
tive, all syntheses were carried out under a purified N2 atmosphere by
using standard Schlenk and glovebox techniques unless otherwise
noted.[19] The compound C60, with a specified purity of 99.9%, was a gift
from Term-USA.


Preparation of C60Cl6 by previously published procedures : The three lit-
erature methods for the preparation of Cs-C60Cl6 were repeated in this
work, resulting in reaction products hereinafter referred to as samples 1–
3. The reaction conditions and analytical techniques used to characterize
the samples are listed in Table 1. Sample 1 was obtained by mixing a so-
lution of C60 (23 mg, 0.032 mmol) in benzene (30 mL) with a solution of
ICl (75 mg, 23 mL, 0.46 mmol) in benzene (5 mL).[5] After 3 d, all volatiles
(benzene, excess ICl, I2) were removed under vacuum at 25 8C and the
orange solid product mixture, sample 1, was collected. Identical condi-
tions but a longer reaction time, 5 d, led to the isolation of sample 2.[20]


Sample 3 was obtained by mixing a filtered saturated solution of C60


(13.5 mg, 0.0188 mmol) in 1,2-dichlorobenzene (0.5 mL) with ICl (20 mg,
6 mL, 0.12 mmol).[12] After 7 d, the red precipitate that had formed was
separated from the supernatant by decantation, washed with benzene,
and dried under vacuum. All volatiles were removed from the decanted


1,2-dichlorobenzene supernatant under vacuum at 25 8C and the orange
solid product, sample 3, was collected. Since the red precipitate was not
mentioned in the published procedure,[12] we also performed this reaction
without excluding air. The same red precipitate and the same orange
product mixture were obtained.


New seven-minute synthesis of Cs-C60Cl6 : Sample 4 was obtained by
mixing a filtered solution of C60 (0.12 g, 0.17 mmol) in chlorobenzene
(20 mL) with ICl (0.81 g, 0.25 mL, 5.0 mmol) at 15 8C in the glass reactor
of local design shown in Figure 1. Within seconds of adding ICl, the reac-


tion mixture was placed under vacuum to evaporate all volatiles (chloro-
benzene, excess ICl, I2) as rapidly as possible but without warming the re-
action mixture. The time for complete evaporation to dryness under
these conditions was seven minutes. (When a standard 50 mL Schlenk
flask was used instead of the reactor in Figure 1, the time required to
evaporate the chlorobenzene reaction mixture to dryness at 15 8C was
two hours.) Approximately 160 mg of solid orange product, sample 4,
was collected from the walls of the evaporation chamber by washing
with, and then evaporating, a minimum amount of dichloromethane. In-
tegration of the HPLC peaks (see below) showed that 91% of the inte-
grated intensity was due to Cs-C60Cl6. An HPLC purification of small por-
tions of sample 4 resulted in 99% pure Cs-C60Cl6.


Reaction of C60 and ICl in dichloromethane : Sample 5 was obtained by
stirring solid C60 (10 mg, 0.014 mmol), which is only sparingly soluble in
dichloromethane, with a solution of ICl (68 mg, 21 mL, 0.42 mmol) in di-


chloromethane (5 mL). Small aliquots
of the supernatant were removed pe-
riodically and analyzed by HPLC
until two successive aliquots gave
identical HPLC traces. The total reac-
tion time was seven days. All volatiles
were removed from the now-homoge-
neous reaction mixture under vacuum
and the solid orange reaction product,
sample 5, was collected.


Methods of analysis : Portions of sam-
ples 1–4 were dissolved in toluene
and analyzed by HPLC by using an
HP Series 1050 chromatograph (250J
10 mm Cosmosil Buckyprep column;
eluent=5 mL toluene per min;
300 nm UV detection). The dominant
C60Cl6 peak eluted at 9.8 min. The
minor components that eluted at 7.8,
9.3 and 12 min were subsequently
shown by MALDI mass spectrometry
to be C60Cl14, C60Cl12, and a mixture


Table 1. Conditions used for the synthesis of Cs-C60Cl6.
[a]


Sample C60 conc. ICl/C60 Solvent, Reaction Methods of Ref.
no. mm mol ratio mL[b] time analysis[c]


1 0.91 14 BN, 35 3 d HPLC, MS this work
0.98 14 BN, 65 3 d EA, NMR, IR [5]


2 0.97 14 BN, 35 5 d HPLC, MS, IR this work
0.97 14 BN, 35 5 d EA [20]


3 38 6 o-DCB, 0.5 7 d HPLC, MS, IR this work
38 6 o-DCB, –[d] 7 d EA, IR [12],[d]


4 8.3 30 CB, 20 7 min HPLC, MS, NMR, this work
IR, Raman, TGA


5 10 mg[e] 30 CH2Cl2, 5 7 d HPLC, MS, IR this work


[a] All reactions were performed at room temperature (23 � 1 8C) under a purified N2 atmosphere unless oth-
erwise noted; data for samples 1–5 are from this work; literature data that match the conditions for samples
1–3 are also shown. [b] The volume in mL of the indicated solvent is listed after the solvent abbreviation;
BN=benzene; o-DCB=1,2-dichlorobenzene; CB=chlorobenzene. [c] HPLC=high-performance liquid chro-
matography; MS=MALDI mass spectrometry; EA=elemental analysis; NMR= 13C NMR; TGA= thermog-
ravimetric analysis. [d] The volume and temperature used and the presence or absence of air were not speci-
fied. [e] The reaction mixture was heterogeneous.


Figure 1. Glass reactor fabricated for the seven-minute synthesis of C60Cl6
(dimensions shown are in mm). The large diameter of the tubing con-
necting the evaporation chamber and the cold trap and the large surface
area of the cold trap result in rapid evaporation of the volatiles from the
reaction mixture.


