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Introduction


In typical magnetic materials, the source of electron spin are
the d or f electrons of metals or metal ions. In the past decade,
the first organic ferro- and ferrimagnets, based upon crystals
of small radicals (e.g., mostly nitroxides) or charge transfer
salts, have been prepared.[1±6] The Curie temperature (TC),
that is, the temperature above which ferromagnetism is
destroyed and the material becomes paramagnetic, is gen-
erally below 2 K,[1] with the exception of the C60-TDAE
(TDAE� tetrakis(dimethylamine)ethylene) charge-transfer
compound which has TC� 16 K.[2, 3] Rather weak through-
space exchange coupling in these molecular solids leads to low
Curie temperatures. In a molecular ferromagnet, radical pairs
must effectively form a three-dimensional through-space
network of pairwise exchange couplings, with each pair
corresponding to a triplet ground state (ferromagnetic
coupling). This is not a straightforward task, though occa-
sionally assisted by crystal packing, because the unconstrained
radical pairs would energetically prefer weak bonding, that is,


singlet ground state for each pair (antiferromagnetic cou-
pling). Ferrimagnets, in which radicals of uneven spin (e.g.,
S� 1 diradical and S� 1³2 monoradical) are coupled antifer-
romagnetically, leading to a significant net magnetic moment,
are also rare because of their inherently more complex
design.[4, 5] In addition to ferro- and ferrimagnets, weak
organic ferromagnets with relatively high TC are known; in
these molecular solids, unpaired electron spins have pairwise
antiferromagnetic couplings though the spins are canted due
to the spin-orbit coupling effects associated with the non-
negligible spin density on heavier elements such as sulfur. The
degree of canting is rather small, so the (spontaneous)
magnetization at saturation is typically 1% or less of that in
a ferromagnet.[7]


An alternative approach to organic magnets may rely on
conjugated polymers.[8±13] In this approach pairwise exchange
couplings between unpaired electron spin are mediated
through �-conjugated system. Because very strong ferromag-
netic couplings are found in selected conjugated diradicals,
including ambient stable diradicals,[14±16] this approach offers a
potential for magnets with TC at or above room temperature.
In order to realize this potential, one would have to prepare a
conjugated polymer with truly three-dimensional connectivity
(not just three-dimensional shape), in which these strong
pairwise exchange couplings are maintained.[14] Considering
the synthetic difficulties associated with such a lofty goal, it is
useful to consider alternatives to three-dimensional conju-
gated polymer.


For isotropic exchange coupling (as found in most organic
radicals), no bulk magnetism is theoretically predicted in
strictly one- or two-dimensions. However, one- or two-
dimensional polymers, for example, those proposed by
Mataga three decades ago,[8] could still lead to magnetic
ordering through magnetic dipole ± dipole interactions be-
tween the polymer chains. In metal-containing molecule-
based magnets, the dipole ± dipole interactions between one-
dimensional ferrimagnetic chains leads to TC×s in cryogenic
temperatures.[17]


Another strategy to attain magnetlike behavior may be
based on blocking of magnetization (a significant barrier for
inversion of magnetization) in superparamagnets or spin
glasses.[18] In superparamagnets, time-dependent magnetic
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behavior and/or magnetic hysteresis are associated with
magnetically independent individual molecules, one-dimen-
sional chains, or particles. Thus, dimensionality is not an
essential factor.[14, 19] Selected metal clusters with modest
values of S (�10) and relatively large magnetic anisotropies
show such ™single-molecule magnet∫ behavior at cryogenic
temperatures; also, a plethora of conventional magnetic
materials in the form of superparamagnetic particles are
known.[20, 21] In insulating spin glasses, the blocked magnetic
moments are correlated with each other, leading to a phase
transition; magnetic behavior is qualitatively similar to that of
superparamagnets, though with somewhat different time
dependence.[18] Both superparamagnets and insulating spin
glasses rely on significant magnetic anisotropies for blocking
of magnetization. There are two primary sources of anisot-
ropy barrier (e.g., for inversion of magnetization) in magnetic
materials: spin ± orbit coupling and magnetic dipole ± dipole
interaction.[22] As spin-orbit couplings, especially in carbon-
based organic radicals are rather small,[23] metal-free polymers
(or molecules) may need to rely on the magnetic dipole ±
dipole interactions within the polymer chain. In that case,
the shape anisotropy gives the anisotropy barrier EA [in units
of temperature; Eq. (1)]: [22, 24]


EA� 0.5NVM2
s /kB (1)


In Equation (1), kB is a Boltzman constant, N is a shape
factor (e.g., 0�N� 2� with limiting values of 0 and 2� for a
sphere and infinite rod, respectively), V is volume of a
polymer macromolecule, and Ms is magnetization at satura-
tion (i.e. , effectively, density of ferromagnetically coupled
unpaired electron spins in a polymer macromolecule). In
1993, an order of magnitude estimate for superparamagnetic
blocking in polyarylmethyl polyradicals was made; it was
suggested that, for a moderately elongated shape macro-
molecule with N� 3 (e.g., prolate ellipsoid with a/b� 2),
about 200 ferromagnetically coupled electron spins (i.e.,
S� 100) are needed for anisotropy barrier of about 2 K.[25]


The key issue is how to attain large values of spin quantum
number S, that is, ferromagnetic or ferrimagnetic correlation
of large number unpaired electron spins within an organic
macromolecule. Then, the attainment of three-dimensionality
of exchange interactions or the problems associated with
anisotropy barrier (e.g., magnetic dipole ± dipole interactions)
may be addressed.


During the past few years, rapid progress has been made in
this field; the value of S in organic polymers or molecules has
been increased from about 10 to 5000, leading to magnetic
ordering.[9, 10, 26]


Connectivity of the � System


General guidelines for controlling the value of S, based upon
connectivity of the � system, are reasonably well establish-
ed.[14±16, 27±29] For example, 1,3-phenylene- and 3,3�-bipheny-
lene-based diradicals are predicted to possess S� 1 (triplet)
and S� 0 (singlet) ground states, respectively (Figure 1); the
concepts of the ferromagnetic coupling unit (fCU) and the


Figure 1. Ferro- and antiferromagnetic coupling units (fCU×s and aCU×s)
in alkyl-substituted Schlenk ±Braun hydrocarbons. Inset: conceptual
depiction of a high-spin polymer with ferromagnetic coupling units
alternating with radical sites (the ferromagnetic coupling scheme).


antiferromagnetic coupling unit (aCU) are very useful
descriptors for � systems that connect the two radicals.[30]


Moreover, in selected 1,3-phenylene-based diradicals, the
triplet ground states are found to be almost exclusively
populated at ambient temperature, that is, the singlet ± triplet
energy gaps (�EST) are significantly greater than thermal
energy (RT) at ambient temperature (�EST� 0.6 kcal
mol�1).[14±16]


However, when � conjugation between the fCU and the
radicals is diminished by near 90� out-of-plane twisting, the
singlet ground states with relatively small �EST×s (typically,
less than 0.06 kcalmol�1) are found (Figure 1).[31]


Numerous ™quasi-linear∫ and branched polymers, designed
to possess large values of S, by using alternating connectivity
between fCU×s and radical sites have been reported. How-
ever, only relatively low values of spin, S� 5, were found.[11±13]


A large body of experimental knowledge on S� 1 organic
diradicals (including ambient stable diradicals), with �EST�


0.6 kcalmol�1�RT at room temperature, does not directly
translate into magnetic material. Numerous claims of ferro-
magnetism in organic polymers at ambient conditions (typi-
cally with low concentration of radicals) turned out to be
associated with metal impurities.[32]


High-Spin Polyradicals with Ferromagnetic
Coupling Scheme


High-spin polyradicals have multiple radical sites; these are
coupled by exchange to produce large net values of S in the
ground state. Typically, exchange coupling is mediated
through a � system, though there are few notable excep-
tions.[33, 34] As all radicals are usually prepared in the final step
of synthesis, it is essential that the yield per radical is near
quantitative. This condition is satisfied by the carbanion
method (Scheme 1)[35] for generation of triarylmethyl radicals,
and has allowed for the preparation of star-branched poly-
radicals with values of S� 5 (up to decaradicals).[36]


The typical implementation of the carbanion method yields
the polyradical in tetrahydrofuran together with the by-
products, such as alkali metal salts (iodides and, depending on
concentration, variable amounts of alkoxides). Analogously,
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Scheme 1.


an efficient solid-state photogeneration method for phenyl-
carbenes permitted the preparation of linear and branched
polycarbenes with values of S� 9.[37]


Attempts to go beyond ten triarylmethyls (S� 5) or nine
phenylcarbenes (S� 9) through the use of dendritic connec-
tivities were not successful.[25, 38] For dendritic phenylcarbenes,
evidence of interbranch C�C bond formation was reported.[39]


For linear, star-branched, or dendritic connectivities, there is
another fundamental problem associated with the presence of
only one exchange pathway (through the � system) between
any two remote radical sites.[14, 25] Therefore, a failure to
generate a radical (a chemical defect) in the interior of a
polyradical may interrupt the exchange pathway (by intro-
ducing an sp3-hybridized atom) and effectively divide poly-
radical into two (or more) parts with relatively low values of
S.[14, 25] A similar effect can be obtained by a large enough out-
of-plane twisting of the � system connecting any two radical
sites. In this case a strong fCU may be replaced with a weak
aCU (a coupling defect) (Figure 2). There are two approaches
to the problem of defects. Class I polyradicals, in which
alternating coupling units and radical sites have macrocyclic
connectivity, and class II polyradicals, in which pendant


Figure 2. A) Effect of chemical defects (sp3 center) and coupling defects
(out-of-plane twisting) on the values of spin in conjugated polyradicals, in
which ferromagnetic coupling units (fCU×s) alternate with radical sites.
B) Circumvention of chemical defects in selected class I and class II
polyradicals.


radicals are attached to a coupling unit of the polymer
(oligomer) backbone (Figure 2).[14]


In class I polyradicals with macrocyclic connectivity, a
single chemical defect would lower the value of spin by only
1³2, that is, the coupling is maintained between the remaining
radicals (Figure 2).[40] Macrocycles may also provide sufficient
conformational restriction to prevent significant out-of-plane
twisting, minimizing the probability of coupling defects.
However, not all macrocycles provide the polyradical with
the persistence and exchange coupling required to maintain
high spin. Macrocyclic calix[3]arene-based triradical 1, the
key building block of one of Mataga×s polymers, readily forms
C�C-bonded dimers, even at low temperature.[41] Calix[4]ar-
ene-based polyarylmethyls are found to possess sufficient
persistence at low temperatures; ESR spectroscopy and
SQUID magnetometry shows that the tetraradical 2 has a
S� 2 ground state, and no detectable population of the low-
spin excited states is detected up to 80 K (Figure 2).[41]


The best class II polyradicals, developed by Nishide and co-
workers, possess average values of S� 5.[13] The backbone �


system of the fCU may include severely out-of-plane twisted
conformations and the pendant radicals are typically depleted
through chemical defects. Therefore, the coupling between
the radicals may be weakened and even, for some pairs,
changed from ferromagnetic to antiferromagnetic, leading to
low values of S. Attaching pendants to a macrocyclic back-
bone � systemmay in part address this problem, though only a
model S� 3³2 triradical has been reported so far.[13, 42, 43]


Annelation of calix[4]arenes, which are apparently reliable
macrocycles for polyarylmethyls, could provide the desired
resistance to multiple defects. Trimacrocyclic polyradical 4
(Figure 3) has a relatively high value of S� 6 (vs S� 7 for
ferromagnetic coupling of all unpaired electrons), but chem-
ical quenching studies indicate the presence of at least one
chemical defect. Also, the low-spin excited states are popu-
lated at low temperature. This indicates significantly weak-
ened exchange coupling relative to the parent tetraradical
2.[44]


Iwamura and co-workers generated an S� 4 tetracarbene
and an S� 6 hexacarbene based upon calix[n]arene (n� 4 and
6).[45] Systematic studies of exchange coupling through macro-
cyclic rings as a function of ring size and the use of stable
radicals would be desirable. Such studies are important to find
optimum approaches to highly annelated polyradicals and,
ultimately, highly cross-linked conjugated polymer networks
with strong and predictable exchange couplings.


Another approach to polyradicals with large values of S
may rely on the attachment of additional radical sites to the
macrocyclic (calix[4]arene) core.[26, 40, 46] One of these poly-
radicals, dendritic 24-radical 5, with a value of S� 10 (Fig-
ure 3), possesses the largest value of S among organic
molecules in the literature.[26] The 3,4�-biphenylene-based
weak fCU×s, which link the strongly exchange-coupled macro-
cyclic core and the dendritic branches with 1,3-phenylene-
based fCU×s, allow for treatment of 5 as a pentamer of spins 5³2,
5³2, 5³2, 5³2, and 4³2 (Figure 3). Assuming pairwise ferromagnetic
couplings between S� 5³2 and S� 4³2, the Heisenberg Hamil-
tonian model is readily solvable. Numerical fitting of exper-
imental magnetization as a function of temperature and
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Figure 3. Macrocyclic and dendritic polyradicals 4 and 5.


magnetic field to this model gives the exchange coupling
constant through the 3,4�-biphenylene fCU as J/k� 7 K (k�
Boltzman constant).[26]


Dendrimer 5 has only four radical sites at which a single
chemical defect may interrupt exchange coupling between the
remaining radicals (biphenyl-substituted), drastically lower-
ing the value of S. One plausible approach to address the
discrepancy between the theoretical value of S� 12 (for
24 ferromagnetically coupled unpaired electrons) and the
experimental value is to assume the presence of chemical
defects with only a 98% yield per radical site for generation of
radicals.[26] However, more recent, qualitative magnetic meas-
urements reveal that only 60 ± 70% unpaired electrons are
present at low temperature. (This estimate is obtained using
the weight of the precursor 24-ether to calculate number of
moles of 5.) This may be reconciled with the average value of
S� 10 (S-weighed) by assuming presence of conformers of 5,
in which one or two S� 5³2 dendritic branches are antiferro-
magnetically coupled to the S� 4³2 macrocyclic core.[47] Monte
Carlo conformational searches suggest that the lowest energy
conformers have moderate torsional angles (40 ± 50�) between
the benzene rings of the biphenyl moieties, compatible with
ferromagnetic coupling. However, the conformers, in which
one of the biphenyls has the torsional angle near 90�, are not
much higher in energy (�5 kcalmol�1).


Polyradicals with Ferromagnetic ± Ferrimagnetic
Coupling Scheme: Calix[4]arene Macrocycles and


Bis(biphenylene)methyl Linkers


The ferromagnetic coupling scheme outlined in the preceed-
ing paragraphs allows for an effective exchange coupling of no
more than 20 unpaired electrons. In order to significantly
increase values of S beyond 10, multiple exchange coupling
pathways will have to be present to alleviate the problem of
chemical defects. However, brute-force annelation, aimed at
attaining everywhere in the network strong ferromagnetic
coupling (like Mataga design), does not appear to be practical
as shown by very limited studies. Out-of-plane twistings,
reversing the sign of exchange coupling from ferromagnetic to
antiferromagnetic, are difficult to avoid in model polyradicals.
Although no systematic model studies are available, it is likely
that the out-of-plane twistings may even be more intractable
in large macromolecular polyradicals. Are very large values of
S attainable in the presence of antiferromagnetic couplings?


The ferrimagnetic coupling scheme, that is, antiferro-
magnetic coupling of unequal spins leading to a large net
spin (magnetic moment), was applied to the design of
organometallic ferrimagnets. The relevant examples are
antiferromagnetic couplings of S� 5³2 MnII with S� 1³2 nitronyl
nitroxides (or S� 1, 3³2 di- and tri-nitroxides) in one-dimen-
sional chains (or networks).[17, 48] In addition, there is an
example of an S� 1 tricarbene, which was interpreted in terms
intramolecular antiferromagnetic coupling between S� 2 and
S� 1.[49]


We selected bis(biphenylene)methyl linker to connect
calix[4]arene macrocycles. For just two macrocycles, this
corresponds to a quasi-linear trimer of unequal spins, S1�
1³2� S1, for example, 7³2� 1³2� 7³2 for pentadecaradical 6 (Fig-
ure 4). Eigenvalues the for Heisenberg Hamiltonian (with
nearest neighbor coupling) for such a spin cluster indicate that
the energy gaps between the ground state and the excited
state are relatively small (one unit of J compared to two units
of J for the singlet ± triplet gap in a diradical). The ground
state has a total spin of S� 2S1 � 1³2 and S� 2S1� 1³2 for
ferromagnetic and antiferromagnetic couplings, respectively.
Therefore, change from all-ferromagnetic to all-antiferro-
magnetic coupling through biphenylene coupling units will
have only a small effect on the total value of S at low
temperature. Although the unsymmetrical spin clusters, with
one ferro- and one antiferromagnetic coupling, may have S�
1³2, such clusters are likely to constitute only a fraction of the
sample, especially if there is a preference for either ferro-
magnetic or antiferromagnetic couplings. For quasi-linear
pentadecaradical 6 and 21-radical 7 (Figure 4), magnetic data
at low temperature are quantitatively reproduced with a
distribution of conformers (and chemical defects), in which
exchange coupling through biphenylene moieties is ferro-
(70 ± 90%) or antiferromagnetic (10 ± 30%). For 6 and 7, such
polydisperse mixtures of spin systems have average values of
S� 5 ± 6 and 7 ± 9, respectively. These values are significantly
below the theoretical values of 7.5 and 11 for ferromagneti-
cally coupled, defect-free polyradicals. Because of antiferro-
magnetic couplings and chemical defects, only about 60% of
unpaired electrons are present at low temperature. Similar
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Figure 4. Polyradicals and polymers with the ferromagnetic ± ferrimag-
netic coupling scheme: A) pentadecaradical 6 as a trimer of spins 7³2, 1³2, 7³2 ;
B) linear, branched, and annelated polyradicals 7 ± 11; C) polymers 12 and
13 with the ferromagnetic ± ferrimagnetic coupling scheme with the
macrocyclic (S� 3 and S� 2) and cross-linking (S� 1³2) modules.


trends for average values of spin (up to S� 13) and
percentages of unpaired electrons are found for branched
and macrocyclic polyradicals 8 ± 11 (Figure 4).


For the less sterically encoumbered bis(biphenylene)meth-
yl-based tri- and pentaradicals, magnetic data may be
interpreted in terms of ferromagnetically coupled quasi-linear
trimers of spins (1³2� 1³2� 1³2 and 1� 1³2� 1) with the high-spin
ground states and J/k� 90 K.[46]


Although a significant improvement over the S� 10 is not
achieved by using bis(biphenylene)methyl-linked macrocy-
cles, the viability of ferrimagnetic coupling scheme is demon-
strated.


Polymers with Ferromagnetic ± Ferrimagnetic
Coupling Scheme


The ferromagnetic ± ferrimagnetic coupling scheme, based
upon unequal spin modules, has been used for the design of
two high-spin polymers 12 and 13, in which bis(biphenylene)-
methyl groups link calix[4]arene macrocycles (Figure 4).


Polymer 12, with S� 3 calix[4]arene macrocycles linked
with S� 1³2 bis(biphenylene)methyls, may be viewed as a
™quasi-linear∫ chain of unequal spins of S� 3 and S� 1³2
(Figure 4). (Also, conformations of polymer 12 may be
™quasi-linear∫ due to the preference of calix[4]arene tetra-
radical moiety for 1,3-alternate conformation.) Polymer 12 is
found to possess an average value of S� 18, with 40 ± 60%
unpaired electrons present at low temperature. As polymer 12
is obtained from a polyether with Mw� 30 kDa, an average
value of S� 50 ± 60 would be expected if all unpaired electron
spin are ferromagnetically coupled and no chemical defects
are present. Nevertheless, the value of S� 18 exceeds the best
values of S� 5 obtained in other high-spin organic poly-
mers.[6, 11±13]


Analogously to 12, cross-linked polymers 13may be viewed
as network of unequal spins, that is, macrocyclic modules with
S� 2 and linking modules with S� 1³2 (Figure 4). Cross-linked
polymers 13 have an average value of S� 40, when prepared
from soluble fractions of the corresponding polyether with
Mw� 300 ± 500 kDa.[9] Values of S for polymer 13, prepared
from insoluble fractions of the polyether (gelled with [D8]tet-
rahydrofuran), depend on polymerization time beyond the gel
point for the polyether. When polymerization is stopped near
the gel point, polymers 13 have values of S� 600 ± 1500; for a
longer polymerization time, values of S� 3000 ± 7000 were
obtained. It is estimated that approximately 50% of unpaired
electrons are present at low temperature. This is consistent
with the presence of chemical defects and ferromagnetic ±
ferrimagnetic coupling scheme.[10]


Magnetic properties beyond simple paramagnetism are
observed for the first time in a conjugated organic polymer.
The onset of magnetic ordering is observed near the temper-
ature of 10 K; for a typical sample with a value of S� 5000, a
sharp upturn in magnetic moment (an increase by two orders
of magnitude) is found. Below 10 K, magnetization increases
exceedingly fast with applied magnetic fields, and reaches
near saturation at relatively small fields. The magnetization at
saturation is about 10 emug�1, similar in magnitude to the
paramagnetic magnetization at saturation for polyarylmethyl
polyradicals. At zero field or very small fields on the order of
earth×s field (0.5 ± 1 Oe), magnetic blocking is found, that is, a
significant barrier for inversion of magnetization is present.
AC magnetic susceptibility studies suggest that the barrier is
on the order of 15 K and the huge magnetic moments
(corresponding to a value of S� 5000) are frozen at low
temperature with some degree of cooperativity. Overall, the
magnetic properties of polymer 13 can be classifed as being
between insulating spin glasses and blocked superparamag-
nets, but are closer to spin glasses.[10] The soft magnetic
behavior in polymer 13 is similar to the known small-
molecule-based organic magnets, though the ordering tem-
perature in polymer 13 is relatively high.[1±3, 5]
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Organic Polymer Magnets: Future Developments


Two major benchmarks have to be attained before polymer-
based magnets can be made practical: 1) stability at ambient
conditions and 2) magnetic ordering above room temper-
ature.


The first objective could possibly be achieved by using
polymers similar to 13, in which stable radical moieties are
used in the place of triarylmethyls. When di-coordinate
radicals, such as nitroxides are used, the problems of solubility
or gel-forming ability for the polymer would have to be
addressed.


The second objective is much more difficult. The approach
to increasing value of S, as described in the preceding sections,
relies upon an effective weakening of exchange coupling by
replacing 1,3-phenylene with 3,4�-biphenyl, and then bis(bi-
phenylene)methyl as formal fCU×s. Consequently, the tem-
perature for the onset of magnetic ordering is drastically
lowered when compared to the strength of pairwise ferro-
magnetic coupling through 1,3-phenylene fCU (triplet ± sing-
let gap; i.e. , 10 K vs �300 K). Nevertheless, the temperature
of about 10 K is relatively high for an organic magnet,
confirming the great potential of the macromolecular ap-
proach. Selected modifications to this design may involve
macrocylic modules with S� 2 and/or increased connectivity
between macrocycles (Figure 5).


Figure 5. Selected examples of connectivities between the macrocyclic (S0)
and cross-linking (S� 1³2) modules for prospective magnetic polymers:
A) macrocyclic module with increased value of spin; B) macrocyclic
module with increased connectivity; C) cross-linking module with in-
creased connectivity.
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14-Electron T-Shaped [PdRXL] Complexes: Evidence or Illusion?
Mechanistic Consequences for the Stille Reaction and Related Processes


Juan A. Casares, Pablo Espinet,* and Gorka Salas[a]


Abstract: A recent claimed spectro-
scopic observation (by 1H NMR) of 14-
electron T-shaped 3-coordinated palla-
dium complexes turns out to be a mis-
interpretation. A thorough study of the
species formed by [PdRX(AsPh3)2]
(R�Ph, C6Cl2F3; X�Cl, I) in different
solvents (S�CDCl3, THF, DMF) sug-
gests that: 1) there is no NMR-detect-


able amount of [PdRX(AsPh3)], and
2) in the presence of free arsine (AsPh3/
[PdRX(AsPh3)2] 2:1) the concentration
of [PdRX(AsPh3)(S)] is negligible. This


clearly settles matters in the controversy
of dissociative or associative pathways
for the transmetalation step involved in
the Stille coupling in favor of the latter:
under catalytic conditions the dominant
pathway is the associative reaction of
the stannane with the square-planar
complex [PdRX(AsPh3)2].