Chem. Eur. J. 2005, 11, 5426 – 5436 www.chemeurj.org F 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5427


FULL PAPER



www.chemeurj.org





of C60Cl8 and C60Cl10, respectively. HPLC peaks due to C60ClnPhm were
also observed in samples 1 and 2. HPLC purification of C60Cl6 from
sample 4 was accomplished by collecting a fraction of the 9.8 min tolu-
ene-eluent peak. Subsequent HPLC analyses of the purified product by
using 60:40 toluene/hexane and 20:80 toluene/hexane revealed virtually
no components other than C60Cl6 (see below). On this basis, the purity of
sample-4 derived C60Cl6 was 99%.


Positive- and negative-ion MALDI mass spectra were recorded by using
a Kompact MALDI IV (Kratos Analytical, Manchester, UK) time-of-
flight mass spectrometer in the linear mode. A 337 nm N2 laser was used
for target activation. Each mass spectrum was the average of 50–100
laser shots. Chlorofullerene samples and the trans-2-[3-{4-tert-butylphen-
yl}-2-methyl-2-propenyl-idene]malononitrile matrix material (DCTB)
were dissolved separately in toluene and were mixed in a 1:10 mol/mol
sample/DCTB ratio assuming the sample contained only C60Cl6. A drop
of each sample/DCTB solution was deposited on a stainless steel slide by
using a capillary and dried under a strong stream of cool air from an air-
sprayer/brush in order to achieve a uniform sample surface.


The 13C NMR spectrum of 99% pure C60Cl6 from sample 4 was recorded
with a Varian INOVA-unity 400 spectrometer operating at 100 MHz
(0.7 mL CDCl3 solution with added Cr(acac)3 (7 mg) as a relaxation
agent). The spectrum matched the literature spectrum.[8]


Infrared spectra of 99% pure C60Cl6 were recorded by using a Bruker
Equinox 55 FTIR spectrometer operating at 1 cm�1 resolution. Samples
were either pressed pellets of pure C60Cl6 or pressed pellets of C60Cl6 di-
luted with KBr. Raman spectra of C60Cl6 were recorded with a Bruker
RFS-100 spectrometer operating at 3 cm�1 resolution.


Weighed portions of unpurified sample 4 and the red precipitate from
the sample-3 reaction were analyzed by thermogravimetry with a TA In-
struments TGA-2950 apparatus (platinum sample pans, 3–10 mg sample
size, 25–500 8C temperature range).


Theoretical calculations : Harmonic vibrational frequencies and IR transi-
tion probabilities were calculated at the DFT level of theory with the
PRIRODA package[21] by using the GGA functional of Perdew, Burke,
and Ernzerhof (PBE).[22] The TZ2P-quality Gaussian basis sets
{6,1,1,1,1,1/4,1,1/1,1} and {6,1,1,1,1,1,1,1,1,1/6,1,1,1,1,1/1,1} were used for
all carbon and chlorine atoms. The quantum-chemical code employed ex-
pansion of the electron density in an auxiliary basis set to accelerate the
evaluation of the Coulomb and exchange-correlation terms. Raman in-
tensities were computed numerically at the PBE/6-31G* level of theory
by using the PC version[23] of the GAMESS quantum chemical pack-
age.[24] Potential energy distribution analysis of the vibrational modes
were performed with the DISP suite of programs.[25] The Cartesian DFT
force field of C60Cl6 was transferred into a redundant internal coordinate
system, which included all chemical bonds and bond angles, with a total
of 294 coordinates.


Results and Discussion


The need for a new synthesis : Since 1994, synthetic chemists
who have used C60Cl6 as a synthon[11,15,20,26] have assumed
that the original procedure for its synthesis[5] provided a
quantitative yield of pure material. The fact that this as-
sumption went unchallenged for so long is probably due to
the fact that chlorofullerene samples are particularly diffi-
cult to analyze. The reported purity and yield of C60Cl6 pre-
pared by using the three reported syntheses that we have re-
peated were based on elemental analysis and IR and/or
13C NMR spectroscopy.[5,12,20] However, elemental analysis
only gives the average composition of a sample, IR spectros-
copy is probably not sensitive enough to detect, for example,
10% C60Cl12 in a sample of C60Cl6, and


13C NMR spectra of
natural abundance, low-symmetry fullerene derivatives gen-


erally have such low signal-to-noise ratios that their value as
an analytical tool is severely limited.


In 2002 Al-Matar et al. reported[14] the methylation of
C60Cl6 that had been prepared by using the same literature
procedure[5] we used to prepare sample 1. They stated that
the sample of C60Cl6 they prepared “was used without fur-
ther purification in order to avoid degradation” but did not
cite any specific evidence for the degradation of C60Cl6
under HPLC conditions. Among the methylation products
they isolated and identified were C60Me6, C60Me5Cl,
C60Me5O2OH, C60Me5O3H, C60Me5OOH, and
C60Me4PhO2OH.[14] The presence of the phenyl group in the
last compound was assumed to be due to the presence of
C60Cl5Ph in the C60Cl6 starting material, and they cited un-
published work that “shows that by-products comprise as
much as 25% of the total yield” of C60Cl6.


[14]


In 2003 we attempted to use S8-MALDI mass spectrome-
try to analyze chloro[60]fullerenes prepared by using entire-
ly different procedures.[13] Although no positive ions con-
taining chlorine atoms were observed by using sulfur as the
MALDI matrix, samples of C60Cl6 that had been prepared
by using benzene as the solvent gave S8-MALDI mass spec-
tra with C60


+ , C60Ph
+ , and C60Ph2


+ fragments while samples
of C60Cl6 prepared without the use of aromatic hydrocarbon
solvents gave spectra with only the C60


+ fragment ion ob-
served. There was no longer any doubt that C60Cl6 was not
as pure as had been assumed and that benzene was not a
suitable solvent for its preparation. A new synthesis/purifi-
cation procedure was clearly needed. However, a new syn-
thesis/purification procedure could not be properly evaluat-
ed unless sensitive analytical methods for the detection of
by-products were available. We chose analytical HPLC and
MALDI mass spectrometry by using trans-2-[3-{4-tert-butyl-
phenyl}-2-methyl-2-propenylidene]malononitrile (DCTB) as
the matrix as the most promising methods.