Keywords: cross-coupling ¥
metalation ¥ palladium ¥ Stille
coupling ¥ tin


Introduction


To distinguish between dissociative and associative mecha-
nisms in processes operating on square-planar 16-electron
complexes is a hard task. This problem occurs in a number of
fundamental steps common to many reaction mechanisms,
such as ligand substitution, reductive elimination, or trans-
metalation. Recently we have been occupied with this
problem in the context of our studies on the transmetalation
step in the palladium-catalyzed coupling of organic halides or
triflates with stannanes (Stille reaction).[1] In the course of a
thorough study of the mechanism of this reaction we
concluded that a more complete view of the possible pathways
for the reaction was as shown in Scheme 1.[2, 3] Two main
cycles are suggested, differing in the transmetalation step (and
consequently in the subsequent reductive elimination steps).
Pathway I involves a cyclic transition state A, leading to
associative L-for-R2 substitution, and directly yields a cis
arrangement for R1 and R2. This path is favored for organic
halides as electrophiles, and in solvents with moderate
coordinative ability towards Pd. Coordination of the halide
to Sn assists the transmetalation, increasing the nucleophilic-
ity of the a-carbon of the stannane and the electrophilicity of
Pd, and reducing the free energy of the transition state. It
also directs the stereochemistry of the transmetalation.[4]


Scheme 1. Complete view of the pathways that may be involved in the
catalytic Stille cycle.


Pathway II involves an open transition state B, leading to
associative Y-for-R2 substitution (either directly or via inter-
mediates in which X has been associatively replaced by L or
by a molecule of solvent), which results in a trans arrangement
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for R1 and R2; depending on the trans effects of R1 and L, this
takes place in competition with associative L-for-R2 substitu-
tion, which leads to a cis arrangement for R1 and R2.
Pathway II is favored by good leaving groups (X) from Pd
(OTf� halides) and by solvents capable of acting as reason-
ably good ligands towards Pd. Our studies showed that, in the
transmetalations with X� halide, L�AsPh3, R1�C6Cl2F3,
and R2� vinyl, and with THF as the solvent, only pathway I
seemed to be operating, whereas in those with X�OTf, L�
PPh3, R1�C6Cl2F3, and R2� vinyl, and with THFor CHCl3 as
the solvent, pathway II was preferred.


We also examined the species that could be detected in
solution by 19F NMR spectroscopy.[3] These varied depending
on different factors (nature of X, L, and S, concentration of L,
temperature). The conclusion was that the actual molecule
undergoing transmetalation can change as a function of all
these factors. Among the species that we were able to detect
in solution, depending on the conditions, were: [Pd(C6Cl2F3)
I(AsPh3)2] (in THF), [Pd(C6Cl2F3)I(PPh3)2] (in chloroform or
THF), [Pd(C6Cl2F3)(OTf)(PPh3)2] (in chloroform or THF),
[Pd(C6Cl2F3)(PPh3)2(THF)](OTf) (in THF), [Pd(C6Cl2F3)
(PPh3)3](OTf) (in chloroform or THF), [Pd(C6Cl2F3)(PPh3)2
(HMPA)]X (X�Cl, I, OTf) (in HMPA), [Pd(C6Cl2F3)(PPh3)
(HMPA)2]X (X�Cl, I, OTf) (in HMPA), and [Pd(C6Cl2F3)
Cl(PPh3)2(HMPA)] (in HMPA). Thus, the actual mechanism
of transmetalation will have a complex dependence on the
reaction conditions, and will need to be studied separately
each case. Note, however, that in all cases we have proposed
that the entrance of the R2 group into the coordination sphere
of Pd occurs by associative mechanisms: that is, through
5-coordinated (18-electron) transition states (A or B in
Scheme 1). Under the conditions studied we have discounted
dissociative mechanisms, which should involve 3-coordinated
14-electron transition states or intermediates.


Kinetic studies previous to our work had led to the proposal
of a dissociative mechanism involving X-for-R2 transmetala-
tion (Scheme 2, R1�Ph, L�AsPh3, solvent�THF), basical-
ly because it was satisfactory to explain the retarding effect of
the addition of L.[5] The intermediates C and D were depicted
in different publications randomly as T-shaped 14-electron
species [PdR1XL], or as so-called ™solvent-stabilized∫
[PdR1XL(S)] (X� I, vinyl) intermediates. Note that the
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transmetalation leads to a trans complex, which should
require isomerization before coupling.


Our associative proposal (Scheme 3) explains the retarding
effect of the addition of L equally well, and also accounts for
other observations that cannot be explained by the mecha-
nism in Scheme 2.[2, 3]
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Scheme 3. Associative transmetalation for halides, as proposed by us.


Although the two transmetalation mechanisms are very
different, to tell one from the other kinetically is not obvious
because, as we have discussed previously,[2] the kinetic
equations for Scheme 2 for a hypothesized fast preequilibri-
um [Eq. (1)] and for Scheme 3 [Eq. (2)] differ only in the
coefficients but show the same dependence on the concen-
trations of the reagents.


rdissociative�
k�2 Kdis�1�


Kdis � �AsPh3�
[2]; Kdis�


k�1
k��1


(1)


rassociative�
k1 k2�1�


k�1�AsPh3� � k2


[2] (2)


An important point in our decision to discount the
dissociative mechanism in Scheme 2 in favor of the cyclic
associative mechanism in Scheme 3 was a quantitative con-


Abstract in Spanish: La observacio¬n espectrosco¬pica (por 1H
RMN) de complejos de paladio tricoordinados de 14 electrones
anunciada en un reciente artÌculo resulta ser un error de
interpretacio¬n. Un estudio completo de las especies formadas
por [PdRX(AsPh3)2] R�Ph, C6Cl2F3; X�Cl, I) en distintos
disolventes (S�CDCl3, THF, DMF) lleva a las siguientes
conclusiones: 1) No hay trazas detectables por RMN de
[PdRX(AsPh3)]; 2) en presencia de arsina libre (AsPh3:
[PdRX(AsPh3)2]� 2:1) la concentracio¬n de [PdRX(AsPh3)
(S)] es despreciable. Esto define claramente la cuestio¬n en la
controversia entre vÌas disociativas o asociativas para la etapa
de transmetalacio¬n implicada en el acoplamiento de Stille, en
favor de las u¬ltimas: En las condiciones catalÌticas el camino
dominante es la reaccio¬n asociativa del estannano con el
complejo plano-cuadrado [PdRX(AsPh3)2].
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sideration of the data. We calculated that, in order to fit the
kinetic results, the percentage of [PdR1I(AsPh3)] in a solution
of [PdR1I(AsPh3)2] should be 40% for R1�Ph at 323 K in
THF,[6] and 12% for R1�C6Cl2F3 at 322.6 K in THF.[7] Our
experience in Pd chemistry told us that these high percentages
of dissociation were unacceptable for a T-shaped 14-electron
species (we analyze the case of [PdR1XL(S)] intermediates
later). It was even less likely that these intermediates would
be abundant under catalytic conditions in which an excess of L
(usually Pd/AsPh3 1:4) is used. Moreover, we argued that, if
this high concentration was produced, the intermediate (C)
should be easy to observe spectroscopically. In fact, we were
unable to detect such intermediate in our system by the highly
receptive 19F NMR spectroscopy.


To our surprise the title of a recent paper announced
™Evidence for the Formation of a T-Shaped Complex∫ and
claimed in the text ™the first spectroscopic evidence for the
formation of the so-called T-shaped complex∫.[8] The news
became less striking to us when we observed that the T-shaped
complex was defined in several places in the text as
[PdPhI(AsPh3)(S)] (S�CDCl3, THF, DMF), which is not a
T-shaped 14-electron complexes but a square-planar 16-
electron complex. [PdPhI(AsPh3)(S)] appeared to be formed
in solutions of [PdPhI(AsPh3)2] along with the corresponding
amount of free arsine, and was (or were) detected by 1H NMR
spectroscopy in CDCl3, and by cyclic voltammetry in DMF.
Although the discussion assumed a single identity for the
complex, it was at the same time represented by
[PdPhI(AsPh3)(solv)]. The degree of ™dissociation of arsine∫
at 293 K was reported to be 22% in CDCl3, and 32% in
dimethylformamide (DMF). If these observations corre-
sponded to concentrations of a real T-shaped complex
[PdPhI(AsPh3)] we should certainly consider our proposal
of pathway I in Scheme 1 to be incorrect, or at least no better
based than the alternative dissociative proposal. Even if the
observed species were simply [PdPhI(AsPh3)(S)] in that high
concentration, the consequences would deserve careful con-
sideration and discussion. Thus, we decided to reexamine the
systems with C6Cl2F3 and Ph in our laboratory.


Results and Discussion


Setting out the concepts : For the discussion in this paper we
need to define exactly the meaning of a few concepts that are
frequent occasion of misunderstanding in mechanistic dis-
cussions. Let us consider the simple, rather common, and
general system in Scheme 4, in which a complex [PdR1XL2] (1,
X� halide), in solution in a solvent S, exists in equilibrium
with a T-shaped 14-electron complex [PdPhXL] (C), and with
a square-planar 16-electron complex [PdR1XL(S)] (E), in
which a solvent molecule is one of the ligands. Note that we
make a strict distinction between the two complexes,
[PdR1XL] and [PdR1XL(S)], because they are very different,
both conceptually and in their mechanistic implications.


A T-shaped 14-electron complex [PdR1XL] (C) could be
formed by dissociation of L or S from a 16-electron precursor.
It has a very low-lying empty orbital and reacts quickly with
molecules with lone pairs (whether these molecules are
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Scheme 4. Possible species in solution and competitive associative trans-
metalation for halides where L and S compete as ligands.


L or S) to fill this empty orbital. Obviously, high concen-
trations of such reactive species are incompatible with a high
concentration of coordinating molecules (L or S) in the
vicinity (special steric cases excluded), and will become less
and less likely in solvents with progressively higher coordi-
nating ability. The ability of solvents such as THF,[9] DMF,[10]


and even CH2Cl2,[11] to act as ligands filling one or more
coordination sites is well established, and complexes
[PdR1XL(S)] are not and cannot be called T-shaped com-
plexes.


A square-planar 16-electron complex [PdR1XL(S)] (E) is
not essentially different from a 16-electron complex
[PdR1XL2] (1). Both have four ligands, and both could
undergo ligand substitution by a dissociative mechanism
(forming C), or by an associative mechanism, through an 18-
electron 5-coordinate transition state.


The rate of the associative mechanism in [PdR1XL2]
complexes is faster by far than that for the dissociative
mechanism, and no dissociative substitution for this kind of
compound has ever been reported.[12, 13] In fact, we can safely
discount, as discussed before, the possibility that the rate of
transmetalation in the Stille reaction through a 14-electron
complex [PdR1XL] (C) formed in a fast preequilibrium might
be significant.[2] The high percentage of dissociated species
required to fit the kinetic results is incompatible with the
presence of a coordinating solvent (THF) and excess AsPh3,
either under Farina×s conditions (R1�Ph),[5] or under ours
(R1�C6Cl2F3).[2] On the other hand, we have discussed,[2] and
considered kinetically acceptable, the case of associative
substitution (leading to transmetalation) on [PdR1XL2] (1),
which proved to explain satisfactorily all the observations on
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the system. Now we need to consider the case of weak ligands
in coordinating solvents, in which there is the possibility of a
preequilibrium that could produce a large degree of ligand-
for-solvent exchange,[14] giving rise to a significant concen-
tration of [PdR1XL(S)] (E) in solution (Scheme 4). In this
case the transmetalation would be based on associative
substitutions occurring competitively on both 16-electron
complexes [PdR1XL2] (1) and [PdR1XL(S)] (E) through their
respective transition states shown below. In each case a ligand
(L or S) will be associatively replaced by the entering
nucleophile R2-SnBu3.


R1PdX


S


Sn R2


L


R1PdX


L


Sn R2


L


The reverse reaction (Scheme 4) will be the displacement of
R2-SnBu3 by L or S. The rates of transmetalation through 1
and through E are obtained by application of the steady-state
approximation, and are given in Equations (3) and (4),
respectively.[15]


r (�)associative�
k1L k2�1�


k�1L�AsPh3� � k�1s�S� � k2


[2] (3)


r(�)associative�
k1S k2�E�


k�1L�AsPh3� � k�1s�S� � k2


[2] (4)


The ratio of the two rates [Eq. (5)], depends on two factors:
i) the concentrations of 1 and E, which are determined by the
thermodynamic equilibrium (Keq, or �G 0 for the substitution
reaction), and ii) the rate constants, which are determined by
the �G�values for the nucleophilic attack by the stannane on
1 or E, respectively. The complex with the worse ligand
(expected to be E) is less stable (higher fundamental state)
and more electrophilic (lower transition state towards attack
by a nucleophile), hence it should give rise to a lower �G�


value and provide a faster reaction path, unless the ratio of
concentrations compensates for this factor. It is thus impor-
tant, from a theoretical point of view, to examine whether
there is a significant concentration of E under the reaction
conditions, in which case the reaction would probably take
place mostly via E.


r�1�
r �E� �


k1L�1�
k1S�E� (5)


From a practical point of view, however, it must be noted that
both transmetalations are associative L-for-R2 substitutions (L
(� ligand) or S), both lead to a cis arrangement for R1 and R2,
both are retarded by L, and both give the same product,
following our proposed cycle I (Scheme 1). It is also interest-
ing to note that addition of free AsPh3 (the catalytic
conditions often use a Pd/AsPh3 ratio of 1:4), will produce a
retardation of both rates. Moreover, it will displace the
equilibrium towards the formation of more 1, increasing the
percentage of the reaction that proceeds via 1. With the usual
values of the equilibrium constants for the displacement of


ligand by solvents, this effect is very pronounced, and small
amounts of added L suffice to reduce the concentration of E
to very small values. This is supported by the studies in
solution that follow.


Studies in solution : With these premises in mind we can now
examine the systems under discussion [PdR1X(AsPh3)2] (R1�
Ph, C6Cl2F3; X� halide) in CDCl3, THF, and DMF. For this
purpose we have prepared, characterized, and studied in
different solutions the following compounds: [Pd(C6Cl2F3)
X(AsPh3)2] (X�Cl (3), I (4)), [(�-X)2Pd2(C6Cl2F3)2(AsPh3)2]
(X�Cl (5), I (6)), [PdPhX(AsPh3)2] (X�Cl (7), I (8)), and
[(�-X)2Pd2Ph2(AsPh3)2] (X�Cl (9), I (10)). The compounds
with R�C6Cl2F3 were prepared by methods similar to others
reported before.[16] The dimer [(�-I)2Pd2Ph2(AsPh3)2] was
prepared from [PdPhI(AsPh3)2] by use of [Pd(C6F5)2(OEt2)2]
as an AsPh3-sequestering agent [Eq. (5)], and metathesis with
AgCl afforded [(�-Cl)2Pd2Ph2(AsPh3)2]. All the compounds
were fully characterized by elemental analysis and spectro-
scopically (see Experimental Section).


2 [PdPhI(AsPh3)2]� [Pd(C6F5)2(OEt2)2]	 [(�-I)2Pd2Ph2(AsPh3)2]�
[Pd(C6F5)2(AsPh3)2]� 2OEt2 (6)


Two strategies used in this study are as follows. 1) A dimer
[(�-X)2Pd2(R1)2(AsPh3)2] is the best possible precursor to
form the highest possible concentration of a solvent complex
[PdR1X(AsPh3)(S)], as there is no AsPh3 set free in solution.
2) Dimers can be distinguished from monomers by NMR, by
studying solutions of mixtures of complexes with different
halides. An equimolar mixture of [(�-Cl)2Pd2(R1)2(AsPh3)2]
and [(�-I)2Pd2(R1)2(AsPh3)2] will generate a new complex, the
dimer with mixed bridges [(�-Cl)(�-I)Pd2(R1)2(AsPh3)2], in
the statistical ratio (1:1:2). If the dimers give cis and trans
isomers this could produce up to seven isomers and eight
chemically inequivalent R groups (Scheme 5). A mixture of
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Scheme 5. Possible species in solution in a mixture of two different dimers.
The R groups are labeled according to their chemical equivalence or
inequivalence.


monomers [PdR1X(AsPh3)(S)] will show only the sum of the
two spectra of the monomers: two sets of R1 signals if each
monomer has a single isomer, or four sets of R1 signals if the
monomers are mixtures of the two possible isomers. The cis
and trans percentages are thermodynamically (not statisti-
cally) imposed, and can be rather unequal.


Because 19F NMR is very informative and the results with
R1�C6Cl2F3 are very clear, we start the discussion with this
system.
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Nature of the species detected in solutions of [Pd(C6Cl2F3)
X(AsPh3)2] or [(�-X)2Pd2(C6Cl2F3)2(AsPh3)2]: Our previous
experience had shown that halocomplexes [PdRXL2] with
weak ancillary ligands often release ligand in CDCl3. Specif-
ically, we have reported that complexes [Pd(C6Cl2F3)ClL2]
(L�MeCN, SMe2, or tetrahydrothiophene (tht)) have a high
tendency, in solution, to enter into equilibria with the
corresponding dimers [(�-Cl)2Pd2(C6Cl2F3)2L2] and free li-
gand.[16] We cursorily assigned a halobridged dimeric structure
[(�-X)2Pd2R2L2] to the products formed in solution, because
these kinds of dimers are well known and many have been
characterized by diffraction methods.[17] The dimers appeared
as a mixture of trans (major) and cis (minor) isomers, their
proportions changing with the polarity of the solvent. This
tendency to displace free ligand is so high that it makes it
difficult to isolate the monomeric compounds in a pure state,
without contamination with some dimer. This is not appa-
rently the case for the stronger ligand AsPh3: the complex
[Pd(C6Cl2F3)I(AsPh3)2], which we use profusely in our
research, seems to remain unchanged in CDCl3 and THF
(we have never tried DMF). However, the results reported in
the literature for the phenyl system warranted closer scrutiny.


C6Cl2F3 complexes in CDCl3 and in THF : In their 19F NMR
spectra, solutions of [Pd(C6Cl2F3)X(AsPh3)2] (X�Cl (3), I
(4)) in CDCl3 show only the two singlets (2:1) expected for the
two equivalent Fortho and the Fpara of the perhaloaryl group.
The corresponding dimers [(�-X)2Pd2(C6Cl2F3)2(AsPh3)2]
(X�Cl (5), I (6)) give rise to two sets of signals in very
different proportions (7:93 for X�Cl, 10:90 for X� I), which
we assign to the cis (minor) and the trans (major) isomers of
the dimer. We have also found mixtures of cis and trans
isomers in orthopalladated halo-bridged dimeric com-
pounds.[18] Hartwig et al. have also reported similar mix-
tures,[17b] and this seems to be a frequent phenomenon. It
could be argued that, if [Pd(C6Cl2F3)X(AsPh3)(S)] was
formed quantitatively by bridge splitting, the signals could
correspond to the two possible isomers of that solvent
complex. A mixing experiment can decide between mono-
mers (no new signals arising in the mixture) and dimers. In
fact the equimolar mixture of 5 and 6 produces new signals,
as would be expected for the formation of [(�-Cl)(�-I)-
Pd2(C6Cl2F3)2(AsPh3)2] (11). The mixed complex appears as a
mixture of one trans (major) and two cis (minor) isomers
(Figure 1, see Scheme 5 for labeling).


Figure 1. 19F NMR spectrum of an equimolar mixture of 5 and 6 in CDCl3.
Only the range of the Fortho signals is shown. (The small symmetric signals
flanking the high singlets are spinning sidebands.) The signals are labeled as
shown in Scheme 5.


The results in THF are identical, and no traces of
[Pd(C6Cl2F3)I(AsPh3)(THF)] can be detected. This supports
the hypothesis that the transmetalation in CDCl3 and in THF
most probably takes place on [Pd(C6Cl2F3)I(AsPh3)2], as
proposed,[2] even in the absence of added AsPh3.


C6Cl2F3 complexes in DMF : The behavior in DMF is far more
complex. The dimer [(�-I)2Pd2(C6Cl2F3)2(AsPh3)2] (6) shows
signals for three species in an approximate ratio of 74:16:10.
The signal with 16% intensity seems to correspond to the
trans isomer of the dimer (the amount of cis isomer should be
negligible or in fast exchange with the trans), whereas that of
10% intensity corresponds, unexpectedly, to [Pd(C6Cl2F3)
I(AsPh3)2] (4). The dimer [(�-Cl)2Pd2(C6Cl2F3)2(AsPh3)2] (5)
also shows signals for three species in an approximate ratio of
6.5:80.5:13. The signal with 13% intensity corresponds to the
trans isomer of the dimer (the small amount of cis isomer
should be negligible or in fast equilibrium with the dominant
trans), whereas that of 6.5% intensity corresponds to
[Pd(C6Cl2F3)Cl(AsPh3)2] (3). A mixing experiment of 5 and
6 reveals that the major signals correspond to monomers,
which are consequently assigned as the complexes arising
from bridge-splitting by the solvent, [Pd(C6Cl2F3)X(AsPh3)
(DMF)] (X�Cl (12), I (13)). The surprising observation of 3
and 4, containing additional arsine, without observation of a
counterpart providing that arsine, required further checking
to make sure that it was not due to accidental contamination
of the dimers with some monomer. A sample of 6 was
dissolved in CDCl3 and was shown not to contain any
significant amount of 4 (Figure 2). Successive addition of


Figure 2. Changes in the 19F NMR spectrum of a solution of 6 as the
solvent changes from 100% CDCl3 to 100% DMF, passing through
mixtures. Only the range of the Fortho signals is shown.


DMF unambiguously gave rise to increasing formation of 13
and 4. This requires the formation of a counterpart that has
lost AsPh3 and cannot be detected. We suggest that this could
be [(�-I)2Pd2(C6Cl2F3)2(DMF)2], and that the signals attrib-
uted to the dimers (which are somewhat broad) may in fact
correspond to a fast equilibrium between the several possible
dimers in solution.
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Fortunately, the systems simplify notably upon addition of
AsPh3 to produce a Pd/AsPh3 ratio of 1:4, as under catalytic
conditions. Then, only the signals of the monomers 3 and 4 are
observed. Consequently, the likely candidates for transmeta-
lation in DMF are also the monomeric [Pd(C6Cl2F3)
X(AsPh3)2] species.


Ph complexes in CDCl3 and in [D8]THF : Only the 7.2 ±
6.5 ppm range in the 1H spectrum is informative. In that
range, the Hortho proton of the metallated phenyl (near 7 ppm)
and the Hpara and Hmeta protons (near 6.5 ppm, partially
overlapped with each other), are observed. As reported in the
literature,[8] [PdPhI(AsPh3)2] (8) gives rise in CDCl3 to two
sets of signals corresponding to two different chemical species
(Figure 3a). Similar behavior (with a smaller proportion of
the minor signal) is observed for [PdPhCl(AsPh3)2] (7)
(Figure 3b).


Figure 3. 1H NMR spectrum of solutions of 7 (b) or 8 (a) in CDCl3,
showing the formation of the corresponding dimers in equilibrium. The
major signals are, from left to right, 2Hortho (d), 1Hpara (t), 2Hmeta (t).


The major species in each spectrum is [PdPhX(AsPh3)2].
The minor species in the solution of 8 was attributed in the
literature to the so-called T-shaped [PdPhI(AsPh3)(S)],[8] but
this is not correct. The signals of the minor species correspond
to the only signals observed in the CDCl3 solutions of the
corresponding dimers [(�-X)2Pd2Ph2(AsPh3)2] (X�Cl (9), I
(10)), and are in fact the unchanged dimers. This is sup-
ported by the following facts. 1) An equimolar mixture of [(�-
Cl)2Pd2Ph2(AsPh3)2] (9) and [(�-I)2Pd2Ph2(AsPh3)2] (10) in
CDCl3 produced signals of the compound with mixed bridges
[(�-Cl)(�-I)Pd2Ph2(AsPh3)2] (14), as shown in Figure 4a.
Although the partial overlap of the signals prevents integra-
tion, the signals appear to be approximately in the expected
statistical ratio for 9/10/14 (1:1:2). 2) Vapor pressure determi-
nation on a solution of [(�-I)2Pd2Ph2(AsPh3)2] in CHCl3
afforded a molecular weight in solution of 1245 (calculated
for the dimer: 1234.48; a monomer should give half this value,
while dimer/monomer equilibria should give intermediate
values). The dimer does not therefore split in chloroform.


The behavior in [D8]THF is identical to that described for
CDCl3, except for the fact that the signals of 14 overlap with
those of 9 and 10 to a greater extent and are less distinctly seen
(Figure 4b; the increased complexity of the signals at higher
field in the mixture is particularly clear). It is likely that
the [(�-X)2Pd2Ph2(AsPh3)2] dimers in CDCl3 and in [D8]THF
consist of mixtures of cis and trans isomers, as this seems to be


Figure 4. a) 1H NMR spectra of solutions of the dimers 9 and 10 in CDCl3.
A mixture of them gives additional signals from the mixed dimer 14. b) The
same experiment in [D8]THF.


common behavior, but the lower discriminatory power of 1H
(in comparison to the previously used 19F) does not permit this
aspect to be recognized. Addition of excess of arsine (to make
Pd/AsPh3 (1:4), as in Stille catalytic conditions) generates the
monomers as the only detected species.