HPLC as a method of analysis : Figure 2 shows a greatly ex-
panded HPLC trace of 99% C60Cl6 that was purified from
the crude seven-minute reaction product (i.e., sample 4) by
HPLC in toluene (see below).[27] The integrated intensities
of the very small features between 5 and 8 min and the
shoulder just before the 9.8-minute C60Cl6 peak are less than
1% of the total intensity. This chromatogram was recorded
after the sample had been dissolved in toluene, in the pres-
ence of air, for several hours. After nine days under the
same conditions, the HPLC trace exhibited a greater
number of higher-intensity minor HPLC peaks, as also
shown in Figure 2. The integrated intensities of the minor
peaks are about 5% of the total intensity. These data, along
with the additional HPLC data discussed below, show con-
clusively that crude samples of C60Cl6 dissolved in toluene
can be rapidly purified by HPLC with negligible degrada-
tion. The data also show that C60Cl6 does react, albeit
slowly, with toluene and/or oxygen and/or traces of water in
air. We have not yet identified the compounds that give rise
to the minor peaks in the lower trace in Figure 2.
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Having established that HPLC conditions do not result in
the rapid degradation of C60Cl6, we used analytical HPLC to
examine samples 1–5. All five samples showed minor peaks
in addition to the main C60Cl6 peak. Representative HPLC
traces for samples 1 and 4 are shown in Figure 3. The data
for samples 1–4 are listed in Table 2. The assignments of the
peaks due to C60Cl6,8,10,12,14 are based on MALDI mass spec-
tra of fractions of these peaks, as discussed below. The as-
signments of peaks due to various C60ClxPhy derivatives are
based on the fact that the S8-MALDI mass spectrum of
sample 1 exhibited C60Ph


+ and C60Ph2
+ fragment ions, as


shown in Figure S1 of the Supporting Information. The data
in Table 2 clearly show that sample 4, prepared by using the
new seven-minute synthesis, contains the highest percentage
of C60Cl6.


It is not possible to use the HPLC integrated intensities
to precisely determine the relative molar amounts of C60Cl6
and the other by-products because the molar extinction co-
efficients, e, of chlorofullerenes (and phenylated chloroful-
lerenes) at 300 nm are not known at this time. Since a
sample of 99% pure C60Cl6 was available for the first time,
we determined its e(300 nm) value in toluene to be 3.44J
104m�1 cm�1. If we assume that the e(300 nm) values for
each of the by-products is one-half this value, then the
mol% of C60Cl6 in sample 4 is 84%. Since the HPLC purifi-
cation allows for the isolation of about ninety percent of the
C60Cl6 in sample 4, the overall yield of 99% pure C60Cl6 pre-
pared by the new seven-minute synthesis is about 70% (i.e. ,
this would be the yield of one batch of product if a prepara-
tive-scale Buckyprep HPLC column were used instead of
our analytical-scale Buckyprep HPLC column). The yield
may in fact be higher, because our experience with fluoro-


fullerene visible spectra is that e values do not change by a
factor of two over such a small range of compositions.[28]


MALDI mass spectrometry as a method of analysis : Until
this paper, mass spectrometry was not considered to be suit-
able for the analysis of chlorofullerene compositions. Both


Figure 2. HPLC traces of 99% C60Cl6 dissolved in toluene after several
hours (top trace) and after nine days (bottom trace; Cosmosil Buckyprep
column; toluene eluent). The Schlegel diagram shows the Cs-symmetry
structure of C60Cl6 (the numbering scheme shown is the one currently ac-
cepted by the IUPAC and Chemical Abstracts Service[27]). The establish-
ment of 99% purity for the purified fraction of sample 4 is based on the
top HPLC trace. Figure 3. HPLC traces of two samples of crude C60Cl6 prepared in this


work (Cosmosil Buckyprep column; toluene eluent). The top trace is
sample 4. The minor peaks, identified by MALDI mass spectrometry, are
due to C60Cl14 (a), C60Cl12 (b), and a mixture of C60Cl8 and C60Cl10 (c).
The bottom trace is sample 1. The minor peaks are due to C60Cl14 (a),
C60Cl12 (b’), C60Cl8,10 (c’). The small peaks at 16–18 min (d) are not due to
any fullerene derivative. The slightly different retention times for the
peaks labelled b and b’ and for c and c’ may indicate that different iso-
mers of the same compositions are formed in the two reactions. The
insets show vertical expansions of the same chromatogram from 2 to
10 min.


Table 2. Relative HPLC peak integrated intensities of crude C60Cl6 sam-
ples 1–4.[a]


Component Relative integrated peak intensity [%][b]


sample 1 sample 2 sample 3 sample 4
(C6H6,
3 d)


(C6H6,
5 d)


(1,2-C6H4Cl2,
7 d)


(C6H5Cl,
7 min)


C60Cl6 80 75 54[c] 91
C60Cl8,10 6 13 6 4
C60Cl12 4 2 9 4
C60Cl14 0 0 1 1
C60ClxPhy 10 10 0 0
insoluble 0 0 30[d] 0
product(s)


[a] All data from this work. Samples 1, 2, and 3 were prepared under the
same conditions reported in refs. [5], [20], and [12], respectively; see
Table 1 for more details. [b] The solvent and the reaction time are shown
in parentheses. [c] A 98% yield of C60Cl6 was claimed in ref. [12] but this
appears to be a gross overestimation. [d] This percentage is based on the
mass of the red precipitate that formed during the reaction.
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FAB[20] and MALDI[18,29] methods of ionization resulted in
substantial fragmentation (i.e., loss of many chlorine atoms)
when the substrates were chlorofullerenes with more than
24 chlorine atoms. Chlorofullerenes with low chlorine con-
tent, such as C60Cl6, were found to undergo complete C–Cl
fragmentation under MALDI conditions to produce only
chlorine-free ions such as C60


+ .[13,30]


We recently compared trans-2-[3-{4-tert-butyl-phenyl}-2-
methyl-2-propenylidene]malono-nitrile (DCTB), a common-
ly used matrix for organic fullerene derivatives,[31] with four
other MALDI-MS matrix materials for the fluorofullerene
substrates C60F18, C60F36, and C60F48.


[32] It was found that
DCTB gave negative-ion MALDI mass spectra with the
highest yield of parent molecular ions for C60F18 and C60F36


(none of the matrixes gave the parent ion C60F48
� for sam-


ples containing C60F48). This was due, in part, to the lower
laser fluence needed to obtain observable ion currents from
C60Fn


� species. We now report that DCTB is a suitable
matrix for MALDI-MS analysis of chloro[60]fullerene mix-
tures.


Figure 4 shows the DCTB-MALDI mass spectrum of
99% C60Cl6. As expected, the predominant peak is C60Cl5


� ,
a stable closed-shell anion formed via dissociative ionization
of C60Cl6 (i.e., electron attachment accompanied by loss of a
chlorine atom). The molecular anion C60Cl6


� was not detect-
ed. However, an unexpected, lower intensity signal at m/z
969, consistent with the formula C60Cl7


� , was observed. A
spectrum recorded on an instrument with higher resolution
(not shown) confirmed the proper isotope pattern for
C60Cl7


� . Since the HPLC trace for this sample, also shown
in Figure 4, proves that C60Cl8 or higher chloro[60]fullerenes
were not present in the sample, it appears that C60Cl7


� ions
are formed from C60Cl6 by one or more gas-phase ion-mole-
cule reactions in the MALDI plume. Scheme 1 shows a


number of plausible gas-phase reactions that might form the
C60Cl5


� fragment ion and the C60Cl7
� adduct ion (the Cl�


atomic ion was an abundant species in the low-mass region
of the spectrum). We recently observed adduct-ion forma-
tion in an LDI/MALDI-MS study of the pure fluorofuller-
ene C60F18. In addition to the C60F18


� molecular ion and the
C60F17


� fragment ion, the C60F19
� adduct ion was also ob-


served (its intensity was 10% of the intensity of the molecu-
lar ion).[32]


Positive- and negative-ion DCTB-MALDI mass spectra
for unpurified (i.e., crude) samples 1–4 were recorded under
similar laser-fluence conditions, and the relative intensities
of the observed ions were reproducible to within 10–15%.
Spectra for samples 1, 3, and 4 are shown in Figure 5 (the


spectra for sample 2 were very similar to those for sample
1). Comparison with the spectrum of pure C60Cl6 in Figure 4
confirms the presence of varying amounts of C60Cl8,10,12,14 in
the crude samples (these higher chlorofullerenes had also
been detected in HPLC traces of these samples (see
Figure 3 and Table 2). In addition to the highest-intensity
peak due to C60Cl5


� , the adduct and/or fragment ions
C60Cln


� (n = 7, 9, 11, 13, 15) were also observed in varying
amounts. The relative abundance of C60Cl5


� , most of which
is probably derived from C60Cl6, is different for the three


Scheme 1. Plausible gas-phase reactions for the formation of the C60Cl5
�


fragment ion and the C60Cl7
� adduct ion.


Figure 4. DCTB-MALDI mass spectrum of HPLC-purified 99% C60Cl6
from sample 4. The inset shows the HPLC trace of the actual sample
used to obtain the mass spectrum.


Figure 5. DCTB-MALDI mass spectra of C60Cl6 samples 1, 3, and 4. Top:
positive-ion spectra. Note the abundant presence of fragment ions
C60Cln


+ with n=0–4). Bottom: negative-ion spectra. Note the virtually
complete absence of fragment ions C60Cln


� with n=1–4) and the low in-
tensity of the peak due to C60


� .
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samples. The maximum content was observed for sample 4
and the minimum content for sample 3, in harmony with the
HPLC results.


The positive-ion spectra exhibit peaks for C60Cln
+ ions


with both odd and even n values and with n values less than
5. The alternation of intensities, with even n-value peaks
having lower intensities than the corresponding n+1 and
n�1 peaks, suggests that radical species (i.e., species with
even n values) are less stable than closed-shell species with
one fewer or one more chlorine atom (the exception is C60


+ ,
which is the highest intensity peak for samples 1 and 4).


In contrast, only odd n values were observed for the nega-
tive ions C60Cln


� and, except for C60
� , n values less than 5


were not observed. This could be due to the special stability
expected for the C5v isomer of C60Cl5


� that would result if
the chlorine atom at C1 were removed (see Figure 2). Such
a structure would possess a stabilizing, six-electron, isolated,
aromatic cyclopentadienyl ring such as those observed in Tl-
(C60Ph5)


[33] and related organometallic compounds contain-
ing C60R5


� Cp-like ligands.[34]


The mass spectra clearly demonstrate, for the first time,
that samples of C60Cl6 prepared in the past contained one or
more of the higher chlorofullerenes C60Cl8, C60Cl10, C60Cl12,
and C60Cl14. This is also true for the new seven-minute syn-
thesis, but the amounts of higher chloro-fullerene by-prod-
ucts are clearly smaller. Nevertheless, like the HPLC inte-
grated intensities, the mass spectra cannot be used to pre-
cisely determine the relative molar amounts of C60Cl6 and
the by-products because of the analyte suppression effect,
which can occur if the components of a sample have signifi-
cantly varying ionization characteristics.[35] For example,
compare the positive- and negative-ion spectra for sample 3
in Figure 5. The intensities of the closed-shell cations
C60Cl7