Consequently, we can conclude that:
a) The second complex observed in solutions of


[PdPhI(AsPh3)2] in these solvents is not any kind of
T-shaped complex as reported in the literature,[8] but the
dimeric complex [(�-I)2Pd2Ph2(AsPh3)2] (8).


b) There is no perceptible concentration of [PdPhI
(AsPh3)(THF)] or [PdPhI(AsPh3)].


c) Our decision to discount the dissociative mechanism and
the intermediate proposed by Farina et al. (whether
[PdPhI(AsPh3)] or [PdPhI(AsPh3)(THF)]) seems correct.


d) The reaction under catalytic conditions most probably
occurs on [PdPhX(AsPh3)2].
Ph complexes in [D7]DMF : The solutions in DMFare more


problematic to study. The dimers give very broad signals
(hardly observable) from room temperature to 223 K, sug-
gesting the existence of at least two species in fast exchange,
but any assignment is impossible. The monomers show rather
broad but observable signals attributable to [PdPhX(AsPh3)2]
that integrate for about 97% of the initial monomer dissolved
(by use of the CH2 benzyl signal of (NEt3CH2Ph)Cl for the
chloro complex or the NCH2 signal of (NBu4)I for the iodo
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complex as internal references for integration). The very
minor species exchanging with the monomer are not detect-
able (although the broadening of those of [PdPhX(AsPh3)2]
suggests that they must exist in very small concentrations). A
detailed experiment was carried out for [PdPhI(AsPh3)2] (8),
by dissolving it in CDCl3 and adding increasing amounts of
[D7]DMF and finally AsPh3 to produce Pd/AsPh3 (1:4)
(Figure 5). The successive addition of DMF produces in-


Figure 5. Changes in the 1H NMR spectrum of a solution of 8 in CDCl3/
[D7]DMF mixtures: a) 1:0, b) 1:0.6, c) 1:1, d) 0:1 in volume, e) solution of 8
� 2AsPh3 in [D7]DMF.


creasing broadening of the signals of the dimer (in equilibrium
with the monomer), which eventually becomes unobservable
when the solvent is predominantly DMF. The signals of
[PdPhI(AsPh3)2] do not noticeably lose intensity, and undergo
a slower broadening. All this suggests the existence of a third
species in solution, probably [PdPhI(AsPh3)(S)], unobserv-
able but in fast exchange with 8 (and with the remaining 10),
producing the broadening. This result is basically consistent
with the observations by cyclic voltammetry reported in the
literature.[8] The addition of a small amount of AsPh3 very
quickly restores a fairly sharp spectrum of 8, which recovers
100% of integration relative to the internal reference,
showing that the concentration of any other complex in
solution must be extremely small. In DMF, in solutions of 8
with the excess of AsPh3 conventionally used in catalysis, the
absolutely dominant species and likely candidate to undergo
transmetalation, is–as in the other solvents studied here–the
monomer [PdPhI(AsPh3)2].


Additional comments : The observations reported in this
paper and in our previous publications afford the order of
coordinating ability of the ligands involved as AsPh3 � DMF
� X�Pd� THF� CDCl3, although the solvents are in much
higher concentration than AsPh3 or X�Pd. In fact, solutions of
dimers in CDCl3 are not completely split by moderate
amounts of DMF, showing that the real coordinating ability
to Pd at comparable ligand concentrations should be AsPh3 �


X�Pd � DMF � THF � CDCl3. The results also indicate
that the substitution of a better donating ligand for a worse
donating ligand is easier for the more electron-rich complexes
(Ph � C6Cl2F3; I � Cl).


Although there are reports of cationic ArPd(PPh3)2� with
TfO� or BF4


� as the counterion, it is even less likely that an
observable cationic species will be a T-shaped 14-electron


compound, since its tendency to coordinate any electron-
donating moiety, to become 16-electron square-planar, must
be higher than for the neutral species studied here. The triflate
complexes (Ar� p-ClC6H4, p-NO2C6H4) in DMF were de-
scribed as separated ion-pairs ArPd(PPh3)2� � TfO� ™strong-
ly solvated by DMF∫; in toluene as ™not covalent but totally
ion-paired∫ (ArPd(PPh3)2�, TfO�); and in THF as an equili-
brium between ™solvated∫ and ™totally ion-paired∫ species.[19a]


In view of our results here and in our previous paper,[3]


it is clear that the solutions in coordinating solvents (such
as DMF) must be formulated as solvent-coordinated
(rather than ™solvated∫) complexes [ArPd(PPh3)2(S)](TfO�)
(S�DMF); solutions in THF as equilibria between
[ArPd(PPh3)2(S)](TfO�) and [ArPd(PPh3)2(TfO)]; and in
toluene solution or in the solid state as covalent triflato
complexes [ArPd(PPh3)2(TfO)], rather than as ™ion-
paired∫.[20] The same holds for the tetrafluoroborate complex
(Ar�Ph).[19b, 21] Consistently with this reformulation, the
substitution reactions assigned a dissociative SN1 mecha-
nism,[19b, 21] must in reality be associative SN2 reactions
involving the participation of solvent as ligand.


The best candidate for a true observation of a trans-
metalation on a T-shaped 14-electron complex is the report by
Louie and Hartwig on the behavior of [(�-Br)2Pd2(p-Tol)2{-
P(o-Tol)3}2] (15). This complex undergoes stoichiometric
transmetalation with organotin aryl, thiolate, and amide
compounds. The transmetalation was described as ™an un-
usual type of dissociative ligand substitution reaction∫, based
on the fact that kinetic studies in a non-coordinating solvent
afford a rate law dependence on the square root of the
concentration of dimer ([15]1/2).[22] The properties of 15 are
quite unique: addition of P(o-Tol)3 does not split 15, nor does
it retard transmetalation on 15 from stannanes, showing that
the formation of [Pd(Tol-p)Br{P(o-Tol)3}2] is severely hin-
dered. The rate law observed is only consistent with a
preequilibrium in which a molecule of dimer gives two of
monomer, but this is not conclusive proof of a 14-electron
T-shaped complex.


Tol-p


Pd
Br P(o-Tol)3p-Tol


Pd


Br(o-Tol)3P
Tol-P


PdBr


P(o-Tol)3


1/2


On the assumption that the monomer formed is not
[Pd(Tol-p)Br{P(o-Tol)3}(S)], since the solvent is non-coordi-
nating, there is still another way to stabilize the monomer as a
16-electron complex, in the form of an agostic complex.[23] It is
well known that bulky phosphines are prone to cyclometala-
tion. For instance, PR2(Tol-o) or PR2Mes ligands are metal-
lated in the tolyl methyl or in the mesityl methyl group to give
a five-membered metalla-ring.[24] The same kinds of bulky
ligands propitiate the formation of agostic interactions
between the metal and C�H bonds.[25] In fact, it is widely
accepted that cyclometalation is initiated by an agostic
interaction with the �(C�H) orbital followed by back-
donation to the �*(C�H) orbital. Thus, the existence of
complexes with cyclopalladated o-tolyl phosphine suggests
that agostic interaction is possible whenever a coordination
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site cis to the phosphine is available. It seems reasonable that
the monomeric species [Pd(Tol-p)Br{P(o-Tol)3}] might be
stabilized by an agostic interaction involving the empty orbital
on Pd and the electron pair of the C�H bond of a methyl
group (see below, a)). Since this intermediate is not spec-
troscopically observable because of its very low concentra-
tion, this hypothesis cannot be demonstrated or disproved,
but existing crystallographic data on similar complexes make
it a very attractive suggestion.
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In effect, there are many X-ray structures that show agostic
C�H bonds involved in agostic interaction to the empty
coordination site of otherwise T-shaped d8 complexes.[26] This
evidence goes back to the pioneering study of the structure of
[Rh(PPh3)3](ClO4) (the proposed 14-electron species in
Wilkinson×s catalyst) in which the ortho C�H of one of the
phenyl groups is involved in agostic bonding b) (see above),[27]


and continues through many reports until the very recent
[RhNp(�2-dtbpm)] (Np� neopentyl; dtbpm�ButPCH2P-
tBu), where again an agostic interaction occupies the fourth
coordination position (c).[28] These agostic ligands are very
weakly bonded and can easily be displaced. For instance,
[{RhNp(�2-dtbpm)}2(�-�1:�1-N2)] is formed on subjection of
[RhNp(�2-dtbpm)] to 1 bar of N2. Thus, from a conciliatory
point of view, if a formally 16-electron agostic complex is not
quite a T-shaped 14-electron species, it is probably the existing
intermediate closest to it.


Conclusion


Although 14-electron species are conceivable as transition
states in many reactions–such as reductive elimination,
isomerization, ligand rotations, and sometimes ligand sub-
stitution–it is unlikely that a detectable concentration of
these highly unsaturated species can survive in a condensed
state. In fact, close scrutiny of the reports of such observations
always affords a more plausible interpretation in which the
low-lying Pd orbital that should be empty in a T-shaped
compound becomes involved in some kind of bonding. The
determination of activation parameters for the reactions
(particularly activation volumes) can convincingly support the
nature of 3-coordinated transition states, but fragmentary
kinetic results are misleading as evidence of the existence of
3-coordinated intermediates. Ligand associative substitution
by the solvent or in an intramolecular process can easily be
mistaken for a dissociation. Retardation of the rate by
addition of the ligand being released, which is often taken
as evidence of a dissociative preequilibrium, seems more
often to be associated with an associative interchange


mechanism (Ia),[29] which is the usual pathway for ligand
substitution in PdII complexes. This is certainly the case for the
transmetalation step in the conditions of the Pd-catalyzed
coupling of organic halides or triflates and stannanes (Stille
reaction), which is simply a variant of associative ligand
substitution in Pd.


Experimental Section


Note Added in Proof


The X-ray structures of [PdArX(PtBu2R)](Ar�Ph, X�Br, R� adaman-
tyl; Ar� 2,4-xylyl, X� I, R� tBu) have been reported while this paper was
in print. They come to support our view that apparently three-coordinated
T-shaped PdII complexes do get involved in agostic bonds when no better
possibility is available, to fill the supposedly open site and make the PdII


tetracoordinate.[30]


General comments : All reagents were purchased from commercial sources
and used as received. Solvents were dried by known procedures and
distilled under nitrogen prior to use. 1H NMR (300.16 MHz) and 19F NMR
(282.4 MHz) spectra were recorded on a Bruker ARX 300 instrument
equipped with a VT-100 variable-temperature probe. Chemical shifts are
reported in ppm from tetramethylsilane (1H) or CCl3F (19F), with positive
shifts downfield, at ambient probe temperature unless otherwise stated. In
19F NMR spectra registered in non-deuterated solvents, a coaxial tube
containing [D6]acetone was used to maintain the lock 2H signal, and the
chemical shifts are reported from the CCl3F signal in deuterated acetone.
Combustion CHN analyses were made on a Perkin ±Elmer 2400 CHN
microanalyzer. Infrared spectra were recorded on a Perkin ±Elmer 843
apparatus (range 4000 ± 200 cm�1) with Nujol mulls between polyethylene
sheets or in dichloromethane solution between NaCl plates. The molecular
weight measurements were performed in a Knauer vapor pressure
osmometer in CHCl3 at 303 K. The precursors [PdCl(C6Cl2F3)(AsPh3)2]
(3),[2] [PdI(C6Cl2F3)(AsPh3)2] (4),[2] (NBu4)2[Pd2(C6F5)4(�-Br)2],[31] and
[PdIPh(AsPh3)2] (8)[8] were prepared by published methods.


Synthesis and NMR data of the complexes


[Pd2(�-Cl)2(C6Cl2F3)2(AsPh3)2] (5): PdCl2 (17.9 mg, 0.101 mmol) was added
to a solution of [Pd(C6Cl2F3)2(AsPh3)2] (112.9 mg, 0.101 mmol) in acetone
(25 mL). The suspension was heated under reflux for 12 h and filtered
through Celite. The resulting yellow solution was concentrated to 10 mL, n-
hexane (10 mL) was added, and the solution was further concentrated until
crystallization of the product. The yellow solid was filtered, washed with
hexane, and vacuum-dried. The crude product was recrystallized from
CH2Cl2/EtOH. Yield 110 mg (84%). 19F NMR (CDCl3; there are signals
assigned to two isomers (cis and trans) in a cis/trans ratio of 7:93): �cis�
�91.85 (s; Fortho), �118.41 (s; Fpara); �trans��92.30 (s; Fortho), �118.41 (s;
Fpara ; overlapped with cis Fpara); 19F NMR (THF; cis/trans isomers (2:98)):
�cis��90.07 (s; Fortho), �120.69 (s; Fpara); �trans��91.65 (s; Fortho), �119.00
(s; Fpara); 19F NMR (DMF; the spectrum shows signals from three
complexes): 3 (5%): ���90.17 (s; Fortho), �120.44 (s; Fpara); 12 (83%):
���90.43 (s; Fortho), �120.70 (s; Fpara); 5 (cis� trans) (12%): ���92.06
(s; Fortho), �119.78 (s, p-F); elemental analysis calcd (%) for
C48H30As2Cl6F6Pd2: C 44.48, H 2.33; found C 44.50, H 2.42.


[Pd2(�-I)2(C6Cl2F3)2(AsPh3)2] (6): Solid NaI (29.7 mg, 0.1984 mmol) was
added to a stirred solution of [Pd2(�-Cl)2(C6Cl2F3)2(AsPh3)2] (59.1 mg,
0.0456 mmol) in CH2Cl2/acetone (5�5 mL). After one hour the solvent was
evaporated and the product was extracted with CH2Cl2 (3
 5 mL). The
solution was filtered and concentrated to 5 mL. The product was
precipitated by addition of n-hexane, filtered, recrystallized from CH2Cl2/
EtOH, and vacuum-dried (28.5 mg, 42%). 19F NMR (CDCl3; signals
assigned to two isomers (cis/trans 10:90)): �cis��89.80 (s, 2F; Fortho),
�118.64 (s, 1F; Fpara); �trans��90.46 (s, 2F; Fortho), �118.94 (s, 1F; Fpara);
19F NMR (THF; cis/trans (15:85)): �cis��89.23 (s; Fortho), �118.96 (s, 1F,
Fpara); �trans��89.71 (s, 2F; Fortho), �119.23 (s, 1F; Fpara); 19F NMR (DMF;
the spectrum shows signals from three complexes): 13 (74%): �13 ��87.95
(s; Fortho), �121.10 (s; Fpara); 4 (10%): ���91.05 (s; Fortho), �120.09 (s;
Fpara); 6 (cis � trans) (16%): ���89.67 (s; Fortho), �118.70 (s; Fpara);
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elemental analysis calcd (%) for C48H30As2Cl4F6I2Pd2: C 38.98, H 2.04;
found C 39.17, H 2.08.
1H NMR in CDCl3/[D7]DMF mixtures : The complex (9.8 mg, 6.6 �mol) was
dissolved in CDCl3 (0.5 mL) and spectra were recorded after the addition
of increasing volumes of DMF (0.00, 0.05, 0.10, 0.20, 0.40, 0.60, and
0.80 mL). The starting signals from cis and trans 6 coalesced and gradually
decreased, while signals of two new complexes, 13 and 4, appeared at: ��
�87.95 (s; Fortho), �91.05 (s; Fortho), �120.09 (s; Fpara), �121.10 (s; Fpara)
(chemical shifts reported relative to CCl3F in DMF).


[PdIPh(AsPh3)2] (8) NMR data: 1H NMR (CDCl3; 17.4 mg in 0.5 mL
solvent): samples of the pure compound show the signals due to 8 and 10
(78:22); 1H NMR ([D8]THF; 23.4 mg in 0.5 mL of solvent): �� 7.46 ± 7.22
(m, 30H; AsPh3), 6.69 (d, J� 7.3 Hz, 2H; Hortho Ph�Pd), 6.39 (m, 1H; Hpara


Ph�Pd), 6.29 (m, 2H; Hmeta Ph�Pd). The sample also shows signals due to
10 (chemical shifts reported below) with a relative intensity 8/10 67:33;
1H NMR ([D7]DMF; 15.41 mg, 0.0167 mmol in 0.75 mL solvent): �� 7.6 ±
7.3 (m, 30H; AsPh3), 6.83 (broad, 2H; Hortho Ph�Pd), 6.43 (m, 3H; Hpara and
Hmeta Ph�Pd). The integrals accounted for 97% of the dissolved product
relative to the integrals of (NBu4)I (1.245 mg, 3.37 �mol) as internal
standard. After the addition of AsPh3 (10.2 mg, 0.0334 mmol) the intensity
of the Ph�Pd signals increased until reaching a value of 100% relative to
the internal standard. The same result was obtained for the chloro complex
with [C6H5CH2(C2H5)3N]Cl as internal standard.


[Pd2(�-I)2Ph2(AsPh3)2] (10): A solution of [Pd(C6F5)2(Et2O)2] was pre-
pared as follows. [Pd2(�-Br)2(C6F5)4](NBu4)2 (143.8 mg, 0.094 mmol) was
added to a stirred solution of AgBF4 (36.7 mg, 0.188 mmol) in acetone
(30 mL). After one hour the AgBr was removed by filtration, and the
solvent was evaporated. The product was extracted into diethyl ether (3

5 mL), filtered, and immediately used.


[PdIPh(AsPh3)2] (348.4 mg, 0.377 mmol) was added to the freshly prepared
solution of [Pd(C6F5)2(Et2O)2], cooled at 0 �C. The mixture was stirred for
one hour, during which time [Pd2(�-I)2Ph2(AsPh3)2] precipitated as a brown
solid. The crude product was recrystallized from CH2Cl2/hexane. Yield:
0.1375 g (59%). 1H NMR (CDCl3): �� 7.32 (m, 12H; AsPh3), 7.27 (m, 18H;
AsPh3), 7.10 (d, J� 8 Hz, 4H; Hortho Ph�Pd), 6.64 (m, 4Hmeta and 2Hpara


Ph�Pd); 1H NMR ([D8]THF): �� 7.37 ± 7.21 (m, 30H; AsPh3), 7.03 (d, 4H;
o-Ph�Pd), 6.54 (m, 4Hmeta and 2Hpara Ph�Pd); elemental analysis calcd (%)
for C48H40As2I2Pd2: C 46.75, H 3.27; found C 46.13, H 3.03; Mw: calcd
1234.48; found 1245.86 gmol�1.
1H NMR (CDCl3/[D7]DMF mixtures): The complex (5 mg, 4.1 �mol) was
dissolved in CDCl3 (0.7 mL) and spectra were recorded after the addition
of increasing amounts of [D7]DMF (0.00, 0.05, 0.12, 0.22, 0.44, and
0.70 mL). The addition of DMF induces the coalescence of the signals.
After the addition of 0.12 mL, the Ph�Pd signals appear as broad bumps.
The coalescence is not resolved by cooling the sample to 213 K, nor by
further addition of DMF.


[PdClPh(AsPh3)2] (7): Freshly prepared AgCl (102.3 mg, 0.714 mmol) was
added to a solution of [PdIPh(AsPh3)2] (0.3297 g, 0.357 mmol) in acetone
(40 mL) under nitrogen atmosphere and the solution was stirred overnight.
The desired product, which precipitated with the silver halides, was
extracted from the precipitate with CH2Cl2 (5
 5 mL) and the resulting
solution was filtered through Celite. The solvent was evaporated to dryness
and the residue was washed with ether, filtered, and vacuum-dried
(0.2367 g, 80%). 1H NMR (CDCl3; 8.6 mg in 0.5 mL of solvent): �� 7.4 ±
7.2 (m, 30H; AsPh3), 6.70 (d, 2H, J� 7 Hz; Hortho Ph�Pd), 6.43 (m, 1H;
Hpara Ph�Pd), 6.31 (m, 2H; Hmeta Ph�Pd); signals of 9 (see below for
chemical shift data) give integrals in a ratio 7/9 90:10; 1H NMR ([D8]THF;
8.7 mg in 0.5 mL of solvent): �� 7.46 ± 7.19 (m; AsPh3), 6.70 (d, 2H, J�
7 Hz; Hortho Ph�Pd), 6.34 (m, 1H; Hpara Ph�Pd), 6.24 (m, 2H; Hmeta Ph�Pd);
7/9 ratio 85:15; elemental analysis calcd (%) for C42H35As2PdCl: C 60.58, H
4.23; found C 59.96, H 4.24.
[Pd2(�-Cl)2Ph2(AsPh3)2] (9): An excess of freshly prepared AgCl (69.2 mg,
0.483 mmol) was added to a solution of 2 (0.1598 g, 0.129 mmol) in acetone
(40 mL). The suspension was stirred overnight. The solution was filtered
through Celite to remove the silver halides and the insoluble residue was
washed with CH2Cl2 (3
 10 mL), the combined solutions was evaporated
to 5 mL, and ether (10 mL) was added. The resulting precipitate was
filtered, washed with ether, and vacuum-dried (65 mg, 48%). 1H NMR
(CDCl3): �� 7.4 ± 7.2 (m, 30H; AsPh3), 6.97 (m, 4H; o-Ph�Pd), 6.63 (m,
6H; p- and m-Ph�Pd); 1H NMR ([D8]THF): �� 7.4 ± 7.2 (m, 30H; AsPh3),


6.92 (m, 4Hortho Ph�Pd), 6.56 (m, 4Hmeta and 2Hpara Ph�Pd); elemental
analysis calcd (%) for C48H40As2Cl2Pd2: C 54.88, H 3.84; found C 54.51, H
3.70.


1:1 Mixtures of [Pd2(�-Cl)2(C6Cl2F3)2(AsPh3)2] and [Pd2(�-
I)2(C6Cl2F3)2(AsPh3)2]


In CDCl3 : [Pd2(�-Cl)2(C6Cl2F3)2(AsPh3)2] (6.0 mg, 4.7 �mol) and [Pd2(�-
I)2(C6Cl2F3)2(AsPh3)2] (6.9 mg, 4.7 �mol) were dissolved in CDCl3
(0.5 mL). The 19F NMR spectrum shows signals of the cis and trans isomers
of the starting complexes (29% of trans-6, 4% of cis-6, 25% of trans-5, and
2% of cis-5), and the groups of signals of two new compounds trans-11
(28%) and cis-11 (12%). 19F NMR (CDCl3): �trans-11��90.12 (s; Fortho),
�92.61 (s; Fortho), �118.33 (s; Fpara), �119.06 (s; Fpara); �cis-11 ��89.58 (s;
Fortho), �118.75 (s; Fpara).


In THF : A solution of [Pd2(�-Cl)2(C6Cl2F3)2(AsPh3)2] (6.0 mg, 4.7 �mol)
and [Pd2(�-I)2(C6Cl2F3)2(AsPh3)2] (6.9 mg, 4.7 �mol) in THF (0.5 mL) was
prepared. The 19F NMR spectrum shows signals of the cis and trans isomers
of the starting complexes, and the next groups of broad signals of trans-11
and cis-11: 19F NMR (THF): ���89.15 (s), �89.40 (s), �91.94 (s),
�118.81 (s), �119.07 (s), �119.45 (s).


The spectrum was recorded again after the addition of AsPh3 (17.3 mg,
56.4 �mol) to the sample. Only signals of 3 and 4 were observed.


In DMF : [Pd2(�-Cl)2(C6Cl2F3)2(AsPh3)2] (6.2 mg, 5.0 �mol) and [Pd2(�-
I)2(C6Cl2F3)2(AsPh3)2 (7.4 mg, 5.0 �mol) were dissolved in DMF (0.5 mL).
The spectrum shows the sum of the signals of the starting compounds in this
solvent (see above) 19F NMR (DMF): ���87.95 (s), �88.5 (s), �89.0 (s),
�89.69 (s), �90.17 (s), �90.44 (s), �91 (s), �92.08 (s), �118.70 (s),
�119.73 (s), �120.13 (s), �120.44 (s), �120.71 (s), �121.14 (s).


The spectrum was recorded again after the addition of AsPh3 (17.3 mg,
56.4 �mol) to the sample. Only signals of 3 and 4 were observed.


1:1 Mixtures of [Pd2(�-Cl)2Ph2(AsPh3)2] and [Pd2(�-I)2Ph2(AsPh3)2]


In CDCl3 : [Pd2(�-Cl)2Ph2(AsPh3)2] (1.95 mg, 1.85 �mol) and [Pd2(�-
I)2Ph2(AsPh3)2] (2.30 mg, 1.85 �mol) were dissolved in CDCl3 (0.5 mL).
1H NMR: �� 7.5 ± 7.15 (m, 30H; AsPh3), 7.08 ± 6.99 (m, 4H; Hortho Ph�Pd),
6.75 ± 6.59 (m, 6H; Hpara and Hmeta �Pd).
The spectrum was recorded again after the addition of AsPh3 (17.3 mg,
56.4 �mol) to the sample. Only signals of 7 and 8 were observed.