+ , C60Cl9
+ , and C60Cl11


+ exhibit a much greater de-
crease from n=7 to n=9 than do the intensities of the cor-
responding closed-shell species C60Cl7


� , C60Cl9
� , and


C60Cl11
� . This is because the ionization energies and the


electron affinities of the parent species probably increase in
the order C60Cl8 < C60Cl10 < C60Cl12. Therefore, the forma-
tion of the molecular ion C60Cl12


+ in the MALDI plume is
less favorable than the formation of the molecular ions
C60Cl10


+ and C60Cl8
+ , but the formation of C60C12


� is more
favorable than the formation of C60C10


� and C60C8
� . Al-


though no gas-phase ionization data that would support this
hypothesis have been reported for chlorofullerenes, it is rea-
sonable to assume that a gradual increase in both ionization
energy and electron affinity will occur as the C60Cln n value
increases, as is the case for fluorofullerenes C60Fn.


[1]


Finally, although MALDI mass spectrometry is not yet an
analytical tool that can provide precise mol% data for chlor-
ofullerene compositions, we have shown that it can be used
to screen a series of reaction products for relative purity as
reaction parameters are varied, and eventually optimized, to
achieve the selective synthesis of a given chlorofullerene.


The seven-minute synthesis of Cs-C60Cl6 : The S8-MALDI
mass spectrum in Figure S1 (Supporting Information) estab-


lished that the reaction of C60 and ICl in benzene produced
a variety of phenylated by-products. A by-product with one
phenyl group was recently shown to be among the products
of the reaction of a sample-1-like batch of C60Cl6 with
MeLi.[14] The authors of that work stated that “the high elec-
trophilicity of the cage allows [phenylation of C60Cl6] to
occur even in the absence of Friedel–Crafts catalysts.”[14]


However, ICl is a reasonably strong Lewis acid (enthalpies
of adduct formation with EtOAc for I2, ICl, BF3, and are 12,
26, and 54 kJmol�1, respectively[36]), and it has been used as
a Friedel–Crafts catalyst.[37] Therefore, since the chlorinating
agent ICl is also a Lewis acid and a known Friedel–Crafts
catalyst, a non-aromatic solvent or a less-reactive aromatic
solvent is clearly necessary.


The solubility of C60 in non-aromatic solvents such as al-
kanes and haloalkanes is relatively low.[38] Nevertheless, we
explored the heterogeneous reaction of C60 and ICl in di-
chloromethane (sample 5 in Table 1). As expected, the het-
erogeneity greatly reduced the selectivity of the reaction.
HPLC and MALDI-MS analysis showed that a wide range
of C60Cln derivatives were formed (n = 6–24). Therefore,
we next explored the less-reactive aromatic solvents 1,2-di-
chlorobenzene and chlorobenzene. These solvents were
chosen for four reasons: i) C60 has a relatively high solubility
in various chlorinated benzenes (e.g., one of the highest sol-
ubilities reported for C60 is 27 mgmL�1 in 1,2-dichloroben-
zene[38]); ii) unlike benzene, chlorinated benzenes are virtu-
ally inert to further chlorination by ICl; iii) chlorinated ben-
zenes should be much less prone to Friedel–Crafts substitu-
tion reactions than benzene; and iv) a recent report claimed
that a 98% yield of C60Cl6 was possible by using ICl in 1,2-
dichlorobenzene.[12]


When we repeated (several times) the procedure of
Troshin et al. (sample 3),[12] we observed the formation of an
insoluble red material (ca. 30% by weight) whether the re-
action was performed under aerobic or anaerobic conditions.
There was no mention of a red precipitate in the reported
procedure.[12] Of the many organic solvents tried, only
carbon disulfide dissolved the red precipitate, but we were
unable to obtain a 13C NMR spectrum with this solvent even
after 12 h of signal averaging. The FTIR and Raman bands
for the red precipitate were different than those for C60Cl6
(see below) by 3–5 cm�1, and additional bands not present
in the spectra of C60Cl6 were observed for the red precipi-
tate, at 536, 603, 753, 793, and 1468 cm�1 in the IR spectrum
and at 262, 781, 785, and 823 cm�1 in the Raman spectrum.
Thermogravimetric analysis of the red precipitate showed a
mass loss equivalent to 4.6 � 0.5 chlorine atoms per C60


cage at 270 8C. In contrast, thermogravimetric analysis of bo-
nafide C60Cl6 showed a mass loss equivalent to 6.0 � 0.5
chlorine atoms. Although the composition of the red precip-
itate is not known at this time, we note that its low solubility
may indicate that it is an oligomer or a polymer. The forma-
tion of fullerene dimers from two photochemically-generat-
ed C60Rf radicals has been reported (Rf is one of several per-
fluoroalkyl groups).[39] Since the reaction of ICl with C60


may involve the intermediacy of C60Cl2n-1 radical species, in-
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cluding the presumably relatively stable C60Cl5 cyclopenta-
dienyl-like radical,[2] the red precipitate may contain oligo-
mers or dimers such as [C60Cl5]2.


Sample 3, obtained from the supernatant after removal of
the red precipitate, contained a variety of higher chloroful-
lerenes in addition to C60Cl6, as shown in Figures 2 and 6
and in Table 2. For several reasons, therefore, it does not
appear to be possible to prepare a high yield of pure C60Cl6
by using 1,2-dichlorobenzene as the solvent if the reported
procedure[12] is followed.


The reaction of a saturated chlorobenzene solution of C60


(7 mgmL�1[38]) with a stoichiometric amount of ICl (i.e.,
6 equiv) for 6 h produced the same red precipitate isolated
from the 1,2-dichlorobenzene reactions. The red precipitate
was also formed when the amount of ICl was increased to
20 equiv. In both cases, the red precipitate was more than
15–20% by weight of the isolated solid products. However,
only a trace amount of the red precipitate was formed when
30 equiv of ICl were used (the reaction time was also 6 h).
In this case, the principle product was C60Cl6 along with
minor amounts of higher chlorofullerenes. Decreasing the
reaction time from several hours to seven minutes and in-
creasing the amount of ICl to 60 equiv led to the isolation
of sample 4, which contained relatively pure C60Cl6 with the
smallest amounts of higher chlorofullerene impurities ob-
served to date.


In a series of control experiments, 10–50 mL aliquots of
sample-4 reaction mixtures were removed 10 sec after the
reagents were mixed in chlorobenzene, and the volatiles
were flash-evaporated under vacuum within another 10 sec-
onds. HPLC and MALDI-MS analysis of the solid residues
revealed that C60Cl6 had formed during this brief amount of
time. No C60 was present. Small amounts of such reaction
mixtures can be quenched within seconds by flash evapora-
tion, but this is not possible if the goal is to prepare 100+
mg batches of pure C60Cl6. Heating a sample-4 reaction mix-
ture to 50 8C during the evaporation of volatiles in order to
more rapidly quench the reaction had a deleterious effect
on the purity of the product. Several new species with
HPLC retention times between 3 and 7 min were formed


(eluent = 5 mL toluene per min). Several of these were
shown by MALDI-MS and FAB-MS to be C60ClnArm deriv-
atives (Ar = C6H4Cl). For example, the FAB mass spectrum
of a fraction that eluted at 5.6 min, and that is believed to
contain C60Cl3Ar3, is shown in Figure 6 (the complete char-
acterization of several of these arylated chlorofullerenes will
be reported in a future publication). The arylated deriva-
tives were not formed unless the reaction mixture was
heated above 25 8C. Therefore, the evaporation of excess
ICl, I2, and chlorobenzene (normal boiling point=132 8C)
can only be carried out at 25 8C or below.


A special reaction vessel, described in the Experimental
Section, was made to minimize the time necessary to evapo-
rate all volatiles from sample-4 reaction mixtures (total
volume = 20 mL). As soon as the reagents were mixed, the
vessel was evacuated. Complete evaporation of all volatiles
required seven minutes, during which time the reaction mix-
ture was kept at 15 8C. This process, referred to in this paper
as the seven-minute synthesis of C60Cl6, yielded 100+ mg
batches of no less than 84% pure C60Cl6 with no observable
arylated by-products. As discussed elsewhere, this material
can be purified to 99% C60Cl6 by a single-stage HPLC puri-
fication. We are continuing to investigate this reaction meth-
odology in order to prepare gram-scale batches of relatively
pure C60Cl6.


Vibrational analysis of Cs-C60Cl6 : Figure 7 displays the ex-
perimental and DFT-predicted infrared and Raman spectra
of C60Cl6. In sharp contrast to the simple vibrational spectra
of C60 (four infrared-active[40] and ten Raman-active
bands[41]), at least 90 bands were observed for Cs-C60Cl6. The
low symmetry of this molecule renders all 192 normal
modes of vibration singly degenerate and both IR and
Raman active. The vibrational representation consists of 99
A’ modes and 93 A’’ modes.


In view of this complexity, an analysis of the vibrational
spectra of Cs-C60Cl6 required simulating the spectra at an ad-
equate level of theory. We performed quantum-chemical cal-
culations of the IR and Raman spectra of Cs-C60Cl6 by using
the density functional of Perdew, Burke and Ernzerhof
(PBE).[22] In previous work, we found that DFT considera-
bly underestimated force constants for q(CX) and a(CCX)
internal coordinates (X = halogen atom).[42] Therefore, the
PBE force field for C60Cl6 was scaled with scaling factors
transferred from C60Cl24.


[8] This procedure resulted in a vir-
tual peak-to-peak congruence of the experimental and cal-
culated frequencies and in a reasonable correspondence of
experimental and calculated band intensities, as shown in
Figure 7.


Changes to the structure of the C60 framework introduced
by the addition of six chlorine atoms should be localized in
the portion of the molecule containing the chlorine atoms
(this is borne out by comparing the most precise X-ray
structures of C60


[43] and Cs-C60Br6
[4]). Therefore, it is sensible


that many vibrations of C60Cl6 would resemble those of the
parent C60 molecule, and descriptions of the normal modes
of C60Cl6 could be presented in terms of correlations be-


Figure 6. Fast-atom bombardment (FAB) mass spectrum of the 5.3 min
fraction of the product mixture prepared by heating C60 and ICl in chlor-
obenzene to 50 8C (Ar=C6H4Cl).
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tween C60Cl6 and C60 vibrations rather than in terms of a
conventional potential energy distribution (PED) analysis.
Such correlations may be established explicitly with the help
of the projection technique.[44] On the other hand, this ap-
proach would be inadequate for vibrations associated with
the functionalized portion of C60Cl6, and PED considera-
tions are preferable in this case. In fact, the description of
halofullerene vibrations will be meaningful only if both
method of analysis are combined, and this was the strategy
adopted in this work. A complete list of experimental and
calculated frequencies, relative intensities, and normal-mode
descriptions for C60Cl6 in terms of C60 vibrations and in
terms of a PED among the internal coordinates are avail-
able in the Supporting Information. Table 3 contains the cor-
responding data for the 60 most prominent bands.


Analysis of the normal coordinates of C60Cl6 enabled us
to designate four principal regions of its vibrational spectra.
First, the eight lowest-frequency modes, in the 100–130 cm�1


range, involve predominantly chlorine-atom motion. They
are essentially pure C–Cl bending vibrations and appear in
the experimental spectra as only one very weak IR band
and one medium-strong Raman band at 116 cm�1. Either


these vibrations are essentially
isoenergetic or some of them
must have very small intensi-
ties.