In [D8]THF : [Pd2(�-Cl)2Ph2(AsPh3)2] (2.07 mg, 1.97 �mol) and [Pd2(�-
I)2Ph2(AsPh3)2] (2.43 mg, 1.96 �mol) were dissolved in [D8]THF (0.50 mL).
1H NMR: �� 7.4 ± 7.2 (m, 30H; AsPh3), 7.05 ± 6.92 (m, 4H; o-Ph�Pd), 6.6 ±
6.5 (m, 6H; p- and m-Ph�Pd).
The spectrum was recorded again after the addition of AsPh3 (7.23 mg,
23 �mol) to the sample. Only signals of 7 and 8 were observed.
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The Effect of Guest Inclusion on the Crystal Packing of p-tert-
Butylcalix[4]arenes
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Abstract: The effect of guest inclusion
in the crystal structures of p-tert-butyl-
calix[4]arene complexes has been inves-
tigated through a combination of mo-
lecular-mechanics-based solid-state cal-
culations and statistical analysis, with a
procedure previously developed and
used to study a variety of classes of
organic compounds. The results indicate
that the general trends in the behavior of
calixarene crystals are very similar, irre-
spective of the presence or the absence
of a guest encapsulated in the calixarene


cavity, and are similar to those obtained
for most other organics. Some differ-
ences arise only when a statistical anal-
ysis of several descriptors is performed.
The investigation of the description of
endo calix[4]arenes is extended by cal-
culating the packing coefficient of the


guest inside the calixarenes cavity,
Ccavity


k , which shows that most of them
are well accommodated inside the host
and have coefficients that are similar to
those found in the liquid phase. Further
evaluation of the interaction energies
between guest and host shows that the
coefficients tend to be smaller than
30 kcalmol�1. The combination of small
Ccavity


k and low interaction energies sug-
gests that guest mobility in the solid
could be rather common in endo com-
plexes of calixarenes.


Keywords: calixarenes ¥ host ±
guest systems ¥ macrocycles ¥
molecular modeling ¥ solid-state
structures


Introduction


Increasing interest is being devoted to the design of artificial
molecular devices.[1] Mechanically interlocked compounds[2, 3]


and host ± guest inclusion (endo) complexes[4] have potential
for new technological applications based on the exploitation
of the presence of new degrees of freedom that originate from
the motion that one component may undergo with respect to
another. In the case of endo complexes formed by calixarenes
and other bowl-shaped compounds, possiblemotions range from
chemically induced changes in the orientation of the guest
inside the cavity to exchange processes between binding sites.
To date, the presence and effects of these motions are rather
well established in solution for both mechanically interlocked
compounds and endo complexes,[5, 6] but only a small number
of them have been seen in the solid phase,[7, 8] where practical
applications of such motions are likely to find first use.


In the crystalline state, guest motion can be ™frozen∫ by
intermolecular crystal packing interactions. In order for such
dynamics to exist on a reasonably fast–that is, microsecond to
second–timescale, the packing forces must be optimized. The
forces bringing a molecular crystal together and the forces
governing the guest motions are strongly connected, and their
investigation can be carried out concomitantly. In a recent
paper,[9] we applied to crystals of benzylic amide macrocycle-
containing (BAMC) rotaxanes the approach pioneered by
Gavezzotti and co-workers for describing the structural proper-
ties of various classes of organic crystals. The model is based on
a combination of crystal-structure analyses and molecular-
mechanics calculations and has been quite successful.[10] Our
study provided clues about the description of BAMC rotaxanes
in the solid and allowed the prediction of which of these
systems were most likely to show condensed-phase dynamics
triggered by an external stimulus. The predictions were con-
firmed by subsequent Atomic Force Microscopy experiments.
An interesting question connected to that work is whether


the behavior and the properties of BAMC rotaxanes (and
mechanically interlocked compounds in general) can be
extrapolated to other inclusion complexes, and which sim-
ilarities and differences can be expected. In this work, we
extend the approach to the study of an important class of
inclusion complexes formed by bowl-shaped host molecules
with guests encapsulated in their cavities. They are one of the
most studied families of calix[4]arenes, that is, the complexes
of p-tert-butylcalix[4]arene derivatives with neutral organic
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molecules. Comparison of the results for calixarenes and
other organics highlights differences and similarities between
host ± guest systems and more standard molecular crystals.
The investigation is then extended to describe the packing
coefficients of the guest inside the calixarene cavity, Ccavity


k .
When compared with the standard packing coefficients in
solution and with energies of interactions, Ccavity


k can be used
as a possible indicator of mobility in the solid.


Selection of the structures : Structures of p-tert-butylcalix[4]-
arene derivatives, both corresponding to ™molecule-within-
molecule∫ or endo complexes and to ™guest-free∫ structures
or exo complexes, were retrieved from the Cambridge
Structural Database (CSD).[11]


From the data set, structures with metal atoms or ions and
those deposited without coordinates were removed. In the
case of disorder of the guest (when more than one set of
coordinates is provided, or the coordinates are incomplete),
one geometry was selected as the initial starting point (see
next section). It must be mentioned that these structures
usually have similar energies and similar crystal descriptors.
The study of disorder remains a very interesting topic, but is
outside the scope of this initial work.
The final set contained 61 structures, see Figure 1 (1 ± 57),


19 of them corresponding to the unsubstituted (R1�,R2�,R3�,
R4�, �OH) p-tert-butylcalix[4]arene (1 ± 16a, b, c); 50 corre-
sponding to calixarene molecules in a cone conformation
(either with C4 or C2 symmetry), six were in partial cone


Figure 1. Pictorial representation of the p-tert-butylcalix[4]arene derivatives considered in this work.
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(paco) conformations, two in 1,2-alternate conformations, and
three in 1,3-alternate conformations.
The structures of p-tert-butylcalix[4]arene derivatives with


neutral guests or guest-free may be classified as: 1) guest-free
structures and exo complexes, 2) 1:1 and 2:1 host ± guest
complexes,[8b, 12] 3) hydrogen-bonded structures with amine


guests,[13] 4) the recently observed self-inclusion structure, and
5) 1:1 host ± guest clay-mimic structures.[14] Table 1 summa-
rizes both the conformations and the structural motifs of the
systems considered in this work, while Figure 2 shows an
example of each structural motif.


Figure 2. Examples of the structural motifs of p-tert-butylcalix[4]arene derivatives: a) guest-free structure 23 ; b) 1:1 host ± guest complex 2a ; c) 2:1 host ±
guest complex 15 ; d) hydrogen-bonded structure 9 with an amine guest; e) self-inclusion structure 1; and f) 1:1 host ± guest clay mimic structure 10.
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Table 1. Conformation, structural motifs, and energy contributions [kcalmol�1] for the structures of p-tert-butylcalix[4]arene derivatives.


RefCode Conformation[a] Motif[b] PE EHbond E� EvdW


1 QIGBEN cone F 76.7 0.0 43.2 33.5
2a LODNOH cone B 79.1 0.0 27.8 51.3
2b LODNOH01 cone B 80.7 0.0 26.2 54.5
3 ZAHMOK cone B 82.3 0.0 32.9 49.4
4 VEGPIG cone B 80.9 0.0 30.7 50.2
5 NILCAM cone B 82.1 0.0 34.1 48.0
6 NILCEQ cone B 85.4 0.0 33.9 51.6
7 NILCIU cone B 80.9 0.0 29.0 51.9
8 NILCOA cone B 84.4 0.0 31.6 52.8
9 XAHMOI cone D 69.3 1.6 29.9 37.7
10 QIGBAJ cone E 70.3 0.0 29.8 40.5
11 GOKPEB cone B 82.3 0.0 41.9 40.4
12 GOKQUS cone B 84.1 0.0 41.2 42.9
13 BHPMYC01 cone B 81.5 0.0 42.4 39.1
14 BOCZUO cone B 82.0 0.0 39.7 42.3
15 CUPWAL cone C 77.8 0.0 37.1 40.7
16a NAPCEM cone B 86.4 0.0 44.4 42.1
16b NAPCIQ cone B 81.8 0.0 38.6 43.2
16c RUFPIR cone B 86.5 0.0 44.4 42.1
17 SIVMOZ 1,3 A 74.9 0.0 43.1 31.8
18 SIVMEP cone B 79.2 0.0 51.8 27.4
19 SOQBIJ 1,3 A 69.5 0.0 34.8 34.7
20 SOQBOP paco A 69.1 0.0 32.5 36.6
21 KUGVUD cone B 79.5 0.0 33.9 45.6
22 GIYTEN cone B 93.2 0.0 33.1 60.0
23 SUVLEA cone A 74.0 0.0 30.1 44.0
24 CIJROC cone A 84.5 2.1 32.4 49.9
25 WAZXOK cone A 58.8 0.0 21.6 37.2
26 DUTBUP cone B 89.9 0.0 39.2 50.7
27 GIYTOX cone B 110.7 0.0 39.0 71.6
28 VUHDEH cone A 99.6 0.0 28.7 70.9
29 NECVUM cone A 80.1 1.8 24.4 54.0
30 JEGQOB cone A 92.4 0.0 28.9 63.6
31 WOJMEN cone A 90.1 0.0 39.2 51.0
32 JORSEO paco B 109.2 0.0 56.5 52.8
33a JOYHAG cone A 106.2 2.1 68.5 35.6
33b JOYHIO paco A 106.8 5.6 64.0 37.2
34 WOHBAW cone A 101.2 0.0 62.8 38.4
35 JIQSIL cone A 103.7 0.0 77.6 26.1
36 KOMTAH paco A 97.5 0.0 51.8 45.7
37 MECWUM cone B 123.2 7.1 59.6 56.5
38 ZUDDIL cone A 178.8 0.0 134.9 43.9
39 HEKWID cone A 116.1 0.0 76.0 40.1
40 KEQYAG cone A 130.0 3.4 82.2 44.4
41 KEQYEK cone F 116.2 5.8 65.6 44.8
42 DOBBEB cone F 100.5 0.0 63.6 36.9
43 DOBBIF cone A 80.9 0.0 18.6 62.3
44 ROKRAK cone A 89.8 0.0 50.0 39.8
45 CANQIR paco A 94.1 0.0 59.4 34.7
46 CAZCUB cone B 90.0 0.0 22.8 67.3
47 GILCAF cone B 77.2 0.0 34.8 42.4
48 DOBFEF cone B 104.4 1.4 36.5 66.5
49 DOBHAD cone B 100.1 0.0 46.8 53.4
50 HEHZAV paco B 101.6 1.5 50.7 49.5
51 TIYXOO 1,2 A 95.5 0.0 54.8 40.7
52 HEGTOC 1,3 A 60.1 0.0 19.8 40.4
53 YAHVOS01 cone A 70.3 0.0 34.5 35.9
54 NIMNAY 1,2 A 71.5 0.0 31.3 40.2
55 CAZDAI cone B 152.1 1.6 39.9 110.6
56 GIZRUC cone B 172.4 6.1 53.7 112.6
57 RIRYAS cone A 85.5 0.0 52.7 32.8


[a] paco�partial cone, 1,2� 1,2-alternate, 1,3� 1,3-alternate. [b] A� guest-free and exo complexes, B and C� 1:1 and 2:1 host ± guest endo complexes,
respectively; D� hydrogen-bonded structures with amine guests; E� clay-mimic structures; F� self-inclusion structures.
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Computational Methods


The molecular structures of the calixarenes were optimized subject to
periodic boundary conditions and starting from the coordinates reported in
the CSD. The periodic boundary conditions were applied with the
minimum image convention, except for the cases where the size of the
unit cell was too small compared to the cut-off distance of the interatomic
potential (in this case, the program replicates the cell automatically). The
minimization was necessary to avoid the effects of disorder that may be
present for some systems. As mentioned before, the treatment of disorder,
although interesting, is outside the scope of this initial work. The
minimizations, with no symmetry constrains, were carried out with the
MM3 force field[15] implemented in the TINKER package.[16] This model
has been used in the past for calix[4]arenes[8b, 17] (see also below).


For each of the minimized structures, the packing energy, PE, was
calculated together with the molecular van der Waals surface, Sm, volume,
Vm, and the Kitaigorodski packing coefficient, Ck, that is, the ratio of the
occupied to the total volume of the unit cell. The atomic radii used to
evaluate Sm, Vm, and Ck were taken from the work of Gavezzotti and co-
workers on various organic systems,[10] and were the same previously used
for the study of crystal packing in BAMC rotaxanes.[9]


Additionally, a recently proposed molecular descriptor, the packing
coefficient of the host cavity (Ccavity


k �,[18] was calculated for structures that
correspond to host ± guest endo complexes. Its magnitude, defined as the
volume ratio of the guest molecule to the host cavity, was estimated by
calculating the volumes of the host cavities with the program Free
Volume[19] in the Cerius2 software package (version 4.2).[20] The calculation
involves rolling of a spherical probe along the internal surface of the
calixarene; a probe radius of 0.7 ä was used, in accordance to the work of
Rebek and co-workers.[18]


Solid-state validation ofMM3 for calixarenes : In the past, models proposed
by Allinger×s group have been very successful in the description of
calixarenes either in the isolated-molecule approximation or in solu-
tion.[8b, 17] Several studies have shown that the MM3 force field can
reproduce and predict the conformational properties and the energy
profiles of calixarene isomer interconversions. Less attention has been
devoted to the solid state. Recent ab initio[21] work offers the opportunity to
compare this approach with more computationally intensive data and to set
the limits of accuracy one can expect for the calculations. Table 2 gives a
comparison of the most relevant crystal parameters obtained experimen-
tally, by ab initio methods, and by MM3 calculations for 2b and 13. The
structural parameters obtained from MM3 minimizations compare well
with both the experimental ones and those obtained from ab initio
calculations; sometimes they are closer to the experimental ones than the
ab initio data. A similar table containing the comparison of experimental
and calculated structural parameters for the other systems can be obtained
from one of the authors (S.L.).


Results


Formation of inclusion complexes of calixarenes may modify
the crystal properties and, inter alia, give systems endowed
with ™crystal plasticity∫ (i.e., the possibility of deformations
produced by small forces) or the presence of mobility of the
guest. The first property might enable surface patterning with
an atomic force microscopy tip, while guest mobility could be
exploited to create solid-state switches. Both these properties
can appear if some or several of the noncovalent bonding
interactions in the crystal are small. A low density of the solid
can assist the phenomena. As a rule, mobility in the solid state
is initiated by the presence or absence of shape complemen-
tarity. Within a class of similar molecules, however, other
considerations–such as the size of the packing energies, the
densities, or the value of some specific host ± guest interac-
tions–may become more relevant, since shape complemen-
tarity will be similar. While every calixarene is worthy of
investigation in its own right, the issue we address here is
whether some general trend(s) can emerge from the system-
atic investigation of a comprehensive set of calixarene solid
state structures. Such trends could be exploited to provide
information on the mechanical and dynamical properties of
the crystals.
The investigation is divided in several steps:
i) Total energies and their individual components are


calculated for the crystal structures.
ii) Several correlations and fits between the energies them-


selves and the crystal properties are attempted (only the
successful ones are reported).


iii) Comparison is made between the properties of calixar-
enes and those of other organics.


iv) Several descriptors of the calixarenes crystals are eval-
uated and used for a Principal Component Analysis,
PCA, that allows to establish which quantities are
intrinsically connected in the description of the crystals
of these molecules (for instance, packing energies and
densities).


Importantly, for the endo complexes, further parameters will
be considered, the most important of which is probably the
packing coefficient of the cavity, Ccavity


k .


General trends in the crystal
packing of p-tert-butylcalix[4]-
arenes


Energies : Table 1 shows a sum-
mary of the calculated energies
for all structures. The packing
energies, PE, range from 58.8 to
178.8 kcalmol�1. This range is
mainly independent of whether
the structure is an endo com-
plex. The energies have been
divided in � interactions (both
� stacking and CH ¥ ¥ ¥�), hydro-
gen-bonding interactions, and
remaining van der Waals inter-
actions.


Table 2. Comparison between experimental, ab initio,[21] and MM3 structural parameters of crystal structures of
2b and 13. Angles are in degrees, distances in ä.


2b Exp. Ab initio MM3 13 Exp. Ab initio MM3
Angles Angles


Ar-O4
[a] 123.5 124.6, 124.8 120.5, 120.6 Ar-O4 126.0 123, 121 118, 118


124.7, 125.1 120.6, 120.6 118.0 127, 128 125, 125
124.5, 124.9 120.7, 120.7 122, 123 118, 118
124.5, 124.4 120.7, 120.7 126, 126 125, 125


O4-CS2 tilt 0.0 0.93, 1.24 0.0, 0.0 toluene tilt 0.0 1.1, 3.8 0.5, 0.6
interplanar angle[b] 22.1 19.9, 24.8 18.5, 18.5


Distances Distances


C(CS2)�O4 5.34 5.75, 5.80 5.62, 5.62 CH3(tol)�O4 3.65 3.64, 3.66 3.63, 3.63
C�S 1.55 1.58, 1.60 1.54, 1.54


[a] Ar represents the substituted phenyl rings, O4 is the plane defined by the four phenol oxygen atoms of the
calixarene. [b] Angle between the plane of the toluene molecule and the pseudo mirror plane intersecting two of
the methylene C atoms of the calixarene.
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The � interactions and the van der Waals terms give the
largest contribution to the packing energy, as is expected from
the presence of four phenyl rings in calix[4]arenes that can
interact with their environment. On the other hand, inter-
molecular hydrogen bonding is almost negligible; this reflects
a clear preference of the calixarenes for intramolecular
hydrogen bonding. Table 1 also shows that endo complexes
do not differ substantially from exo complexes.


Fittings : Some general trends correlating the energy and its
components can be estimated simply by fitting. A fair
correlation, r� 0.72, was found between PE and the �


electron energies, E�, which is calculated explicitly by MM3;
no direct correlation was obtained either by fitting PE versus
EH-bonding or PE with the rest of the van der Waals interactions.
The correlation probably arises from the fact that most of the
p-tert-butylcalix[4]arene derivatives have similar packing
arrangements, which are characterized by � stacking and
CH ¥ ¥ ¥� interactions.


Comparison with other organics : To gain a general under-
standing of the calixarene crystals, it is important to compare
the values of several molecular descriptors with those of other
organic compounds. Figure 3a shows the variation of the
Kitaigorodski packing coefficient with the packing energy of
p-tert-butylcalix[4]arene derivatives, along with the values
reported for several organic compounds.[9, 10] The results
indicate that calix[4]arenes display high packing coefficients,
in the range of those small organic compounds.[22]


Figure 3b ± e illustrates the variation of the packing energy
of calix[4]arenes with different size-related quantities such as
i) the van der Waals molecular surface,
ii) volume,
iii) the molecular weight,
iv) the number of non-hydrogen atoms.


From the set of Figure 3, it is apparent that the behavior of p-
tert-butylcalix[4]arenes is very similar to that of small organic
compounds. Correlation can be sought and a certain amount is
found between the packing energy of calixarenes and size
parameters (see Table 3). The correlation coefficients ob-
served for the subset of the endo complexes is larger than that
for the empty systems (it increases from r� 0.80 to r� 0.95).


Figure 3. a) Variation of the Kitaigorodski packing coefficient, Ck, with
the packing energy, PE ; b) variation of PE with the molecular surface, Sm;
c) variation of PE with the molecular volume, Vm; d) variation of PE with
the molecular weight, Wm; and e) variation of PE with the number of non-
hydrogen atoms, NnonH.


Table 3. Correlations between PE and molecular size descriptors (PE�
aX � b).


Magnitude Series r a b


Sm guest free 0.80 0.09 9.93
endo complexes 0.93 0.10 16.43
guest free � endo 0.82 0.09 20.71


Vm guest free 0.77 0.07 16.68
endo complexes 0.93 0.08 25.36
guest free � endo 0.78 0.06 33.67


Wm guest free 0.81 0.07 19.54
endo complexes 0.95 0.09 22.79
guest free � endo 0.81 0.07 31.62


NnonH guest free 0.83 1.00 19.06
endo complexes 0.95 1.21 22.17
guest free � endo 0.82 0.94 30.98
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The origin of this effect is that the presence of a guest
promotes the formation of the cone conformation, this, in
turn, makes the subset more homogeneous and improves the
correlation.
Apart from the improved fitting, comparison of the various


kinds of descriptors for endo calix[4]arene complexes and the
™empty∫ structure of the set of Figure 3 shows that the
presence of a guest inside the host cage does not introduce
significant changes in the packing properties of p-tert-butyl-
calix[4]arene derivatives.


Principal component analysis : In order to gain further insight,
a principal component analysis (PCA) was performed,
following previous work.[9, 10] The scope is to follow in the
steps of the systematic work performed by Gavezzotti and co-
workers[10] and to select, from the many possible descriptors of
the crystal properties, the minimal amount that provides
nearly all the information on the crystal properties.
The properties considered were the same as before[9, 10] and


are divided into:
i) size parameters


a) the molecular weight, Wm


b) the number of valence electrons, Zv


c) the molecular surface, Sm


d) the molecular volume, Vm


e) the packing energy, PE
f) the number of non-hydrogen atoms, NnonH


ii) stoichiometry parameters
g) the ratio of the number of non-hydrogen atoms over


the number of hydrogen atoms, NnonH/NH


h) the ratio of the surface of the non-hydrogen atoms
over the surface of the hydrogen atoms, SnonH/SH


i) the exposure ratio, Vm/Sm
iii) packing parameters


j) the density, Dc


k) the number of electrons per unit volume in the cell,Del


l) the Kitaigorodski packing coefficient, Ck


iv) In addition, the �-energy contribution E� to PE was
included in the PCA.


The results of this PCA for p-tert-butylcalix[4]arene deriv-
atives are summarized in Tables 4 and 5, which show the
correlations matrix and the composition of the PCA matrix
eigenvectors. In practice, of the 13 crystal descriptors, only
five of their combinations are independent: the 13-dimen-


sional space is reduced to 5-dimensional space with only 5%
loss of information. The first three eigenvectors are very
similar to those obtained in PCA for hydrocarbons[10] and
BAMC rotaxanes.[9] The first eigenvector is mainly dominated
by size parameters (�70%), and the second and the third
correspond to in-phase and out-of-phase combinations of
packing and stoichiometry parameters. The fourth eigenvec-
tor is mainly related to Vm/Sm, and the fifth to E�. It is worth
emphasizing that � interactions play a major role in the crystal
structure of calixarenes, and one of the quantities associated
with it, E�, is independent in the PCA and cannot be de-
scribed by a combination of the other descriptors. This
emphasizes the role of � interactions in these systems.


General trends in the crystal packing of endo complexes of
p-tert-butylcalix[4]arenes


Energy : The behavior of the structures corresponding to the
subset of the endo host ± guest complexes was also inspected
separately. Table 6 shows the energy contributions to the
interaction between the host and the guest, EH-G, and between
the guest and the external environment, EG-Xt. The EH-G


interactions range from 7.1 to 20.1 kcalmol�1, while the EG-Xt


Table 4. PCA correlations matrix for the structures of p-tert-butylcalix[4]arene derivatives.


Wm Zv Sm Vm PE NnonH E� NnonH/NH Vm/Sm SnonH/SH Dc Del Ck


Wm 1.00 1.00 0.98 0.99 0.81 1.00 � 0.62 0.51 0.60 0.30 0.21 0.00 � 0.15
Zv 1.00 1.00 0.98 0.99 0.80 1.00 � 0.59 0.48 0.59 0.26 0.20 � 0.02 � 0.15
Sm 0.98 0.98 1.00 0.98 0.82 0.98 � 0.59 0.39 0.49 0.20 0.18 � 0.05 � 0.17
Vm 0.99 0.99 0.98 1.00 0.78 0.99 � 0.59 0.40 0.64 0.18 0.15 � 0.07 � 0.13
PE 0.81 0.80 0.82 0.78 1.00 0.82 � 0.72 0.51 0.27 0.30 0.43 0.22 0.08
NnonH 1.00 1.00 0.98 0.99 0.82 1.00 � 0.64 0.51 0.60 0.29 0.20 � 0.01 � 0.15
E� � 0.62 � 0.59 � 0.59 � 0.59 � 0.72 � 0.64 1.00 � 0.54 � 0.34 � 0.40 � 0.19 � 0.13 � 0.08
NnonH/NH 0.51 0.48 0.39 0.40 0.51 0.51 � 0.54 1.00 0.32 0.77 0.53 0.46 0.01
Vm/Sm 0.60 0.59 0.49 0.64 0.27 0.60 � 0.34 0.32 1.00 0.07 0.00 � 0.07 0.10
SnonH/SH 0.30 0.26 0.20 0.18 0.30 0.29 � 0.40 0.77 0.07 1.00 0.31 0.37 � 0.06
Dc 0.21 0.20 0.18 0.15 0.43 0.20 � 0.19 0.53 0.00 0.31 1.00 0.72 0.38
Del 0.00 � 0.02 � 0.05 � 0.07 0.22 � 0.01 � 0.13 0.46 � 0.07 0.37 0.72 1.00 0.70
Ck � 0.15 � 0.15 � 0.17 � 0.13 0.08 � 0.15 � 0.08 0.01 0.10 � 0.06 0.38 0.70 1.00


Table 5. Composition of the factors in the PCA for p-tert-butylcalix[4]ar-
ene derivatives. Coefficients� 0.1 in absolute values are omitted.