In the 140–400 cm�1 range,
carbon and chlorine atoms
equally participate in the vi-
brations of C60Cl6. Three
modes with computed frequen-
cies at 140, 167 and 172 cm�1


also represent C–Cl bends if
treated with PED considera-
tions, but possess rather specif-
ic forms since changes in C-C-
Cl angles are accompanied by
translational–rotational dis-
placements of the carbon skel-
eton as a whole. The intensities
of these unusual vibrations are
low, and two modes of this sort
are observed in the experimen-
tal spectra as weak features at
163 and 166 cm�1. A group of
weak IR bands and strong-to-
medium Raman bands in the
200–400 cm�1 region corre-
spond to the “breathing” radial
deformations of the carbon
skeleton of C60Cl6, that can be
correlated with the Hg(1),
T2u(1), and Gu(1) modes of C60


at 272, 342, and 353 cm�1, re-
spectively.


Above 400 cm�1, the vibra-
tions of C60Cl6 are localized on


the carbon skeleton of the molecule with negligible chlor-
ine-atom motion. However, it does not mean that internal
coordinates associated with chlorine atoms (C–Cl stretches
and bends) do not contribute to the vibrations of the chloro-
fullerene molecule. Radial displacements of the carbon
atoms inevitably result in the changes of C–Cl distances and
C-C-Cl angles, and a portion of q(C–Cl) and a(CCCl) coor-
dinates in PED remain considerable as long as skeleton vi-
brations retain their radial character (at least up to ca.
900 cm�1). Although it was possible to distinguish the spec-
tral range where C–Cl bending vibrations dominate, we
were not able to find such a domain for C–Cl stretches. Con-
tributions from q(C–Cl) in the PED were scattered in the
200–900 cm�1 range and rarely exceeded 20%. In general,
the 400–900 cm�1 range may be characterized as extremely
rich in the IR spectrum, with a large number of strong and
medium intensity bands. Half of these bands have counter-
parts in the Raman spectrum but with much lower relative
intensities. All of these bands correspond to radial vibra-
tions of the carbon skeleton and may be correlated with the
modes of the parent C60 fullerene. For example, absorptions
at 539 and 541 cm�1 correspond to the C60 T1u(1) modes


Figure 7. FTIR and Raman spectra of Cs-C60Cl6 (exptl=experimental spectrum, theo.=DFT calculated spec-
trum).
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Table 3. Observed and DFT-calculated IR and Raman frequencies and band intensities for Cs-C60Cl6.


Calculated[a] Observed[b] Assignment[c] [%]
sym n IR int R int IR, int R, int d[d] C60 modes PED[e]


A’ 115.1 0.1 30.8 116, vw 116, ms 2 66 a(CCCl)
A’ 118.7 0.3 31.9 116, vw, 116, ms 8 57 a(CCCl)
A’’ 167.0 1.6 4.2 163, w 166, w 52 36 translation 71 a(CCCl)


rotation
A’ 203.9 0.6 55.2 204, vw 203, m 49 40 Hg(1) 29 g(C=CC), 15 g(CC(Cl)C),


15 a(CCCl)
A’’ 210.2 0.4 59.8 213, vw 214, ms 56 48 Hg(1) 31 g(C=CC), 15 g(CC(Cl)C)
A’’ 231.3 0.5 54.6 n.o. 237, s 74 69 Hg(1) 30 g(C=CC)
A’ 279.5 0.9 31.9 279, vw 279, ms 37 21 T2u(1) 25 q(CCl), 20 g(CC(Cl)C),


17 a(CCCl), 15 g(C=CC)
A’ 317.7 1.8 3.9 319, w 321, m 87 51 Gu(1), 31 Hg(1) 55 g(C=CC), 15 q(CC)
A’ 349.7 9.8 100.0 349, w 350, s 69 26 T2u(1), 18 Hg(1) 22 q(CCl), 21 g(C=CC),


15 g(CCC)
A’ 383.4 1.3 21.8 383, vw 384, m 81 40 T2u(1), 15 Hg(2) 31 g(C=CC), 15 q(CCl)
A’ 437.8 13.6 7.1 440, m 438, w 84 24 Gu(1), 20 Gg(1) 38 g(C=CC), 20 q(CCl)
A’ 497.2 5.6 5.6 498, m 497, w 93 37 T1u(1), 23 Ag(1) 46 g(C=CC)
A’ 514.2 7.6 5.9 515, m 515, w 97 42 Hu(2), 19 Gg(1) 42 g(C=CC), 19 g(CCC),


16 q(CC)
A’ 537.6 7.4 9.8 539, sh 541, ms 98 42 T1u(1), 20 Hu(2) 55 g(C=CC), 15 q(CC)
A’ 540.1 29.1 12.2 541, vs 541, ms 99 38 T1u(1), 29 T1u(2), 43 g(C=CC), 27 q(CC)


17 Ag(1)
A’ 559.7 13.0 1.9 561, s 562, vw 99 38 Gg(2), 23 T1g(1) 47 g(C=CC), 18 g(CCC)
A’ 571.1 17.9 3.5 570, ms n.o. 96 45 Gg(2), 18 T1u(1) 37 g(C=CC), 21 g(CCC)
A’’ 576.8 1.3 0.3 576, sh n.o. 100 79 Gg(2) 45 g(C=CC), 29 g(CCC)
A’’ 582.1 8.1 0.0 581, ms 581, w 100 36 Gg(2), 34 T1u(2) 36 g(C=CC), 17 q(CC),


15 g(CCC)
A’ 583.8 13.5 17.8 583, sh 581, w 94 31 T1u(2), 19 Gg(2), 32 g(C=CC), 15 g(CCC),


18 T1u(1) 15 q(CCl)
A’ 614.4 16.2 52.8 613, m 612, m 87 32 T1u(2), 15 Hu(2) 38 q(CCl)
A’’ 622.3 15.2 20.5 625, w 625, w 95 38 T1g(1), 30 T1u(2) 46 g(C=CC), 18 q(CCl),


15 q(CC)
A’ 662.2 2.6 2.3 663, w 662, vw 100 83 Hu(3) 63 g(C=CC)
A’’ 708.5 4.2 0.1 711, w 100 85 Hg(3) 55 g(C=CC), 39 g(CCC)
A’’ 729.1 6.1 6.7 728, m 727, w 100 42 Hg(4), 15 Hu(4), 22 g(CCC), 18 g(C=CC),


15 Gu(2) 16 q(C(Cl)C)
A’ 760.6 30.3 5.4 756, s 756, w 99 60 Hg(4) 28 q(CC), 19 g(CCC),


17 g(C=CC), 15 q(C=C)
A’’ 778.0 7.8 4.2 777, sh 775, m 100 65 Gu(3), 15 Hg(4) 73 g(C=CC)
A’ 796.4 24.7 40.1 n.o. 799, m 98 20 Hg(3), 16 Gu(3), 29 g(C=CC), 17 q(CCl),


16 T2u(2) 16 a(CCCl), 15 g(CC(Cl)C)
A’ 803.3 65.8 63.8 800, s 799, m 99 58 T2g(3) 35 g(C=CC), 20 g(CCC)
A’ 818.8 83.6 65.8 819, vs 816, m 97 18 Hg(3), 18 T2g(3), 22 g(C=CC), 18 a(CCCl),


15 Hg(4) 16 g(CC(Cl)C)
A’’ 822.3 92.7 18.3 825, vs 823, m 99 29 T1g(2), 15 Gg(3) 33 g(C=CC), 15 g(CC(Cl)C)
A’’ 834.0 45.7 7.1 843, vs 842, w 99 56 T1g(2) 41 g(C=CC)
A’ 837.7 40.4 11.6 843, vs 842, w 99 66 T1g(2) 56 g(C=CC)
A’ 860.0 100.0 31.1 856, s 856, w 99 18 T1g(2) 24 a(CCCl), 22 g(CC(Cl)C),


15 g(C=CC)
A’ 892.5 78.5 12.1 883, vs 882, w 99 16 T2g(2), 15 Gu(3) 26 a(CCCl), 22 g(CC(Cl)C),


16 q(CCl)
A’’ 923.3 9.7 3.6 925, w 926, sh 100 67 Gu(4) 29 q(C(Cl)C), 25 q(CC)
A’ 931.4 10.3 5.5 934, w 932, w 100 66 Gu(4), 18 T2u(3) 32 q(CC), 22 q(C(Cl)C)
A’ 949.9 19.7 2.9 947, m 947, w 100 56 Gu(4), 28 T2u(3) 29 q(CC), 18 q(C(Cl)C)
A’ 1059.1 26.5 15.7 1065, m 1062, w 100 70 Hg(5) 29 q(CC), 23 q(C(Cl)C),


19 g(C=CC)
A’’ 1084.8 17.2 6.8 1086, m 1087, vw 100 40 Gg(4), 15 Hg(5) 34 q(CC), 31 q(C(Cl)C)
A’ 1092.8 14.5 4.1 1094, m n.o. 100 25 Gg(4), 25 Hg(5) 30 q(CC), 27 q(C(Cl)C)
A’’ 1104.5 13.8 1.4 1105, w n.o. 100 32 Gg(4), 23 Hg(5) 37 q(CC), 23 q(C(Cl)C),


15 g(CCC)
A’’ 1111.3 1.2 5.1 1112, w 1111, w 100 58 Gg(4), 17 Hg(5) 55 q(CC), 15 q(C(Cl)C),


15 g(C=CC)
A’ 1138.0 12.6 3.2 1148, w n.o. 100 20 Hu(5), 15 Hg(5) 37 q(C(Cl)C), 21 q(CC)
A’ 1171.8 1.1 11.6 1172, vw 1171, w 100 55 T1u(3), 30 T2u(4) 62 q(CC), 16 g(CCC)
A’ 1198.6 7.2 0.6 1200, w n.o. 100 59 T2u(4), 35 T1u(3) 67 q(CC), 18 g(CCC)
A’ 1229.1 1.3 7.0 1240, vw 1240, w 100 52 Hg(6), 16 Hu(5) 51 q(CC), 29 g(C=CC)
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(526 cm�1); at 561, 569, and 581 cm�1 to the C60 Gg(2) modes
(567 cm�1); at 728 and 755 cm�1 to the C60 Hg(4) modes
(772 cm�1); at 800 cm�1 to the C60 T2g(3) modes (796 cm�1);
and at 842 cm�1 to the C60 T1g(2) modes (827 cm�1). At the
same time, strong absorptions at 817, 824, 855, and 883 cm�1


are due to vibrations with enhanced contributions from g-
(CC(Cl)C) and a(CCCl) deformations. Since these modes
are considerably localized on the chlorinated fragment of
the molecule, their interpretation in terms of C60 modes is
not meaningful.


In the 900–1600 cm�1 range, vibrations of the C60Cl6
carbon skeleton have considerable tangential character and
in PED terms they may be described as n(CC) stretching vi-
brations. In accordance with the gradual decrease in the
bond length, C(Cl)–C vibrations fall in the 900–1200 cm�1


interval where they are partially mixed with vibrations of or-
dinary bonds between sp2 hybridized carbon atoms; the
latter also appear in the 1200–1400 cm�1 interval, while C=C
stretching modes occur in the 1400–1600 cm�1 range. Al-
though the intensities of the C–C bands were rather low, the
C=C stretches exhibited significant Raman activity with two
principal bands at 1467 and 1568 cm�1 corresponding to the
Ag(2) and Hg(8) modes of C60 at 1468 and 1575 cm�1. Three
vibrations in the calculated spectra, at 1549, 1580, and
1619 cm�1, are essentially localized on the cyclopentadienyl
ring. However, their frequencies could not be precisely de-
termined from the experimental spectra due to their low in-
tensities and overlap with other bands.
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