Eigenvalues 1 2 3 4 5


Value 6.97 2.64 1.27 0.82 0.64
% of variability 54 20 10 6 5
Cumulative % 54 74 84 90 95


Vectors 1 2 3 4 5


Wm 0.37 � 0.10 0.10
Zv 0.37 � 0.12 0.12
Sm 0.36 � 0.14 � 0.19
Vm 0.36 � 0.15 � 0.13
PE 0.33 � 0.37 � 0.22
NnonH 0.37 � 0.10
E� � 0.27 0.76
NnonH/NH 0.24 0.32 0.40 0.23 0.11
Vm/Sm 0.22 � 0.11 � 0.25 0.76 0.18
SnonH/SH 0.15 0.29 0.60 0.23
Dc 0.12 0.47 � 0.30 0.43
Del 0.57 � 0.17
Ck 0.40 � 0.58 0.20 � 0.29
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range from 0.8 to 14.8 kcalmol�1. In general, the intracomplex
interactions are larger than the interaction between the guest
and the environment (see also below). This feature is caused
by the full embedding of the guest molecule inside the
calixarene cavity. Only for compounds 9 and 10 is the
intercomplex energy higher than the intracomplex energy.
In 9, the guest (butanediamine) forms a network of inter-
molecular hydrogen bonds in the crystal; in 10, the guest
molecule (tetradecane) is so large that part of it is not
encapsulated inside the host cage.
Of the various energy terms, the � interactions and the


van der Waals interactions provide, as before, the largest
contributions. This is in agreement with the important role
generally attributed to � stacking and CH ¥ ¥ ¥� energies in
endo complexes of calixarenes.[8c, 23]


Fittings : A very good correlation, r� 0.98, is found between
the PE of the endo complex and the intermolecular energy of
the host calix[4]arene molecule. Similar good correlations are
found if one considers PE, the energy of interaction of the
host with its environment, versus the three energy compo-
nents (hydrogen bond energy, � energies, and other van der
Waals energy). In practice, the PE of the endo complexes of
calix[4]arenes is mainly due to the intermolecular energy of
the host calixarene.


Principal component analysis : A second PCA, which included
some additional parameters, was performed just for the endo
complexes of p-tert-butylcalix[4]arene. The new parameters
were:
i) EH-G, the interaction energy of the host calixarene with


the guest,
ii) EG-Xt, the interaction energy of the guest with the rest of


its environment,
iii) E�(inter) , the intercomplex � energy of the complex;
iv) E�(intra) , the � energy for the interaction between the host


and the guest,
v) E�(guest) , the intercomplex � energy of the guest,
vi) Ccavity


k , the packing coefficient of the host cavity (this term
is described more in detail below).


The results of the PCA on the descriptors of the crystals of the
endo complexes are shown in Tables 7 and 8. Of the 18 crystal
descriptors only seven of their combinations suffice to
describe the crystal properties: the 18-dimensional space is
reduced to 7-dimensional space with 6% loss of information.
The first eigenvector is very similar to the first one of the
former PCA, being mainly related to size parameters. The
other six eigenvectors basically correspond to a complex
mixing of the other parameters; in particular, energy param-
eters are rather important components in all these eigenvec-
tors.


Table 6. Energy contributions [kcalmol�1] to guest ± host and guest ± environment interactions for the endo complexes of p-tert-butylcalix[4]arene
derivatives.


RefCode Guest EH-G EG-Xt


ETotal EHbond E� EvdW ETotal EHbond E� EvdW


2a LODNOH carbon disulfide 8.9 0.0 0.0 8.9 3.5 0.0 0.0 3.5
2b LODNOH01 carbon disulfide 8.8 0.0 0.0 8.8 3.8 0.0 0.0 3.8
3 ZAHMOK acetonitrile 10.9 0.0 2.7 8.2 3.4 0.0 0.1 3.3
4 VEGPIG DMSO 12.4 0.0 2.4 10.0 2.3 0.0 0.1 2.2
5 NILCAM pentane 9.6 0.0 5.2 4.4 6.5 0.0 1.1 5.4
6 NILCEQ chlorobutane 9.4 0.0 5.1 4.4 8.3 0.0 0.4 7.9
7 NILCIU dichloropropane 10.9 0.0 2.1 8.8 7.8 0.0 0.1 7.7
8 NILCOA butanol 13.6 0.0 5.8 7.8 5.3 0.0 0.6 4.8
9 XAHMOI butanediamine 12.9 0.0 6.5 6.4 14.8 4.4 2.1 8.4
10 QIGBAJ tetradecane 9.8 0.0 5.6 4.3 13.0 0.0 0.8 12.2
11 GOKPEB benzene 10.7 0.0 7.3 3.4 4.4 0.0 2.0 2.4
12 GOKQUS pyridine 11.0 0.0 7.1 3.9 4.7 0.0 2.0 2.7
13 BHPMYC01 toluene 12.3 0.0 7.0 5.3 5.9 0.0 2.4 3.5
14 BOCZUO fluorobenzene 10.9 0.0 6.7 4.2 5.1 0.0 1.5 3.6
15 CUPWAL anisole 20.1 0.0 11.6 8.5 1.4 0.0 0.4 1.0
16a NAPCEM nitrobenzene 14.0 0.0 7.3 6.7 8.1 0.0 2.0 6.1
16b NAPCIQ nitrobenzene 11.8 0.0 6.5 5.3 8.4 0.0 1.4 7.1
16c RUFPIR nitrobenzene 14.0 0.0 7.2 6.7 8.1 0.0 1.9 6.1
18 SIVMEP pyridine 12.1 0.0 8.0 4.1 5.9 0.0 2.9 3.0
21 KUGVUD ethanol 7.2 0.0 4.2 2.9 4.5 0.0 0.3 4.2
22 GIYTEN acetonitrile 12.3 0.0 2.2 10.1 2.6 0.0 0.0 2.6
26 DUTBUP acetonitrile 10.5 0.0 2.0 8.5 2.6 0.0 0.0 2.6
27 GIYTOX acetonitrile 12.0 0.0 2.4 9.6 3.6 0.0 0.0 3.6
32 JORSEO acetonitrile 10.2 0.0 1.1 9.1 2.4 0.0 0.1 2.3
37 MECWUM acetone 11.2 0.0 2.0 9.2 3.5 0.0 0.0 3.5
46 CAZCUB chloroform 11.8 0.0 1.2 10.5 4.8 0.0 0.0 4.8
47 GILCAF pyridine 13.1 0.0 8.2 4.9 3.6 0.0 1.0 2.6
48 DOBFEF dichloromethane 11.5 0.0 0.8 10.7 2.5 0.0 0.0 2.5
49 DOBHAD acetonitrile 10.9 0.0 2.2 8.7 4.5 0.0 0.2 4.3
50 HEHZAV methanol 10.1 1.5 4.5 4.1 1.4 0.0 0.1 1.3
55 CAZDAI methanol 11.5 0.0 6.6 4.9 2.9 0.0 0.0 2.9
56 GIZRUC ethanol 12.3 0.0 6.6 5.7 0.8 0.0 0.0 0.8
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The conclusion is that formation of endohedral complexes
does affect the crystal description, but in a way that is
recognized only by a statistical analysis, and that � inter-
actions, stoichiometry, and packing become intrinsically
entangled upon inclusion.


The packing coefficient of the host cavity, Ccavity
k , deserves


special attention : This descriptor is defined as the ratio of the
guest volume to the host-cavity volume, and was recently
introduced by Mecozzi and Rebek.[18] In their study, they
showed that the volumes of the guest and the host play an
important role in molecular encapsulation. They found that
the inclusion of the guest is most favorable when Ccavity


k


approaches a value of 0.55, which corresponds to the packing


coefficient in the liquid phase.
Figure 4 shows the variation of
Ccavity


k with the molecular vol-
ume of the guest, Vguest


m , for the
set of endo p-tert-butylcalix[4]-
arene complexes. Values calcu-
lated for the endo complexes of
calixarene range from 0.29 to
0.64. This is similar to what was
reported in the literature[24] for
several inclusion compounds
(including also calix[4]ar-
enes),[24f,g] both in solution and
in the solid state. Ccavity


k increas-
es with the size of the guest, and
a fair correlation between the
two, r� 0.75, is found. The sim-
ple interpretation is that the
guest molecules encapsulated
in cavities modify the calixar-
enes× conformations. As stated
before, structure 10 differs from
the other complexes because
the large tetradecane guest can-
not be completely encapsulated


in the calixarene cage, and a considerable portion of it is found
outside of the cavity. When this structure is excluded, the
correlation between Ccavity


k and Vguest
m increases from r� 0.75 to


r� 0.83.


Discussion and Conclusion


The description of the crystal properties of ™empty∫ and endo
complexes of p-tert-butylcalix[4]arene derivatives has been
developed and discussed in terms of a combination of
molecular modeling and statistical analysis, in analogy with
what has previously been done for various classes of organic
molecules. Total energies and their components, correlation


Table 7. PCA correlations matrix for the endo complexes of p-tert-butylcalix[4]arene derivatives.


PE EH-G EG-Xt E�(inter) E�(intra) E�(guest) Wm Zv Sm Vm NnonH NnonH/NH Vm/Sm SnonH/SH Dc Del Ck Ccavity
k


PE 1.00 � 0.12 � 0.36 0.29 � 0.13 � 0.37 0.93 0.92 0.66 0.67 0.93 � 0.15 0.35 0.25 0.57 0.18 0.01 � 0.48
EH�G � 0.12 1.00 � 0.06 � 0.19 0.58 0.21 0.02 0.02 0.35 0.36 0.03 0.15 0.18 � 0.07 0.00 0.07 0.28 0.26
EG�Xt � 0.36 � 0.06 1.00 � 0.29 0.23 0.52 � 0.39 � 0.37 � 0.35 � 0.42 � 0.39 0.05 � 0.41 � 0.18 � 0.29 � 0.08 � 0.23 0.69
E�(inter) 0.29 � 0.19 � 0.29 1.00 � 0.18 0.10 0.14 0.12 � 0.09 � 0.01 0.16 � 0.17 0.31 0.37 0.28 0.47 0.24 � 0.29
E�(intra) � 0.13 0.58 0.23 � 0.18 1.00 0.65 � 0.02 0.03 0.28 0.29 0.03 � 0.18 0.18 � 0.43 � 0.17 � 0.05 0.14 0.48
E�(guest) � 0.37 0.21 0.52 0.10 0.65 1.00 � 0.40 � 0.38 � 0.36 � 0.32 � 0.36 0.03 0.00 � 0.30 � 0.20 0.06 0.11 0.62
Wm 0.93 0.02 � 0.39 0.14 � 0.02 � 0.40 1.00 1.00 0.82 0.83 1.00 � 0.11 0.41 0.11 0.45 0.00 � 0.12 � 0.46
Zv 0.92 0.02 � 0.37 0.12 0.03 � 0.38 1.00 1.00 0.83 0.84 1.00 � 0.15 0.40 0.08 0.41 � 0.02 � 0.13 � 0.45
Sm 0.66 0.35 � 0.35 � 0.09 0.28 � 0.36 0.82 0.83 1.00 0.97 0.83 � 0.24 0.34 � 0.10 0.17 � 0.18 � 0.07 � 0.36
Vm 0.67 0.36 � 0.42 � 0.01 0.29 � 0.32 0.83 0.84 0.97 1.00 0.83 � 0.16 0.54 � 0.13 0.27 � 0.08 0.03 � 0.36
NnonH 0.93 0.03 � 0.39 0.16 0.03 � 0.36 1.00 1.00 0.83 0.83 1.00 � 0.15 0.41 0.10 0.43 0.01 � 0.11 � 0.45
NnonH/NH � 0.15 0.15 0.05 � 0.17 � 0.18 0.03 � 0.11 � 0.15 � 0.24 � 0.16 � 0.15 1.00 0.25 0.09 0.44 0.24 0.09 0.26
Vm/Sm 0.35 0.18 � 0.41 0.31 0.18 0.00 0.41 0.40 0.34 0.54 0.41 0.25 1.00 � 0.14 0.48 0.33 0.37 � 0.11
SnonH/SH 0.25 � 0.07 � 0.18 0.37 � 0.43 � 0.30 0.11 0.08 � 0.10 � 0.13 0.10 0.09 � 0.14 1.00 0.31 0.38 0.05 � 0.26
Dc 0.57 0.00 � 0.29 0.28 � 0.17 � 0.20 0.45 0.41 0.17 0.27 0.43 0.44 0.48 0.31 1.00 0.75 0.50 � 0.09
Del 0.18 0.07 � 0.08 0.47 � 0.05 0.06 0.00 � 0.02 � 0.18 � 0.08 0.01 0.24 0.33 0.38 0.75 1.00 0.78 0.12
Ck 0.01 0.28 � 0.23 0.24 0.14 0.11 � 0.12 � 0.13 � 0.07 0.03 � 0.11 0.09 0.37 0.05 0.50 0.78 1.00 0.03
Ccavity


k � 0.48 0.26 0.69 � 0.29 0.48 0.62 � 0.46 � 0.45 � 0.36 � 0.36 � 0.45 0.26 � 0.11 � 0.26 � 0.09 0.12 0.03 1.00


Table 8. Composition of the factors in the PCA for the endo complexes of p-tert-butylcalix[4]arene derivatives.
Coefficients� 0.1 in absolute values have been omitted.


Eigenvalues 1 2 3 4 5 6 7


Value 6.59 3.08 2.82 1.38 1.32 0.97 0.73
% of variability 37 17 16 8 7 5 4
Cumulative % 37 54 69 77 84 90 94


Vectors 1 2 3 4 5 6 7


PE 0.35 0.29 0.10
EH-G � 0.11 0.40 � 0.35 0.47 � 0.29
EG-Xt � 0.23 � 0.14 0.10 0.17 0.53 0.12 0.18
E�(inter) 0.32 � 0.51 0.21 � 0.13 � 0.42
E�(intra) � 0.26 0.48 � 0.21
E�(guest) � 0.20 0.35 � 0.23 0.34 � 0.13 � 0.25
Wm 0.37 0.18
Zv 0.37 � 0.11 0.19
Sm 0.32 � 0.25 0.11 0.16
Vm 0.34 � 0.19 0.17 � 0.13
NnonH 0.37 0.19
NnonH/NH 0.22 0.13 0.67 � 0.17 � 0.37
Vm/Sm 0.20 0.14 0.29 � 0.14 � 0.51 � 0.24
SnonH/SH 0.31 � 0.20 0.12 0.61 � 0.38
Dc 0.20 0.39 0.16 0.27 0.13 0.17
Del 0.48 0.23 0.10 0.15 0.24
Ck 0.36 0.31 � 0.19 � 0.26 0.45
Ccavity


k � 0.23 0.33 0.22 0.30
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between different crystal descriptors, and the results of two
principal component analyses have been presented and
compared with similar data for other molecules. Of the two
fundamental structural motifs present in calixarenes crystals,
� interactions and H bonding, the first emerges as prominent,
while the second hardly enters the description of the crystal
properties.
One of the questions that arise is whether the calculations


can provide information on guest mobility in the calix[4]arene
cavities. There are several reports of this property for
different complexes[8] for unsubstituted p-tert-butylcalix[4]ar-
ene with acetone, chloroform, p-xylene, benzene, pyridine,
and nitrobenzene. Only the structures of the three last systems
(11, 12, and 16a ± c) were available in the CSD. Acetone,
chloroform, and pyridine endo complexes are also present in
the CSD, but with different substituted p-tert-butylcalix[4]ar-
enes (structures 18, 37, 46, and 47). Guest mobility requires
a) weak interactions between the guest and its surrounding
molecules and b) low Ccavity


k ; this implies a large amount of
space available for the guest to move. Figure 5a shows a 3D
plot of Ccavity


k , the host ± guest interaction energy, the inter-
action energy of the guest and the crystal environment,
Figure 5b displays the variation of Ccavity


k versus the sum of
both energy components. It can be seen that many complexes
present low values for the three quantities (Ccavity


k , EH-G, and
EG-Xt), and that the sum of the total energy of interaction of
the guest and host is always lower than 30 kcalmol�1. In
particular, the triangles embedded in circles in Figure 5b
correspond to systems for which guest mobility in a crystal has
been observed. Since they do not show any remarkable
difference from the others for which mobility has not yet been
observed, the calculations suggest that guest mobility in the
crystal can be a general property of endo complexes of
calix[4]arenes.
A second question that arises, also in view of previous


work[9] is how a different arrangement of some of the
structural motifs of calixarenes can influence the outcome of
the analysis. The structural motifs shared by calixarenes and
the previously investigated BAMC rotaxanes are: a) H
bonding, b) � stacking, c) presence of a macrocyclic ring,
and d) presence of a guest inside this macrocyclic ring. Notice
that in most endo-complexed calixarenes the host is entirely
encapsulated inside the cavity, while in BAMC rotaxanes a
rather large portion of the guest is outside and is in contact
with other molecules.


The comparison is best carried out in points:
i) The Kitaigorodski packing coefficients of calix[4]arenes


are markedly higher than those of BAMC rotaxanes,
which are intermediate between those of organic crystals
and protein.[22]


ii) Packing energies of calixarenes tend to be comparatively
higher than those of BAMC rotaxanes.


iii) Packing energies of calixarenes and size parameters tend
to correlate, as is observed in organic compounds, while
this does not occur for BAMC rotaxanes.


iv) The correlation between packing energies and �-electron
energies observed in calixarenes is not observed in
BAMC rotaxanes, in which the dominant role is played
by H bonds rather than � interactions.


v) In the endo complexes of calixarenes, the PE is mainly
due to the interaction of the calixarene with its environ-
ment. This is true to a much smaller extent for BAMC
rotaxanes and reflects the difference in magnitude of the
interaction between the guest and the environment for
the two sets of compounds.


vi) A correlation exists in endo-complexed calixarenes
between the packing coefficient of the cavity, Ccavity


k , and
the size of the guest–a similar correlation does not exist
for the rotaxanes.


vii) Ccavity
k for calixarenes are in the range 0.29 ± 0.64, while for


rotaxanes they are in the interval 0.51 ± 0.74 (the liquid-


Figure 4. Variation of the packing coefficient of the host cavity, Ccavity
k , with


the molecular volume of the guest, Vguest
m for the endo p-tert-butylcalix[4]-


arene complexes (red diamonds). Values for BAMC rotaxanes (black stars)
are also displayed for comparison.


Figure 5. a) 3D plot of Ccavity
k versus the interaction energy the host ± guest,


EH-G, and versus the interaction energy of the guest-crystal environment,
EG-Xt ; b) variation of C


cavity
k with the sum of both energy components. Points


corresponding to structures with a guest for which mobility within a crystal
has been observed (11, 12, 16a ± c, 18, 37, 46, and 47) are circled.
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phase value of 0.55 is therefore best achieved by
calixarenes).


viii) The macrocycle ± guest interaction energy is rather sim-
ilar for calixarenes and for those BAMC rotaxanes for
which solid-state mobility was proposed,[9] and is below
30 kcalmol�1.


The approach presented in this paper is based on a static
picture of the crystals. The effect of disorder, although
important, has been neglected both as a first approximation
and because the crystal descriptors considered here are
usually not influenced by it. Future work will have to include
disorder and dynamics explicitly.
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Abstract: A cyclic complex [Ni12-
(chp)12(O2CMe)12(thf)6(H2O)6] (1) has
been synthesised and studied (chp� 6-
chloro-2-pyridonate). Complex 1 exhib-
its ferromagnetic exchange between the
S� 1 centres, giving an S� 12 spin
ground state. Detailed studies demon-
strate that it is a single-molecule magnet
with an energy barrier of approximately
10 K for reorientation of magnetisation.


Resonant quantum tunnelling is also
observed. The field between resonances
allows accurate measurement of D,
which is 0.067 K. Inelastic neutron scat-
tering studies have allowed exchange


parameters to be derived accurately,
which was impossible from susceptibility
data alone. Three exchange interactions
are required: two ferromagnetic nearest
neighbour interactions of approximately
11 and 2 cm�1 and an anti-ferromagnetic
next nearest neighbour interaction of
�0.9 cm�1.


Keywords: cage compounds ¥ mag-
netic properties ¥ neutron diffraction
¥ nickel ¥ single-molecule magnet


Introduction


It is now eight years since it was first observed that a
polymetallic cage complex could show hysteresis in a magnet-
isation versus field plot.[1] This observation, which has led to
the neologism ™single-molecule magnets∫ (SMMs) to describe
such cages, has attracted enormous interest from both a
technological viewpoint–in that such single molecules are the
smallest conceivable magnetic memory devices–and from a


fundamental scientific perspective, as the cages have allowed
studies of quantum mechanical phenomena such as tunnel-
ling.[2]


Since the first reports in this area, based on studies of a
{Mn12} cluster,[1, 2] several further cages have been shown to
behave as SMMs. These include: {Fe8},[3] {V4},[4]


{Mn4},[5]{Mn10},[6] {Fe4},[7] {Fe10}[8] and {Fe19}[9] cages. However
the largest energy barrier (Ea) to reorientation of magnet-
isation remains that reported for the {Mn12} cage, with Ea/k of
61 K. Clearly if such cages are ever to have technological
application a much higher energy barrier is desirable. As the
Ea is related to the spin (S) of the ground state of the cage and
the zero-field splitting (D) of that spin, high-spin cages with
large magnetic anisotropy are required. The magnetic aniso-
tropy has to be of the Ising-type, that is, the zero-field splitting
parameter must be negative to ensure that the M�� S states
are lowest in energy and the M� 0 state the highest (for
integer spin; for noninteger spin M�� 1³2 would be highest).
At low temperature only the M�� S states are populated; on
saturating in a magnetic field only the M��S level will be
populated. When the field is decreased or removed, the return
to thermal equilibrium (i.e., equal populations ofM��S and
M��S states) requires the system to ™climb the ladder∫ ofM
states fromM��S toM�� S� 1 toM�� S� 2 and so on to
M� 0, before falling into the second well. This is shown
schematically for S� 12 in Figure 1. The energy barrier is then
given by DS2.
The value of D for the cage can be related, in a first


approximation, to theD value of the single ions that form part
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Figure 1. ™Ladder∫ of M states shown schematically for S� 12.


of the cage, for example, for {Mn12} it can be related to the D
value for MnIII.[10] Therefore, ideally a high-spin cage con-
structed of metal centres that have high D values is required.
It has been suggested[11] that NiII–which often shows
ferromagnetic exchange between metals, and is known to
have large single-ion zero-field splitting–is an ideal candi-
date. Here we report detailed investigations of the first nickel-
containing SMM. The structure and preliminary magnetic
investigations of this molecule were reported several years
ago.[12]


Results


Synthesis and structure : Hydrated nickel acetate can be
reacted with 6-chloro-2-hydroxypyridine (Hchp) at 130 �C
under nitrogen, followed by heating under vacuum to remove
the acetic acid byproduct and any unreacted Hchp. Extraction
of the resulting green paste with THF gives a green solution,
from which green crystals of [Ni12(chp)12(O2CMe)12(thf)6-
(H2O)6] (1) grow after several days. Crystal data and data
collection and refinement parameters are given in Table 1.
The molecule structure is shown in Figure 2. The exact


Figure 2. The structure of 1 showing the numbering scheme adopted.


procedure followed is given in the Experimental Section; it
has been modified from the previously reported synthesis[12] to
give a more reliable and better yield, which was necessary to
produce sufficient material for inelastic neutron scattering
studies.
Within the crystal the molecules of 1 are disposed about a


crystallographic 3≈ axis (S6 symmetry). The result is that there
are two independent nickel sites in the asymmetric unit. Both
sites are bound to six oxygen atoms; for Ni1 these are derived
from one water molecule, three carboxylates and two
pyridonates. For Ni2 the oxygen donors come from the
bridging water, two carboxylates, two pyridonates and a
terminal THF ligand. Both coordination sites have distorted
octahedral geometries. Selected bond lengths and angles are
given in Table 2.
The two crystallographically independent carboxylate li-


gands adopt two coordination modes. Outside the metal
wheel the carboxylate shows the 2.11 bridging mode (Harris
notation[13]), while the carboxylate within the wheel adopts
the 3.21 mode. The two chp ligands both adopt the 2.20 mode,
binding only through the exocyclic oxygen atom. Therefore,
the ring nitrogen donors are not bound to metal centres;
however, they are involved in H-bonding interactions with the
bridging water molecules. The 2.2 mode adopted by the water
molecules is unusual. Ni�O bond lengths show a dependence
on the ligand involved; the Ni�O(chp) bonds are all close to
2.04 ä, while those to the bridging water are longer at 2.09
and 2.10 ä as is that to the terminal THF (2.10 ä). The
Ni�O(carboxylate) bonds vary between 1.98 and 2.10 ä, with
the longer bonds involving the �2-oxygen of the 3.21
carboxylate.
The Ni ¥¥¥ Ni vectors are therefore bridged in two distinct


ways. Ni1 ¥¥¥ Ni2 is bridged by two oxygen atoms derived from
chp ligands, and by the 3.21 carboxylate lying within the
wheel. Ni1 ¥¥ ¥ Ni2a is bridged by the 2.11 carboxylate outside
the wheel, and two �2-oxygen atoms derived from a water and


Table 1. Experimental data for the X-ray diffraction studies of 1.


1 ¥ 9THF


formula C108H132Cl12N12Ni12O48 ¥ 9C4H8O
Mr 4146
crystal system trigonal
space group R -3c
a� b [ä] 22.764(6)
c [ä] 63.54(3)
V [ä3] 28516
T [K] 150.0(2)
Z 6[c]


�calcd [gcm�3] 1.41
crystal shape and colour Green block
crystal size [mm] 0.32� 0.32� 0.28
� [mm�1] 1.41
unique data 2963
unique data with Fo� 4�(Fo) 1651
parameters 324
max �/� ratio 0.001
R1, wR2[a] 0.0737, 0.2534
weighting scheme[b], w�1 �2(F 2


o� � (0.1193P)2


goodness of fit 1.037
largest residuals [eä�3] � 0.84/� 0.51


[a] R1 based on observed data, wR2 on all unique data. [b] P� 1/3[max(F 2
o,


0) � 2Fc]. [c] The molecule lies on a 3≈ axis.
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the 3.21 acetate. These chemically distinct bridges lead to
distinct super-exchange paths, which influence the magnetic
properties of 1 (see below).
Complex 1 crystallises in the rhombohedral space group


R3≈c. Within the crystal all the molecules of 1 pack parallel to
one another and normal to the c axis (Figure 3). This is an
important advantage when single-crystal magnetic studies are
performed (see below). The centroid ¥¥ ¥ centroid distance
between rings is 16.9 ä, while the nearest inter-ring Ni ¥¥¥ Ni
contact is 10.7 ä.
With other mixtures of pyridonates and carboxylates, and


for solvents such as MeCN or CH2Cl2, cages of nuclearity ten
to twelve form from this reaction with structures related to
centred, pentacapped trigonal prisms.[14] For example, a
dodecanuclear cage with the formula [Ni12(OH)6(mhp)12-
(O2CCH2Cl)6] (2 ; mhp� 6-methyl-2-pyridonate) has been
structurally characterised. Our initial thoughts were that the
differences in structure between 1 and 2 were due to the
pyridonate ligand present. In chp the presence of the electron-


Figure 3. The packing of 1 in the crystal.


withdrawing chlorine group in the 6-position of the ring
reduces the basicity of the ring nitrogen atom, and, hence,
allows formation of a structure in which the N atom does not
bind. This stabilises the 2.20 binding mode. For mhp, the
electron-releasing methyl group pushes into the ring, increas-
ing the basicity of the ring nitrogen atom and, hence, the N
atom is always found bound to a metal, and the 2.11 and 3.21
binding modes are favoured with the 2.20 mode excluded.
However we noticed that samples of 1 that had been kept


for several months began to smell of vinegar; this suggests the
formation of acetic acid. To investigate this decomposition
process further we performed thermogravimetric analysis on
fresh crystals of 1, heating at a rate of 5� per minute (Figure 4).


Figure 4. Thermogravimetric data for 1.


We observed three distinct weight losses up to 260 �C. The
first, up to around 74 �C, is a loss of around 18% of the weight
of the crystals; this is greater than the loss of nine molecules of
lattice THFalone. Up to 130 �C 29% of the mass is lost, which
is greater than the loss of the nine lattice and six bound THF
molecules. Up to 260 �C the mass lost is 33.1%. This matches
almost perfectly with nine lattice and six bound THF
molecules and six molecules of acetic acid (calculated mass
loss 33.6%). Assuming this is the case then we can write the
following equation for the decomposition of 1 [Eq. (1)]:


[Ni12(chp)12(O2CMe)12(thf)6(H2O)6].9THF � 15THF� 6HO2CMe � A (1)


If A is a single chemical species it has the formula:
[Ni12(OH)6(chp)12(O2CMe)6]. This is analogous to the formula


Table 2. Selected bond lengths [ä] and angles [�] for 1.


Ni1�O22A#1 2.012(10)
Ni1�NI2#1 3.106(3)
Ni1�O11A#2 2.013(9)
Ni2�O21A 1.977(9)
Ni1�O1R 2.038(9)
Ni2�O2R 2.037(10)
Ni1�O2R 2.045(10)
Ni2�O1R 2.045(9)
Ni1�O1W 2.087(9)
Ni2�O12A#2 2.067(9)
Ni1�O12A 2.103(9)
Ni2�O1T 2.100(9)
Ni1�NI2 3.066(3)
Ni2�O1W#2 2.102(9)


O22A#1-Ni1-O11A#2 177.4(4)
O21A-Ni2-O2R 175.1(4)
O22A#1-Ni1-O1R 89.7(4)
O21A-Ni2-O1R 97.8(4)
O11A#2-Ni1-O1R 91.4(4)
O2R-Ni2-O1R 78.9(4)
O22A#1-Ni1-O2R 92.4(4)
O21A-Ni2-O12A#2 92.7(4)
O11A#2-Ni1-O2R 90.1(4)
O2R-Ni2-O12A#2 91.1(4)
O1R-Ni1-O2R 78.8(4)
O1R-Ni2-O12A#2 93.8(4)
O22A#1-Ni1-O1W 89.3(4)
O21A-Ni2-O1T 87.3(4)
O11A#2-Ni1-O1W 88.3(4)
O2R-Ni2-O1T 89.3(4)
O1R-Ni1-O1W 94.6(3)
O1R-Ni2-O1T 92.6(4)
O2R-Ni1-O1W 173.2(4)
O12A#2-Ni2-O1T 173.6(4)
O22A#1-Ni1-O12A 90.4(4)
O21A-Ni2-O1W#2 91.7(4)
O11A#2-Ni1-O12A 88.3(4)
O2R-Ni2-O1W#2 92.0(4)
O1R-Ni1-O12A 174.6(4)
O1R-Ni2-O1W#2 169.2(4)
O2R-Ni1-O12A 106.5(4)
O12A#2-Ni2-O1W#2 80.5(4)
O1W-Ni1-O12A 80.0(3)
O1T-Ni2-O1W#2 93.1(4)
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of the centred, pentacapped trigonal prism 2. Therefore it is
possible that the cyclic dodecanuclear species 1 is an
intermediate on the way towards formation of a trigonal
prismatic structure. Attempts to recrystallise A from non-
coordinating solvents have thus far failed. Recrystallisation of
A from MeOH gives a known trinuclear complex [Ni3-
(chp)2(O2CMe)4(MeOH)6] in low yield.[15] X-ray powder
diffraction studies of A show it to be an amorphous material.


Magnetic studies : In the preliminary communication con-
cerning 1 initial magnetic studies were reported that suggest-
ed that 1 has an S� 12 ground state due to ferromagnetic
exchange between the NiII centres. Here we report low-
temperature studies that confirm this high-spin ground state,
and that demonstrate 1 is a single-molecule magnet.
An isothermal magnetisation study at 150 mK shows


unequivocally that the molecule has an S� 12 ground state
(Figure 5). The saturation value of 25.5 �B gives a g value of


Figure 5. Magnetisation of a powder sample of 1 at 150 mK.


2.13. A more unexpected observation is that in a plot of 1/��
against temperature (whereby �� is the in-phase magnetic
susceptibility), that is, a traditional Curie ±Weiss plot, data
below 1.2 K lie on a straight line, and that this line has a
positive intercept at 250 mK (Figure 6). This indicates ferro-
magnetic exchange; however, as the vast majority of mole-
cules are already in the spin ground state at 1.2 K this
exchange must be between S� 12 molecules rather than
within the nickel wheels. This intermolecular interaction is
unexpected, and difficult to explain (see the Discussion
section below).
Studies of the susceptibility behaviour of powdered samples


of 1 in an alternating external field show the frequency-
dependent maximum in the out-of-phase susceptibility (���)
typical of a single-molecule magnet (Figure 7). This data can
be analysed by using an Arrhenius treatment as the frequency
(�) at which the external field is varied is related to the
relaxation time � at the temperature at which ��� is a
maximum. The relationship is given by Equation (2).


�� 1/2�� (2)


Therefore in a plot of ln� against 1/T, the activation energy
is the slope. This treatment gives an energy barrier for
reorientation of magnetisation (Ea/k) of between 9 and 10 K
for 1 (Figure 8). The exact value is not certain as at very low


Figure 6. 1/�� against T for a powder sample of 1 from 0.4 to 1.2 K, showing
the positive Weiss constant.


Figure 7. ��� against T for a powder sample of 1. The figure shows ten
different frequencies, with peaks from left to right for 0.001, 0.003, 0.011,
0.057, 0.57, 2.11, 11.1, 57, 211 and 511 Hz.


Figure 8. � against 1/T for 1.


temperature it appears that the relaxation rate is no longer
following a simple Arrhenius law as non-thermal relaxation
routes, that is, tunnelling (see below) becomes important. This
value of Ea/k allows us to estimateD/k as being between 0.063
and 0.069 K. Measurements of relaxation times on single
crystals of 1 at even lower temperatures show the relaxation
rate becoming temperature independent. Combining the data
from AC susceptibility and relaxation measurements clearly
shows that below approximately 0.2 K a nonthermal relaxa-
tion path is operative and the Arrhenius law no longer applies
(Figure 8).
Measurements on single crystals of 1, orientated so that the


field is parallel to the crystallographic c axis, show hysteresis
in plots of magnetisation against field. For example, at sweep
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rates of 35 mTs�1 hysteresis is clearly seen below 400 mK
(Figure 9), and at 250 mK and lower temperatures ™steps∫ are
resolved on this loop, indicative of quantum tunnelling of
magnetisation. These steps are best resolved below 100 mK,
and can be seen at 0 and �0.047 T, and less clearly at
�0.094 T, and are due to sudden loss of magnetisation as �M
levels within the S� 12 spin ground state manifold come into


Figure 9. Magnetisation against field for a single crystal of 1, measured
parallel to the c axis at 0.035 Ts�1, varying the temperature.


resonance with �M levels on the other side of the energy
barrier; this allows tunnelling of the magnetisation through
this barrier. The levels cross when H� nD/g�B (where n� an
integer). Here the field between two resonances is 0.047 Tand
g� 2.13, therefore we can calculate D/k� 0.067 K which is in
very good agreement to the value calculated from measure-
ments of out-of-phase susceptibility. The energy barrier would
then be 9.6 K.
As tunnelling depends on energy levels on either side of the


barrier being in resonance, it is dependent on the sweep rate
of the experiment. At slow sweep rates the M�� 12 levels for
1 remain degenerate for sufficient time that most of the
magnetisation tunnels through the barrier at H� 0 (Fig-
ure 10). At faster sweep rates, for example, 17 and 35 mTs�1


there is insufficient time for all tunnelling to take place at H�
0, and, therefore, a step becomes resolved before the second


Figure 10. Magnetisation against field for a single crystal of 1, measured
parallel to the c axis at 0.04 K, varying the rate of change of field.


tunnelling event at �0.047 T. The tunnelling can also be
influenced by the presence of a transverse magnetic field, that
is, perpendicular to the easy axis of magnetisation. This is
shown in Figure 11; in a zero transverse field two tunnelling
steps are clearly seen, while for transverse fields of 0.168 Tand


Figure 11. Magnetisation against field for a single crystal of 1, measured
parallel to the c axis at 0.04 K and 0.035 Ts�1, varying the transverse
magnetic field.


greater the tunnelling at about 0 T is so large no further steps
are seen as all magnetisation has been lost.
To complete the study of the quantum tunnelling, minor


cycles experiments were carried out (Figure 12). After
saturation at �0.15 T, the field is swept towards different
positive values and then reversed. When the field is reversed


Figure 12. Minor cycle experiments on 1 at recorded at 0.04 K and
0.028 Ts�1 sweep rates.


during the first tunnelling step, the tunnelling from M��12
toM��12 energy levels continues until zero field is reached;
then it is possible to see at zero field the step corresponding to
the M��12 to M��12 transition and at �0.047 T the
second step (M��12 to M��11). When the field is
reversed during the second quantum step, the excited level
M��11 becomes populated and relaxes immediately to M�
�12 with a phonon emission and then at zero field the same
process than the one previously described is followed.


Inelastic neutron scattering (INS): Figure 13a shows an over-
view INS spectrum at T� 1.6 K and in Figure 13b the region
of excitations is shown for several values of the scattering
vector Q. At T� 1.6 K, the instrumental resolution at the
elastic peak position is 64 �eV and increases with increasing
energy transfer to 170 ± 190 �eV between 2.8 and 3.4 meV. In
the range 0 ± 3.8 meV only two broad inelastic peaks can be
observed for all Q values. These spectra are best reproduced
with a linear background and two Gaussians centered at
2.85(1) and 3.35(1) meV. These transitions are labeled I and II,
respectively. Their Q dependence, extracted from the fitting
procedure, is shown in Figure 14a. For both transitions the Q
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Figure 13. Inelastic neutron scattering spectra of 1 at T� 1.5 K for various
values of Q. The least squares Gaussians fits are shown as solid lines. The
two transitions are labelled I and II.


Figure 14. a) Q dependence of the two inelastic transitions I and II shown
in Figure-13; b) transitions I and II at two different temperatures.


dependence is very weak and almost flat. This is an artefact
due to the large amount of hydrogen in the sample, which is
responsible for the loss of Q resolution: multiple incoherent
scattering on the H nuclei leads to loss of Q resolution and
thus a blurring of Q dependent features.
To identify the nature of these transitions (magnetic or


phonon scattering) it is therefore necessary to look at their
temperature dependence as well. Figure 14b shows two
spectra at T� 1.6 K and T� 15 K for Q� 1.5 ä�1. Both
transitions weaken and broaden slightly as the temperature
is increased. Phonon modes increase with temperature and
their intensities increase as Q2.[16] We conclude that the two
peaks at 2.85 and 3.35 meVare due to magnetic excitations. As
these peaks are observed at both 1.6 and 15 K they originate in


the S� 12 ground state and are presumably transitions
between the S� 12 state and the first excited states, that is,
the S� 11 states. The detailed interpretation of these results is
complicated, and is discussed below.


Discussion


Structural and synthetic studies : Compound 1 belongs to a
family of cages that result from reaction of cobalt or nickel
salts with a blend of carboxylates and pyridonates. The other
members of the family appear to have radically different
structures. Most are based on centred, pentacapped trigonal
prisms, or fragments thereof.[14, 18] We have shown that all
these cages can be related to the structure of the mineral
Ni(OH)2, which is a layered-structure related to the cadmium
iodide structure.[17] The metal vertices of 1 can be recognised
in the mineral.
It is briefly worth speculating as to why the cyclic structures


form for 1, rather than the more compact cages generally found
for these reactions involving metal/carboxylate/pyridonate. The
wheels only form when the pyridonate features an electron-
withdrawing substituent in the 6-position, when the carbox-
ylate is acetate and when the solvent is THF. The electron-
withdrawing substituent of the pyridonate allows the 2.20-
binding mode to occur, which is vital for the formation of the
wheel. The choice of carboxylate is restricted to acetate, pre-
sumably because the methyl groups of the acetate ligands fit
together well at the centre of the metallocycle; larger carbox-
ylates would not fit into this cavity. This suggests an experi-
ment with larger carboxylates that might lead to larger wheels
with more capacious cavities, but unfortunately this experi-
ment does not work. Surprisingly it has not yet been possible
to crystallise derivatives with other solvents in place of THF in
the sixth position of the second nickel site in the structure.
The thermogravimetric analysis suggests that 1 may be an


intermediate on the way towards the centred, pentacapped
trigonal prisms. We have observed a somewhat similar
reactivity for chromium(���) benzoate clusters.[18] Heating
[Cr3O(O2CPh)6(OH)(H2O)2] to above 300 �C causes dehy-
dration and gives an octanuclear cage [Cr8O4(O2CPh)16] with
a structure of approximately Td symmetry, involving a central
Cr4O4 heterocubane with an additional Cr atom attached to
each oxide centre.[18] At lower temperatures, approximately
200 �C, we can isolate a cyclic octanuclear cage [{Cr(OH)-
(O2CPh)2}8] albeit in low yield. Mass balance would suggest
that the Cr8 wheel involves less loss of water from the initial
triangle than for the Cr8 cage; therefore it may be an
intermediate. In the nickel chemistry the transformation of
1 into the trigonal prismatic structures would be a desolvation
and decarboxylation, while the transformation in the chro-
mium chemistry involves loss of solvent (water) only. The
hypothesis that firstly wheels form and then condense further
into compact cages is unproven but intriguing. It suggests
several new synthetic routes to pursue, either to trap cyclic
™intermediates∫, or to decompose wheels into new compact
cages by application of more rigorous conditions.


Exchange integrals and inelastic neutron scattering : The S�
12 ground state of 1 is due to ferromagnetic exchange between
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the nickel centres. The magnitude of this exchange is not
easily determined; however, use of quantum statistical
mechanics[19] has allowed the temperature-dependent sus-
ceptibility behaviour to be modelled from 1.8 to 300 K by
assuming a single exchange integral, J� 6 cm�1 and g� 2.23. It
is immediately apparent that the calculated g value differs
from the measured g value at 150 mK (see above).
Magnetic INS is a powerful tool to obtain an intimate


insight into the exchange couplings that are responsible for
the magnetic properties of molecular magnets.[20] An incom-
ing neutron (Ei ,ki) exchanges energy and wave vector with the
spin system in the sample through the electromagnetic
interaction between the neutron×s spin and the system×s spin.
The scattered neutron (Ef,kf) is detected after the scattering
process. The conservation laws impose that the spin system
experiences an energy change �h��Ei�Ef and a momentum
transfer Q� ki� kf. One important consequence is that only
transitions between spin states that fulfil well-defined selec-
tion rules will have a nonzero intensity. IfE(S,M) andE(S�,M�)
are the initial and final states in the neutron scattering event,
repectively, possible INS transitions are governed by the
following selection rules: �S� S� S�� 0, �1; �M�M�
M�� 0, �1.
Assuming that at low enough temperatures only the ground


state is thermally populated, it is possible to directly assign a
given INS peak to a transition from the ground state to higher
excited states. The observation of those transitions allows a
detailed determination of the energy levels from which the
exchange couplings are derived.
In the dipole approximation, the neutron scattering cross


section is proportional to the magnetic scattering function
S(Q,�) [Eq. (3)]:[21]


S(Q,�)�N[f(Q)]2
�


if


pi 	 
f 	 S� 	 i� 	 2�(�h�� [Ef�Ei]) (3)


in which N is the number of magnetic centers in the sample,
f(Q) is the magnetic form factor, �h� is the neutron energy
transfer, Ei and Ef are the neutron initial and final energy,
respectively, and pi is the Boltzmann factor for initial state 	 i�.
The total neutron scattering cross section is obtained by
summing up all the possible initial and final states.
Firstly, in order to analyse the data, we need to consider the


possible exchange couplings that are relevant in this system.
Figure 2 shows 1 viewed along the c axis. There are two
inequivalent NiII sites with approximate NiO6 octahedral local
symmetry. Figure 15a shows the relevant part of the wheel.
We see immediately that there are two different exchange
pathways between nearest neighbour NiII ions: one involves
two �2-oxygen bridges and an inner 3.21-acetate bridge, and a
second involves two �2-oxygen bridges and an outer 2.11-
acetate bridge. There is also a pathway through the inner
carboxylate groups between next-nearest Ni1 neighbours.
So to account for this, we should model the exchange


coupling in 1 by using the three exchange parameters J1, J2
and J3 as indicated in Figure 15b. The Hamiltonian is then
given by Equation (4):


H��J1
�


i


SiSi�1� J2
�


i


Si�1Si�2� J3
�


i


SiSi�2 (4)


Figure 15. a) Close up look at the exchange pathways corresponding to J1,
J2 and J3; b) schematic representation of the exchange couplings between
the NiII S� 1 ions.


(The convention adopted has J� 0 for ferromagnetic
exchange, with i� 1, 2,. . , N� 2, whereby N� 12 and i�
12� i)
In the previously published analysis of the magnetic


susceptibility J3 was neglected and J1� J2 was assumed.[19]


The experimental �T versus T curve was well reproduced
with this model and a J1 value of 6 ± 6.8 cm�1 was derived.[19]


The power of INS is that the cluster energy levels are
directly determined. INS unambiguously settles the question
whether a model with equal or with alternating nearest-
neighbour interactions is the correct one. We calculated the
eigenvalues of Equation (3) by using the program MAG-
PACK[22] for the following two cases: a) J1� J2 , J3� 0 and
b) J1� J2 , J3� 0 (the same result would be obtained for J2�
J1). The result is shown in Figure 16. In both cases S� 12 is the


Figure 16. Calculated energy levels (S
 10 only) for a wheel with 12 spins
S� 1 a) for the uniform model (J1� J2) and b) the strongly dimerised limit
(J1� J2). The sum (J1 � J2) is constant for both cases.


cluster ground state for a ferromagnetic J1. In the uniform
model (Figure 16, left-hand side) there are seven levels within
the first 4 meV. With the selection rules �S� 0, �1, all are
accessible by INS from the S� 12 ground state. In the model
with alternate coupling, the energy pattern looks very differ-
ent (see Figure 16, right-hand side). The seven levels are
bunched in two groups, one consisting of three levels within
0.5 meV from the S� 12 and the other ones around 3 meV.
From our INS spectrum (Figure 13) we see that there are no
magnetic transitions between 0.5 and 2.83 meV. This imme-
diately tells us that the model with equal interactions between
the nearest neighbours is not correct. We therefore system-
atically varied the J1/J2 ratio. The result is shown in Figure 17.
A strong dimerisation is needed to account for the exper-
imental data. The J1� 1.4 and J2� 0.2 meV values used for the
calculation could explain the 2.85 and 3.35 meV peaks.
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Figure 17. Calculated energy levels of the S� 11 states as a function of J1
and J2 (J3� 0). The S� 12 ground state is set to zero. In the uniform limit,
the energy levels are evenly distributed between 0 and 3.2 meV� 4J1. In the
dimer limit (J2� 0), all levels collapse either towards E� 0 or E� 2J1 as
expected for a set of isolated S� 2 dimers.


However, in this scenario, one expects also INS peaks arising
from transitions to the lower S� 11 levels at positions up to
0.5 meV. This is clearly ruled out by the experiment. Figure 13
shows that no such INS peaks exist.
To correct this we introduce the next nearest neighbour


interaction J3. Figure 18 shows the S� 11 levels as a function
of J3 for J1� 1.4 and J2� 0.2 meV. When J3 is ferromagnetic


Figure 18. a) Calculated energy levels of the S� 11 and the S� 12 states as
a function of J3 . For positive J3 (FM) the upper S� 11 levels merge into
almost a single level while the lower S� 11 levels spread further. For
negative J3 (AFM) the trend is reversed with the upper S� 11 levels
forming a double set of levels and the lower S� 11 levels merging to even
lower energies. b) Energy level diagram for J1� 1.40, J2� 0.24 and J3�
0.12 meV. The two arrows represent the observed INS transitions.


(positive) the upper S� 11 levels merge into almost a single
level, while the lower S� 11 levels extend in energy. For
antiferromagnetic J3 (negative) the trend is reversed, with the
upper S� 11 levels mildly affected but the lower S� 11 level
splitting decreasing. At some critical value J3
� J2 , the S� 12
level is no longer the ground state.
Intuitively, this competition between J2 and J3 , if J3 is


negative, determines whether the strongly ferromagnetically
bound S� 2 dimers order ferro- or antiferromagnetically
along the wheel. For 	J3 	�	 J2 	 we should get an S� 0 cluster
ground state. In 1, the ground state is S� 12, and from an
analysis of our experimental data we get: J1� 1.40(5) meV�
11.3(4) cm�1, J2� 0.24(3) meV� 1.9(2) cm�1 and J3�
� 0.12(2) meV�� 0.9(1) cm�1.
The observation of three exchange interactions reflects the


presence of three chemically distinct super-exchange paths in
the structure. They differ both chemically, in the nature of the


two �2-oxygen atoms involved, and metrically, as the Ni�O
bond distances and Ni-O-Ni angles also vary (see Table 2).
For one exchange path, the Ni2O2 rings feature two oxygen
atoms from chp ligands, and the Ni-O-Ni angles are both
97.4(4)� ; in the second ring the O atoms come from a water
molecule and from an acetate ligand and the two Ni-O-Ni
angles are 95.7(4) and 96.3(4)�, respectively. Given the
magneto-structural correlations for Ni clusters published by
the groups of Thompson[23] and Christou,[24] both of which
relate the exchange interaction to the angle at bridging O
atoms, it is entirely reasonable to expect there to be two
exchange integrals, that is, J1�J2 , for the nearest neighbour
interaction. If the angle is the more important factor then the
Ni ¥¥ ¥ Ni interaction bridged by water and acetate should be
the more ferromagnetic, that is, J1. However the chemical
species involved in each bridge are different, and this
conclusion is debatable. Others may argue that a bridging
water molecule is a poor communicator of magnetic informa-
tion, and, therefore, the bridge involving this molecule should
be the less ferromagnetic.
The involvement of a next nearest neighbour interaction,


J3, through the carboxylate ligand acting in a syn-anti-bridging
mode, is not unprecedented.


Intermolecular exchange interactions : The observation of a
positive Weiss constant (	cw��0.25 K, see Figure 6) for the
low-temperature susceptibility measurements was unexpect-
ed, implying a ferromagnetic intermolecular interaction.
Ideally the constant should be derived from data measured
well above the Weiss constant; however, here where inter-
molecular interactions between S� 12 ground states are being
studied, this is impossible as excited states become occupied
at higher temperatures.
The separation of the molecules and the absence of an


evident super-exchange path between the molecules in the
crystals suggest–at least initially–that this intermolecular
interaction could be dipolar in nature. We have therefore
estimated the magnitude of the dipolar interaction using two
approximations. Note that these calculations give a size for
this interaction, but would normally give an antiferromagnetic
intermolecular exchange.
Firstly use of equations used in EPR spectroscopy to


calculate dipole ± dipole interactions between point magnetic
dipoles,[25] gives a value of 0.22 K for the interaction between
two S� 12 centres separated by 16.7 ä. Use of the mean-field
approximation[26] gives a lower value of 0.08 K. The observed
intercept of 0.25 K is therefore of the same order of
magnitude as these two calculated values. However, while
the magnitude is approximately correct it is inexplicable that
this intermolecular dipolar interaction is ferromagnetic.
A ferromagnetic exchange would be more explicable if


super-exchange were operational. The only protic H atoms in
the structure, which are attached to the bridging water
molecules, are involved in intermolecular hydrogen bonds,
and there is little evidence for interactions through aromatic
systems of the pyridonate ligands. However the shortest
intermolecular contacts are between a Cl atom of a chp ligand
in one wheel and a hydrogen atom in the aromatic system of a
pyridonate ligand in a neighbouring wheel. The Cl ¥¥¥ H�C
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contact is 3.62 ä. A similar H-bonding interaction between a
pair of {Mn4} cages has been shown to lead to exchange-
biasing of quantum tunnelling.[27] Therefore it seems possible
this very weak H-bonding interaction is acting as a super-
exchange path, and thus influences the magnetic behaviour of
1 at very low temperatures. It is clear that in order to
understand measurements made at very low temperatures
even apparently negligible intermolecular interaction paths
must be carefully considered.
Near 400 mK the magnitude of the susceptibility is very


close to what one would expect for a ferromagnetic transition;
when corrections are made the susceptibility has a value close
to 1/N, whereby N is the demagnetisation coefficient. The
close proximity to a phase transition may also explain the
anomalous intensities of the frequency dependent out-of-
phase susceptibility peaks, that is, they pass through a
minimum at 350 mK. It may be that tunnelling of the
magnetisation within the clusters is competing with the
formation of an ordered ferromagnetic state. Similar features
have been observed in the single-molecule magnet {Fe8}.[28]


Further studies will be required to answer these questions
definitively.


Tunnelling : Quantum tunnelling of magnetisation has been
observed in five previous families of SMMs: {Mn12} cages with
S� 19/2 and 10 ground states,[2] {Mn4} cages with S� 9/2 and
8,[5]{Mn9} cages with S� 11/2; {Fe8} cages with S� 10[3] and an
{Fe4} cage with S� 5.[7] Complex 1 is therefore the highest spin
cage to show tunnelling, and the first example with nickel.
While higher spin SMMs are known, for example, the {Fe19}
cages reported by Heath et al,[9] in these examples tunnelling
appears to be quenched by intermolecular exchange. Here
tunnelling is observed despite significant intermolecular
interactions. It is also surprising tunnelling is observed while
the magnetic anisotropy is so low.


Conclusion


These results extend the range of SMMs known, both by
including a new metal as the spin centre, but also by being the
highest spin molecule to show quantum tunnelling of magnet-
isation.
The results from inelastic neutron scattering (INS) demon-


strate the strength of this technique as a method for
determining exchange interactions. In this case a previously
published analysis[19] of the exchange interactions adequately
models the magnetic susceptibility data, but does not model
the INS data at all. If accurate magneto-structural correlations
are to be developed it is vital that the magnetic parameters are
precisely measured; for clusters as complex as 1 susceptibility
data alone is no longer sufficient.


Experimental Section


Preparation of compounds : All reagents, metal salts and ligands were used
as obtained from Aldrich. Analytical data were obtained on a Perkin ±
Elmer 2400 Elemental Analyser by the University of Edinburgh Micro-
analytical Service.


[Ni12(chp)12(O2CMe)12(thf)6(H2O)6] (1): Hydrated nickel acetate (2.51 g,
10.1 mmol) was ground together with Hchp (2.77 g, 21.4 mmol). The light
green powder was then transferred to a Schlenk tube and purged with N2


for 15 mins. The mixture was heated to 130 �C under N2 to form a clear
green melt. After approximately 30 mins, acetic acid that had formed
during the reaction was removed under reduced pressure. Then excess
Hchp was removed by sublimation to leave a bright green solid (2.70 g).
THF (30 mL) was added to the solid, and the mixture stirred at ambient
temperature. After filtration through first paper then celite, the bright
green solution was divided into four portions, and placed in vials that were
closed. After 2 ± 3 days the green crystals that had formed in the vials were
collected by filtration and washed with ice-cold THF. Yield: 50% 1.5 g;
elemental analysis calcd (%) for C108H132Cl12N12Ni12O48(4146): C 37.1, H 3.8,
N 4.8; found: C 36.9, H 3.7, N 5.1.


Crystallography : Crystal data and data collection and refinement param-
eters for compound 1 are given in Table 1, selected bond lengths and angles
in Table 2.


Data collection and processing : Data for 1 were collected on a Stoe» Stadi-4
four-circle diffractometer equipped with an Oxford Cryosystems low-
temperature device,[29] graphite-monochromated MoK
 radiation �-scans
and the learnt-profile method.[30] Data were corrected for Lorentz and
polarisation factors.


Structure analysis and refinement : Structure 1was solved by the heavy atom
method by using DIRDIF.[31] Both structures were completed by iterative
cycles of �F syntheses and full-matrix least-squares refinement. All full-
weight non-H atoms were refined anisotropically. The bound THF
molecule showed disorder, which was modelled with eight half-weight C
atoms. The disordered solvent molecules in all structures were refined
isotropically. In both structures full-weight H atoms attached to C atoms
were included in idealised positions, allowed to ride on their parent C
atoms (C�H 0.96 ä), and assigned isotropic thermal parameters [U(H)�
1.2 Ueq(C)]. Full-weight H atoms attached to O atoms were included in
positions to maximise H-bonding interactions, and assigned isotropic
thermal parameters [U(H)� 1.5 Ueq(O)]. Partial weight H atoms were not
included in refinements. All refinements were against F 2 and used
SHELXL-93.[32]


CCDC-187924 contains the supplementary crystallographic data for the
structure reported in this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: (�44) 1223 336 ± 033; or e-mail : deposit@ccdc.cam.ac.uk).


Magnetic measurements : Ac susceptibility and dc magnetization measure-
ments were performed with the high-field low-temperature SQUID mag-
netometer developed at the CRTBT. Approximately 1 mg of powder
sample was mixed with some vacuum grease and attached to a long copper
coil foil sample holder, which in turn was thermally anchored to the bottom
of a mixing chamber of a miniature dilution refrigerator. The sample holder
assembly was isolated from the He bath by a quartz vacuum chamber, and
descended into the bore of an 8 tesla superconducting magnet. Absolute
value measurements of the susceptibility and magnetization were made by
extracting the sample through the gradiometer detection coils. The very
low-frequency measurements (0.001 Hz) were made with 90 minute wait-
ing periods between points. Small magnetic field values were measured
with a Hall probe.


Inelastic neutron scattering : Polycrystalline non deuterated [Ni12(O2C-
Me)12(chp)12(H2O)6(thf)6] ¥ 9THF (ca. 8 g) was sealed under helium in an
aluminium cylindrical container of 15 mm diameter and 55 mm length. The
experiments were carried out on the triple-axis spectrometer TASP at the
SINQ neutron source (Paul-Scherrer Institute, Switzerland). Wavelength
selection in the monochromator was achieved with the (002) reflection of
pyrolytic graphite. In the analyser, a warm (room temperature) Beryllium
filter and a pyrolytic graphite filter were used to fix the neutron final energy
to 2.7 meV throughout the experiment. The axes of the spectrometer were
chosen to scan the neutron energy loss region at several constant Q values.
Scans were recorded at T� 1.5 and 15 K. The drawback of using a non-
deuterated sample is that there is a large amount of incoherent scattering
due to the hydrogen atoms. This leads to a smoothing of the Q dependence
due to multiple scattering and a reduced overall intensity (large nuclear
absorption).
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Electron Injection into DNA:
Synthesis and Spectroscopic Properties of Pyrenyl-Modified Oligonucleotides


Nicole Amann,[a] Evgeni Pandurski,[b] Torsten Fiebig,[b] and Hans-Achim Wagenknecht*[a]


Abstract: The nucleoside 5-(1-pyrenyl)-
2�-deoxyuridine (1) was prepared by a
Suzuki ±Miyaura cross-coupling reac-
tion and subsequently used as a DNA
building block in order to prepare a
range of modified oligonucleotides using
phosphoramidite chemistry. The DNA
duplexes contain a pyrenyl group cova-
lently attached to the nucleobase uracil.


Upon excitation at 340 nm an intramo-
lecular electron transfer from the pyr-
enyl group to the uracil moiety takes
place which represents an injection of an


excess electron into the DNA base
stack. Based on the results obtained by
steady-state fluorescence and time-re-
solved pump-probe laser spectroscopy it
was possible to show that base-to-base
electron transfer can occur from the
Py-dU group only to adjacent thymines.


Keywords: charge transfer ¥ DNA
structures ¥ electron transfer ¥
pyrenes


Introduction


Charge migration processes through DNA have been dis-
cussed very controversely by different research groups over
the last decades.[1±4] With respect to the important biological
consequences such as DNA damaging, mutagenesis, and
carcinogenesis,[5] in most of the past experiments only
oxidative hole transfer processes have been observed. Such
hole transfer results in oxidative guanine damage at remote
sites on the nucleic acids. Hole transfer through DNA has
been initiated by photochemical methods and investigated
both by spectroscopic techniques, for example by fluores-
cence,[1] transient absorption,[2] and EPR spectroscopy,[3] and
by analytical experiments of oxidative lesions, for example by
HPLC or gel electrophoretic analysis of irradiated samples.[5]


By now, a lot of questions about these hole transfer processes
have been worked out and a detailed picture has been
emerged including important aspects such as mechanisms,
distance dependence, and DNA base sequence dependence.


On the other hand, reductive electron transfer processes in
DNA duplexes are currently used very extensively in DNA
chip technology[6] and DNA nanotechnology.[7] Despite the
broad knowledge about this bioanalytical and biomedical
applications, almost nothing is known about the behaviour of
excess electrons in DNA. In the past, Barton et al. inves-
tigated charge-transfer reactions through DNAusing tethered
and intercalated transition metal complexes as redoxactive
probes[8] which in parts can be interpreted in terms of electron
transfer reactions due to the MLCT character of the chosen
transition metal absorption band.[9] More recently, Carell
et al. published experiments describing the repair of thy-
mine ± thymine dimers from a distant flavine derivative which
was synthetically incorporated as an artificial nucleobase into
oligonucleotides.[10] Despite the fact that spectroscopic meas-
urements with this systems have not been published, the
thymine ± thymine dimer splitting was interpreted as the
chemical result of a reductive electron transfer through the
DNA base stack. This interpretation is mainly based i) on the
known redox properties of the flavin intercalator in its
reduced and deprotonated state,[11] and ii) on the absence of
a typical DNA base sequence dependence which would be
observed in case of a hole hopping process.[12] Most recently,
Zewail et al. reported femtosecond time-resolved studies on
the reduction of thymine by photoexcited 2-aminopurine in
DNA duplexes.[13]


Until now, suitable assays for the time-resolved spectro-
scopic investigation of reductive electron transfer in DNA are
elusive. Herein, we want to present the design, preparation
and preliminary spectroscopic investigations of pyrenyl-
modified DNA duplexes which allow the injection of excess
electrons into DNA.
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Results and Discussion


Design of the assay : Pyrene derivatives have been used
previously as artificial DNA bases by Kool et al. ,[14] Berlin
et al. ,[15] and a few other research groups.[16] In most of these
experiments, the pyrene moiety was intercalated between the
nucleobases of DNA duplexes. Based on the relative redox
properties, intercalated pyrene derivatives could initiate both,
oxidative hole transfer to guanines, and reductive electron
transfer to thymines. Both charge transfer assignments are
proven by picosecond transient absorption experiments using
5-(1-pyrenoyl)-2�-deoxyuridine,[17] or benzo[a]pyrenyl-2�-de-
oxyguanosine conjugates,[18] respectively. In order to avoid
this dual charge transfer behaviour of intercalated pyrene
derivatives, we chose to attach the pyrenyl group to the
nucleobase thymine (or uracil) in order to place it outside the
DNA base stack (Scheme 1).


Photoexcitation of the pyrenyl group results in an intra-
molecular electron transfer yielding the corresponding uracil
radical anion and the pyrenyl radical cation (Py.�-dU.�). This
charge transfer assignment has been proven by Netzel et al.
based on nanosecond fluorescence lifetime measure-
ments.[17, 19] Based on the reduction potential for Py.�/Py of
1.52 V (vs. NHE)[20] and E00� 3.25 eV,[17, 19] the driving force
�G of this ET process could be maximal �0.5 eV using the
potential of�1.2 V for the dU/dU .� couple given by Steenken
et al.[21] However, this value of ��G � seems too large with
respect to a recent femtosecond time-resolved study on the
reduction of thymine; this suggests a potential of approx-
imately �1.8 V for the dT/dT.� couple.[22] Furthermore, we
have characterized the properties and dynamics of the
intramolecular electron transfer in the nucleoside 1 in organic
solvents[23] and in water at different pH values[24] by steady-
state fluorescence spectroscopy and femtosecond transient
absorption spectroscopy. In organic solvents, such as THF,
MeCN or MeOH, excitation of 1 at 340 nm yields the charge-
separated species of 1 (Py.�-dU.�) which is converted to a
fluorescent intramolecular exciplex (Py.�-dU.�)* subsequent-
ly. In MeOH, this intramolecular exciplex is stabilized by
hydrogen bonding resulting in a bathochromic shift of the


emission maximum to 475 nm.[23] In water at pH 8, the charge
separated species Py.�-dU.� is formed after a few ps, which is
not fluorescent itself but equilibrates with the fluorescent,
locally excited form of 1 (Py*-dU). No intramolecular
exciplexes are formed in water. Most importantly, we could
show that the lifetime of the charge-separated species Py.�-
dU.� is in the range of a few nanoseconds and that the
reductive electron transfer is not coupled to protonation of
the uracil radical anion at pH � 7.[24] With respect to these
properties, Py-dU should be a suitable electron injector since
reductive electron transfer could occur from the stacked
uracil moiety of Py-dU to adjacent DNA bases (Scheme 1),
once the nucleoside 1 is incorporated into DNA duplexes.


Synthesis and characterization of 5-(1-pyrenyl)-2�-deoxyuri-
dine (1): For the preparation of the nucleoside 1, we chose to
use the Suzuki ±Miyaura-type cross coupling reaction[25]


(Scheme 2) which we have pre-
liminarily described previous-
ly.[26] In general, this type of
palladium-catalyzed couplings
have the advantage that they
work in wet or even aqueous
solutions and tolerate the pres-
ence of some unprotected func-
tional groups.[25] Such reactions
have been performed previous-
ly for the preparation of arylat-
ed and alkenylated purines[27]


but have not yet been used for
the direct synthesis of aryl-
modified nucleosides. The pal-
ladium-catalyzed reaction of
pyren-1-yl boronic acid (2) with
5-iodo-2�-deoxyuridine (3) gave
1 in good yield (79%). A strong


base (NaOH) was required in order to get the desired
sterically hindered coupling product 1. No protecting groups
were needed for the hydroxy groups of the 2�-deoxyribose
moiety in 3. The starting material 3 is commercially available
and the boronic acid 2 was synthesized according to a
combination of literature procedures[28] by lithiation of
1-bromopyrene (4) at 0 �C, treatment with trimethyl borate
at �78 �C and subsequent acidic workup at room temper-
ature.
The structure of the nucleoside 1 was confirmed by


different spectroscopic techniques, including ESI mass spec-
trometry and 2D-NMR experiments (DQF-COSY and
HMQC). A critical fact about the subsequent incorporation
of 1 into DNA duplexes is the assumption that the conjugate 1
forms Watson ±Crick base pairs between the uracil moiety of
1 and adenine as a part of the complementary strand. Our
concern was, that the large pyrene moiety may force the
nucleoside 1 into a syn-conformation. This conformation
would ensure that pyrene residue is stacked within the duplex
and displace the base of the complementary strand. To rule
out this structural incertainty, we performed NOESY experi-
ments of 1 in MeOH. These spectra clearly showed a
significant NOE between H-6 of the uracil part and H-2� of


Scheme 1. Design of the assay for the spectroscopic investigation of electron injection into DNA: Excitation of
the pyrenyl-modified nucleic acids at 340 nm results in an electron transfer representing an electron injection into
DNA. This process yields the pyrenyl radical cation and the uracil radical anion. Subsequently, an intramolecular
fluorescent exciplex is formed. If electron transfer to the adjacent bases occurs as an alternative pathway,
quenching of the exciplex emission is observed.
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the 2�-deoxyribose moiety. The NOESY cross peak was
comparable strong just as the cross peaks between H-2� and
H-1�, or H-3�, respectively. These NMR results can only be
explained with the preferred anti-conformation of the nucleo-
side 1.


Preparation and characterization of pyrenyl-modified nucleic
acids : For subsequent incorporation into oligonucleotides,
nucleoside 1 was converted into the DMT-protected com-
pound 5 and then to the completely protected DNA building
block 6 bearing the phosphoramidite group in the 3� position
(Scheme 2). Using monomer 6, the oligonucleotides 7 ± 12
were prepared by automated solid-phase synthesis using a
DNA synthesizer. Quantitative coupling of the monomer 6
was achieved with a coupling time of 1.6 min using phosphor-
amidite chemistry and standard workup conditions. The
HPLC-purified oligoucleotides were identified by MALDI-
TOF mass spectrometry (Table 1). Furthermore, the UV/Vis


absorption spectra (Figure 1) clearly showed the presence of
the pyrenyl group with a typical absorbance at 350 nm.
Using the pyrenyl-modified oligonucleotides 7 ± 10, we


prepared the duplexes Py1 ±Py6 with the corresponding
unmodified complementary strands (Scheme 3). The adjacent
bases of the Py-dU nucleoside were chosen to be either
adenine, guanine, cytosine, or thymine on both sides (Py1 ±
Py3, Py6). Despite the uncertainty related to irreversible
electrochemistry, the following trend for the reducibility of
the nucleobases was established: thymine � cytosine �


adenine � guanine.[22] With respect to this trend, we expect
that the uracil radical anion, which is formed upon photo-


Scheme 2. Synthesis of the DNA building block 6 : a) 1) nBuLi (1.1 equiv),
Et2O, 0 �C, 30 min; 2) B(OCH3)3 (5.0 equiv), �78 �C, 6 h, then RT, 20 h;
3) H3O�, RT, 3 h (73%); b) 2 (1.0 equiv), [Pd(PPh3)4] (0.1 equiv), NaOH
(20 equiv), THF/MeOH/H2O 2:1:2, reflux, 20 h (79%); c) 4,4�-dimeth-
oxytriphenyl chloride (2.0 equiv), pyridine, RT, overnight (65%); d) 2-
cyanoethyl-N,N-diisopropylchlorophosphoramidite (1.1 equiv), H¸nig×s
base (3.0 equiv), CH2Cl2, RT, 12 h (95%).


Table 1. Pyrenyl-modified oligonucleotides 7 ± 12.


Sequence Calculated
mass


MALDI-TOF
mass


7 5�-AGT CAG TA(PyU) ATG ACT GA-3� 5419 5417
8 5�-AGT CAG TG(PyU) GTG ACT GA-3� 5451 5448
9 5�-TCA GTC AC(PyU) CAC TGA CT-3� 5291 5280


10 5�-TCA GTC AC(PyU) TAC TGA CT-3� 5306 5306
11 5�-TCA GTC AT(PyU) CAC TGA CT-3� 5306 5296
12 5�-TCA GTC AT(PyU) TAC TGA CT-3� 5321 5320


Figure 1. UV/Vis absorbance spectra of the pyrene-modified oligonucleo-
tides 7 ± 12.


Scheme 3. DNA duplexes Py1 ±Py6 and T1 ±T6.
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excitation and subsequent intramolecular electron transfer in
Py-dU, should only be able to reduce adjacent pyrimidine
bases, preferrably thymine due to its low reduction potential.
According to this assumption, we decided to synthesize
additionally the duplexes Py4 and Py5 bearing a thymine on
one side of the Py-dU group and cytosine on the other.
Furthermore, in order to elucidate the overall structural
effects of the attached pyrenyl groups in Py1 ±Py6, the
corresponding duplexes T1 ±T6 with a regular thymine in the
position of the Py-dU nucleotide were also prepared.
The CD spectra measured for all duplexes confirmed the


B-DNA structure. A small CD effect is observed in the range
of the pyrene absorption (�350 nm) of the Py-dU modified
duplexes. This CD effect represents the interaction of the
pyrene moiety with its chiral environment and has also been
observed for the free nucleoside. Therefore, the CD spectra
do not provide direct structural information about the pyrene
site. Additionally, the melting temperature Tm of all synthe-
sized duplexes were also determined (Table 2). In most cases,


a significant decrease of the melting temperature could be
observed by comparing the unmodified duplexes T1 ±T6 and
pyrenyl-modified duplexes Py1 ±Py6. Only in case of the
duplexes Py5 and Py6 was the melting temperature nearly the
same as for the corresponding unmodified duplexes T5 and
T6. These results represent a structural pertubation of the
covalently attached pyrenyl groups in the major groove of the
duplexes and are in agreement with the NOESY experiments
with the nucleoside 1 showing the preferred anti-conforma-
tion. Based on these results, we assume that the modified Py-
dU nucleoside forms a regular Watson ±Crick base pair
between the uracil moiety and the adenine of the comple-
mentary strand within duplex DNA.


Spectroscopic results : We measured the emission of the
pyrenyl-modified duplexes Py1 ±Py6 under steady-state con-
ditions (Figure 2). Equal optical densities were chosen for all
samples at the excitation wavelength of 340 nm. The emission
maxima of all six duplexes are located between 490 and
500 nm. Note that these fluorescence spectra are similar to the
one observed for the nucleoside 1 in MeOH,[17, 19] but
significantly different from the one obtained for PydU in
water which was recently reported.[24]


The time-resolved transient absorption spectroscopy of 1 in
MeOH revealed an intramolecular exciplex which is formed


subsequently from an intramolecular ion pair state. Formally,
the formation of the exciplex is a partial back electron transfer
from the charge-separated state (Py.�-dU.�) into a locally
excited (LE) state of the Py-dU conjugate. Previously, we
observed a bathochromic shift in the emission wavelength
maximum of 1 in MeOH (475 nm) in comparision to MeCN
(422 nm); this suggests a strong stabilization of the fluorescent
exciplex in MeOH through hydrogen bonding. According to
these previous results, we assume that the observed emission
of the pyrenyl-modified DNA duplexes Py1 ±Py6 originates
from an exciplex of the Py-dU group which is partially
intercalated in the base stack through the uracil moiety and
well fixed in an array of hydrogen bonds to the adenine of the
complementary strand.
Interestingly, at equal optical densities of the duplexes


Py1 ±Py6 at 340 nm the emission quantum yield differs
significantly depending on the neighboring bases of the Py-
dU group. As described above, the trend for the reducibility of
the nucleobases is thymine � cytosine � adenine �


guanine.[22] The redox potential of uracil is similar to that of
thymine,[22] so that we expect that the uracil radical anion
which is formed upon photoexcitation and subsequent intra-
molecular electron transfer in the Py-dU group should only be
able to reduce adjacent pyrimidine bases, preferably thymine
due to its low reduction potential. According to this assump-
tion and the previous results about the formation of exci-
plexes of 1, we expect a quenching of fluorescence when an
electron transfer from the uracil radical anion to the adjacent
bases occurs (Scheme 4). In fact, a significant quenching of
the exciplex emission can be observed, when thymines are
placed adjacent to the Py-dU group, as it is the case in Py6. As
expected from the reduction potentials, the fraction quenched
is highest for Py6 (5�-T-(PyU)-T-3�) in comparison with all
other pyrenyl-modified duplexes containing equal bases on
both sides of the Py-dU group (Py1 ±Py3 and Py6). Interest-
ingly, there is a significant difference in the fraction quenched
of the ™mixed-sequence∫ DNA duplexes Py4 (5�-C-(PyU)-T-
3�) and Py5 (5�-T-(PyU)-C-3�). The duplex Py4 bearing a
cytosine on the 5�-side of the Py-dU group shows a similar
amount of emission as Py3, whereas the emission of Py5,
bearing a thymine on the 5�-side, is quenched nearly as
efficient as in case of Py6. In conclusion, an effective
fluorescence quenching occurs only when a thymine is located


Table 2. Melting temperatures (Tm) of the pyrenyl-modified duplexes
Py1 ±Py6 and the unmodified duplexes T1 ±T6 (2.5�� duplex, 10m� Na-
Pi-buffer, 1� NaCl).


Central sequence Tm Central sequence Tm


Py1 5�-A-(PyU)-A-3� 57 �C T1 5�-A-T-A-3� 64 �C
Py2 5�-G-(PyU)-G-3� 64 �C T2 5�-G-T-G-3� 71 �C
Py3 5�-C-(PyU)-C-3� 61 �C T3 5�-C-T-C-3� 70 �C
Py4 5�-C-(PyU)-T-3� 64 �C T4 5�-C-T-T-3� 71 �C
Py5 5�-T-(PyU)-C-3� 65 �C T5 5�-T-T-C-3� 64 �C
Py6 5�-T-(PyU)-T-3� 64 �C T6 5�-T-T-T-3� 66 �C


Figure 2. Relative emission of the duplexes Py1 ±Py6 during excitation at
340 nm (2.5�� duplex, 10m� Na-Pi-buffer).







Electron Injection into DNA 4877±4883


Chem. Eur. J. 2002, 8, No. 21 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0821-4881 $ 20.00+.50/0 4881


on the 5�-side next to the Py-dU unit. This observation may
reflect the fact that the pyrenyl group in the major groove is
located in a non-symmetric way, which leads to a preferred
electron transfer to the nucleobase on the 5�-side. The
question what causes the quenching in the DNA duplexes
Py2 ±Py4 with either guanine or cytosine on the 5�-side of the
Py-dU group remains unclear and is currently under inves-
tigation. Given the fact, that pyrene can undergo both
oxidative and reductive charge transfer with DNA, the
fluorescence quenching observed in Py2 can be due to a hole
transfer to the adjacent guanine yielding the guanine radical
cation and the pyrenyl radical anion.
Finally, we want to present preliminary results which can be


concluded from the time-resolved pump-probe laser spectros-
copy measurements. Representatively, we want to show here
the transient absorption spectrum of the modified duplexes
Py1 (5�-A-(PyU)-A-3�) and Py6 (5�-T-(PyU)-T-3�). According
to the relative reduction potentials and to the emission spectra
of the two duplexes, as described above, electron transfer
occurs only in the duplex Py6 but not in the duplex Py1. This
result can be supported by the transient absorption spectrum
10 ps after excitation (Figure 3): The spectra of both duplexes,


Figure 3. Transient absorption spectra of Py1 and Py6 obtained 10 ps after
excitation (350 �� duplex, 10 m� Na-Pi-buffer).


Py1 and Py6, show a strong absorption peak at 600 nm
representing the exciplex state of the Py-dU group. Such
intramolecular exciplexes are formed due to a strong elec-
tronic coupling between the two chromophores in Py-dU and
have been previously observed upon photoexcitation of the
nucleoside in organic solvents, such as MeCN, THF, or
MeOH.[17] Additionally, both spectra show a peak around
500 nm which is characteristic for Py*.[29] These transients
explain why emission is observed in the steady-state fluo-
rescence spectrum of both duplexes, Py1 or Py6, during
excitation at 340 nm. Most importantly, the transient absorp-
tion spectrum of Py6 shows an additional peak at 475 nm
which gives evidence for the presence of Py.� .[24] This
absorption is not observed upon excitation of Py1. The
presence of Py.� in the transient absorption spectrum together
with the observed quenching of the emission of Py6 in
comparison to Py1 clearly indicates that electron transfer
occurs only in Py6, but not in Py1.


Conclusion


5-(1-Pyrenyl)-2�-deoxyuridine (1) was prepared by a palla-
dium-catalyzed Suzuki ±Miyaura cross-coupling reaction.
Using this nucleoside 1, a range of modified oligonucleotides
was prepared bearing a covalently attached pyrenyl group
located outside the DNA base stack. Upon excitation at
340 nm an electron transfer from the pyrenyl group to the
uracil base takes place which represents an injection of an
excess electron into the DNA base stack. Based on the results
obtained by steady-state fluorescence spectra and time-
resolved transient absorption spectra we conclude that
electron transfer can only occur from the Py-dU group to
adjacent thymines. Work is currently in progress i) to inves-
tigate the dynamics of this electron injection processes more
detail, and ii) to synthetically modify DNA duplexes with
suitable electron acceptors in order to perform investigations
concerning the base sequence dependence and the rate of
base-to-base reductive electron transfer.


Experimental Section


Materials and methods : 1H, 13C, 31P and the two-dimensional NMR spectra
were recorded on a Bruker AC250 or DMX500 spectrometer. NMR signals
were assigned based on 2D NMR measurements (DQF-COSY, HMQC).
ESI mass spectra were measured in the analytical facility of the institute on
a Finnigan LQC-ESI spectrometer. MALDI-TOF was performed in the
analytical facility of the institute on a Bruker Biflex III spectrometer using
3-hydroxypicolinic acid in aq. ammonium citrate as the matrix. Analytical
chromatography was performed on Merck silica gel 60 F254 plates. Flash
chromatography was performed on Merck silica gel (40 ± 63 �m). C18-RP
analytical and semipreparative HPLC columns (300 ä) were purchased
from Supelco. Solvents were dried according to standard procedures. All
reactions were carried out under argon. Chemicals were purchased from
Fluka and used without further purification. All spectroscopic measure-
ments were performed in quartz glass cuvettes (1 cm, pump-probe laser
spectroscopy: 1 mm) and using Na-Pi-buffer (10m�). Absorption spectra
and the melting temperature (2.5�� duplex, 1� NaCl, 260 nm, 10 ± 80 �C,
interval 1 �C) were recorded on a Varian Cary 100 spectrometer. The
B-DNA conformation of all duplexes was confirmed by CD spectroscopy
(2.5�� duplex, 185 ± 310 nm) performed on Jasco J-715 spectropolarimeter.
The fluorescence spectra (2.5 �� duplex) were recorded on a Fluoromax-3
fluorimeter (Jobin-Yvon) and corrected for Raman emission from the
buffer solution. All emission spectra were recorded with a bandpass of
2 nm for both excitation and emission and are intensity corrected.


5-(1-Pyrenyl)-2�-deoxyuridin (1): 5-Iodo-2�-deoxyuridine (3) (0.28 g,
0.8 mmol) was dissolved in tetrahydrofuran/water (60 mL, 1:1). Subse-
quently, a solution of 2 (0.20 g, 0.8 mmol) and [Pd(PPh3)4] (0.92 g,
0.08 mmol, 0.1 equiv) in THF (10 mL), a solution of NaOH in water
(0.64 g, 16 mmol, 20 equiv), and MeOH (25 mL) were added. The solution
was saturated with nitrogen at RT (10 min), refluxed for 20 h, neutralized
with solid NH4Cl and extracted with EtOAc (4� 30 mL). The combined
organic phase was dried over Na2SO4 and concentrated to dryness. The
residue was purified by column chromatography on silica gel (CH2Cl2/
acetone 4:1, then EtOAc/MeOH 10:1) give a pale yellow solid (79% yield).
Analytical HPLC ensured a purity of �99.5%. Rf� 0.65 (EtOAc/MeOH/
water 10:1:0.5); NMR signals were assigned based on 2D NMR measure-
ments (DQF-COSY, HMQC); 1H NMR (500 MHz, CD3OD): �� 2.29 (m,
J� 6.4 Hz, 2H, 2�-H), 3.50 ± 3.60 (ddd, J� 12.0, 3.3 Hz, 2H, 5�-H), 3.84 (m,
J� 3.2 Hz, 1H, 3�-H), 4.31 (m, J� 4.3 Hz, 1H, 4�-H), 6.35 (t, J� 6.6 Hz, 1H,
1�-H), 7.84 ± 8.14 (m, 9H, Pyren-H), 8.21 (s, 1H, 5-H); additional signals in
1H NMR (250 MHz, [D6]DMSO): �� 4.79 (t, 1H, 5�-OH), 5.24 (d, 1H, 5�-
OH), 11.64 (br s, 1H, NH); 13C NMR (125.8 MHz, [D6]DMSO�5%
CD3OD): �� 165.53 (C�O), 153.23 (C�O), 142.95 (C-6), 133.67, 133.54,
133.28, 132.34, 131.33, 131.24, 130.15, 129.86, 129.80, 128.83, 127.85, 127.81,
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127.72, 127.13, 126.85, 126.70, 116.66, 90.24 (4�-C), 87.59 (1�-C), 73.25 (3�-C),
63.74 (5�-H), 42.84 (2�-C); ESI-MS: m/z : 451 [M�Na]� , 879 [2M�Na]� ,
1307 [3M�Na]� ; UV/Vis (H2O, pH� 8): �� 14600 (260 nm),
23500��1 cm�1 (343 nm); elemental analysis calcd for C25H20N2O5�H2O
(446.5): C 67.25, H 4.97, N 6.54; found: C 67.77, H 5.25, N 5.59.


Pyren-1-yl boronic acid (2): A solution of 1-bromo pyrene (4 ; 1.0 g,
3.56 mmol) in Et2O (50 mL) was cooled to 0 �C. A solution of nBuLi
(4.16 mmol) in hexane (1.6�) was added. The solution was stirred 30 min at
RT and then added dropwise to a solution of B(OCH3)3 (17.8 mmol) in
Et2O (5 mL) at �78 �C. The solution was stirred at �78 �C for 3 h and then
at RT overnight. 2� HCl (20 mL) was added and stirred 3 h at RT The
mixture was extracted several times with EtOAc. The combined organic
phases were washed with water, dried with Na2SO4 and evaporated. The
crude product was purified by column chromatography on silica gel
(hexane/EtOAc 20:1, then EtOH) yielding a pale yellow solid (0.64 g,
73%). Rf� 0.32 (hexane/Et2O 3:1). All spectroscopic data of 2 were in
agreement with the published data.[28]


5�-O-(4,4�-Dimethoxytrityl)-5-(1-pyrenyl)-2�-deoxyuridine (5): 4,4�-Dimeth-
oxytriphenylmethyl chloride (190 mg, 0.56 mmol) was added to a solution
of 1 (120 mg, 0.28 mmol) in dry pyridine (5 mL). The mixture was stirred
overnight at RT,MeOH (3 mL) was added and the solution concentrated to
dryness. The crude product was purified by flash chromatography (CH2Cl2/
acetone 4:1, then EtOAc/MeOH 10:1) yielding a pale yellow solid (134 mg,
65%). Rf� 0.85 (ethyl acetate/methanol/water 6:2:1); NMR signals were
assigned based on 2D NMR measurements (DQF-COSY, HMQC);
1H NMR (250 MHz, [D6]DMSO): �� 1.80 ± 1.97, 2.06 ± 2.23 (m, 2H, 2�-
H), 2.77 ± 2.93 (m, 2H, 5�-H), 3.43 ± 3.51 (m, 1H, 3�-H), 3.68 ± 3.70 (s, 6H,
Me), 4.04 (m, 1H, 4�-H), 6.32 (t,1H, 1�-H), 6.81 ± 7.40 (m, 13H, DMT-H),
7.88 ± 8.29 (m, 10H, Pyren-H), 11.70 (s, 1H, NH); 13C NMR (62.9 MHz,
[D6]DMSO): �� 39.68 (2�-C), 55.92 (3�-C), 56.38 (OMe), 63.79 (5�-C), 87.12
(4�-C), 88.14 (1�-C), 114.02, 114.37, 115.79, 125.08, 125.15, 125.76, 126.60,
126.64, 127.64, 128.28, 128.57, 128.85, 129.13, 129.35, 130.57, 130.87, 131.14,
131.25, 131.71, 132.09, 137.08, 137.14, 146.42, 151.65, 159.60, 159.66, 163.76,
181.0; ESI-MS: m/z : 753 [M�Na]� .
5�-O-(4,4�-Dimethoxytrityl)-5-(1-pyrenyl)-2�-deoxyuridine-3�-O-(2-cya-
noethyl)-N,N-diisopropylphosphoramidit (6): Compound 5 (134 mg,
0.18 mmol) was dissolved in dry CH2Cl2 (5 mL). H¸nig×s base (0.1 mL,
0.54 mmol) and 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite
(0.05 mL, 0.20 mmol) were added and the solution stirred for 12 h at RT.
The mixture was poured into aq. sat. NaHCO3 (50 mL) and extracted three
times with CH2Cl2. The combined organic layers were dried (Na2SO4) and
evaporated yielding the phosphoramidite 6 as a pale yellow solid (159 mg,
95%), which was used directly for the oligonucleotide synthesis. Rf� 0.96
(ethyl acetate/methanol/water 6:2:1); 31P NMR (101.3 MHz, CD3CN): ��
159.0; ESI-MS: m/z : 969 [M�K]� .
Preparation and characterization of the oligonucleotides


General procedure : The oligonucleotides were prepared on a Expedite
8909 DNA synthesizer from Applied Biosystems by standard phosphor-
amidite protocols using chemicals and CPG (1 �mol) from Glen Research.
After preparation, the trityl-off oligonucleotide was cleaved off the resin
and was deprotected by treatment with conc. NH4OH at 60 �C for 10 h. The
oligonucleotide was dried and purified by HPLC on a semipreparative RP-
C18 column (300 ä, Supelco) using the following conditions: A�NH4OAc
buffer (50m�), pH 6.5; B�MeCN; gradient: 0 ± 15% B over 45 min. The
oligonucleotides were lyophilized and quantified by their absorbance at
260 nm[30] on a Varian Cary 100 spectrometer. Duplexes were formed by
heating to 80 �C (10 min), followed by slow cooling.


Solid-phase synthesis of the pyrenyl-modified oligonucleotides 7 ± 12


General procedure : The syntheses were performed on a 1 �mol scale (CPG
1000 ä, Glen Research) using standard phosphoramidite protocols.
Quantitative coupling of the building block 6 was achieved using the a
minimal coupling time of 1.6 min. After preparation, the trityl-off
oligonucleotide was cleaved off the resin and was deprotected by treatment
with conc. NH4OH at 60 �C for 10 h. The oligonucleotide was dried and
purified by HPLC on a semipreparative RP-C18 column (300 ä, Supelco)
using the following conditions: A�NH4OAc buffer (50 m�), pH 6.5; B�
MeCN; gradient: 0 ± 15% B over 45 min. The oligonucleotides were
lyophilized, quantified by their absorbance at 260 nm[31] and using ��
14600 (260 nm) for 1.


Femtosecond broadband pump-probe setup : The pyrenyl-modified oligo-
nucleotides were exited by pump pulses at 340 nm. The changes in optical
density were probed by a femtosecond white-light continuum (WLC)
generated by tight focusing of a small fraction of the output of a
commercial Ti:Sa based pump laser (CPA-2001, Clark-MXR) into a
3 mm CaF2 plate. The obtained WLC provided a usable probe source
between 370 and 720nm. The WLC was split into two beams (probe and
reference) and focused into the sample using reflective optics. After passing
through the sample both probe and reference were spectrally dispersed and
simultaneously detected on a CCD sensor. The pump pulse (340 nm, 100 ±
200 nJ) was generated by frequency doubling of the compressed output of a
commercial NOPA system (Clark-MXR, 680 nm, 8 �J, 30 fs). To compen-
sate for group velocity dispersion in the UV pulse we used an additional
prism compressor. Independent measurements of the chirp of the WLC
were carried out to correct the pump-probe spectra for time-zero differ-
ences. The overall time resolution of the setup was obtained from the rise
time of the signal (above 580 nm). Assuming a Gaussian shape cross-
correlation we obtained a width of 100 ± 120 fs (FWHM). A spectral
resolution of 7 ± 10 nm was obtained. Measurements were performed with
magic angle geometry (54.7�) for the polarization of pump and probe pulses
to avoid contributions from orientational relaxation. Pump energy and
pump spot size (�200 ± 400 �m) were adjusted to minimize contributions
from the solvent to the signal. Steady state absorption and fluorescence
spectra of the samples measured before and after the time resolved
experiments were compared with each other and no indications for
degradation were found. A sample cell with 1.25 mm fused silica windows
and a light path of 1 mm was used for all measurements. The sample
concentration was 350 �� duplex.
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Modulation of the Intercalation Properties of Copper ±Zinc Mixed-Metal
Phosphonate Materials


Bouzid Menaa and Ian J. Shannon*[a]


Abstract: New layered mixed divalent
metal vinylphosphonates CuII


1�xZnII
x-


(O3PC2H3) ¥ H2O have been prepared
from a range of pre-formed copper ±
zinc oxides CuII


1�xZnII
xO obtained by


isomorphous substitution of zinc into
the tenorite-type structure of CuIIO. The
corresponding mixed divalent copper ±
zinc vinylphosphonates have been char-
acterised by powder X-ray diffraction,
elemental analysis, infrared spectros-
copy and thermogravimetric analysis.
All compounds have been shown to con-
sist of a single-phase solid solution that
crystallises in an monoclinic unit cell,


space group P21/c with a� 9.86 ± 9.90,
b� 7.61 ± 7.64, c� 7.32 ± 7.35 ä and ��
95.9 ± 96�, with the exception of the pure
zinc vinylphosphonate (x� 1), the struc-
ture of which is comparable to other
ZnII(O3PR) ¥ H2O materials. Studies of
the intercalation of n-butylamine into
the range of copper ± zinc vinylphos-
phonates have demonstrated that signif-


icant modulation of the adsorption
properties occurs; whereas one mole of
amine is intercalated into the pure zinc
vinylphosphonate to give ZnII(O3P-
C2H3) ¥ (C4H9NH2), for all other mem-
bers of the series two moles of amine are
coordinated to give intercalated com-
pounds of composition CuII


1�xZnII
x-


(O3PC2H3) ¥ [(C4H9NH2)1�x(C4H9NH2)x]2


from which the amine can be sequen-
tially removed from the different metal
sites; this opens up possibilities for
further applications of these materials.


Keywords: intercalations ¥ layered
compounds ¥ metal phosphonates ¥
organic ± inorganic hybrid
composites


Introduction


Layered metal phosphonate materials[1] have been the subject
of increasing interest over the past few years. Following the
early work in this area, which centred on the study of
phosphates and phosphonates of tetravalent metals,[2±3] many
more studies have been carried out that focus on the synthesis,
crystal structures and properties of di-[4±8] and trivalent
metals.[9, 10]


The synthesis of metal phosphonate materials may be
carried out by a range of different preparation methods: by
hydrothermal methods, co-precipitation in solution,[5, 11] orga-
nometallic routes[12] or by a melt method in which a solid
mixture of metal hydroxide and phosphonic acid is heated in a
sealed autoclave above the melting point temperature of the
phosphonic acid used.[6]


These inorganic ± organic hybrid compounds have many
potential applications, owing to the large range of metals that
can be used to form the inorganic backbone [�MO3P�] and
the range of organic groups (R) that may be attached to this


backbone. The magnetic properties of materials containing
metals such as copper or iron[13] have been investigated, and
materials with phosphonates containing carboxylate/carbox-
ylic acid[14, 15] sulfonate/sulfonic acid groups[16, 17] and/or ami-
no[18] functionalities are of considerable interest for use as
catalysts[19, 20] and ion exchangers.[21] The ability to intercalate
species such as amines[22±24] or alcohols[25] into structures that
contain a removable water molecule makes these materials
suitable for use as sorbents[26] and in molecular recognition,[27]


with further interest for building microporosity[28, 29] into these
structures.


In our studies here, we have focused on divalent metal
phosphonates MII(O3PR) ¥ H2O, for which Cunningham
et al.[30] first reported the synthesis of phenylphosphonate
derivatives, and demonstrated the octahedral coordination of
the metal (M�Mg, Cd, Zn, Co, Ni) from consideration of
electronic spectra. Cao et al.[5] confirmed this sixfold coordi-
nation and reported for a homologous series of divalent metal
phosphonates MII(O3PR) ¥ H2O (with M�Mg, Mn, Zn and
R� alkyl) that all these layered compounds were isostruc-
tural, crystallising in an orthorhombic unit cell, space group
Pmn21, with a� 5.61 ± 5.82 and c� 4.76 ± 4.95 ä, with the b
cell parameter varying according to the size of the organic
group. The octahedral coordination sphere around each metal
centre is built up from four oxygen atoms shared with other
metal atoms (two of these oxygen atoms coming from the
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same phosphonate group and chelating the metal centre) and
a further unshared oxygen, which forms a direct link from the
metal centre to only the phosphorus, and is completed by the
oxygen of the water molecule.


Divalent copper phosphonates, CuII(O3PR) ¥ H2O,[31, 11]


however, form a different structure, due most probably to
the structure not being easily able to accommodate a Jahn ±
Teller distorted MO6 octahedron. Clearfield et al.[31] deter-
mined the structure of the copper methyl- and phenylphos-
phonates and demonstrated that they are layered compounds
containing copper atoms in an unusual five-coordinate
distorted square-pyramidal environment. Each copper atom
is bonded to four coplanar oxygen atoms (three phosphonate
oxygens and one water oxygen), with a fifth Cu�O bond
nearly perpendicular to the plane, completing the pentacoor-
dination of the copper atoms. We recently solved the
structures[32] of new materials that contain vinylphosphonate
groups, CuII(O3PC2H3) ¥ H2O and ZnII(O3PC2H3) ¥ H2O. Al-
though in both structures there are short contacts of
approximately 4.15 ä between adjacent vinyl groups within
the layers, the different metal coordination in these materials
results in a change in the relative orientations of the vinyl
groups, which may manifest itself in different reactivity
towards topochemical reactions, such as solid-state [2�2]
cyclodimerisation.[33, 34]


Most of the studies on divalent metal phosphonates have
been carried out on systems that contain only one metal
within the structure. In another recent paper,[35] we reported
the first synthesis of mixed divalent metal phosphonate
materials, MII


1�xM�II
x(O3PR) ¥ H2O, with (M, M�)� (Mg, Zn)


and (Ni, Zn), and R��CH3, �C2H3, �C6H5 and
�(CH2)2COOH. These were prepared by the melt method
of synthesis,[6] by combining the corresponding mixed divalent
metal hydroxides with different ratios of metal contents (x�
0, 0.1, 0.25, 0.5, 1) with the desired phosphonic acid. We found
that both series of magnesium ± zinc and nickel ± zinc phos-
phonates have structures analogous to those of the pure
divalent metal phosphonates MII(O3PR) ¥ H2O and that the
metal cations were octahedrally coordinated in all cases. From
31P solid-state MASNMR spectroscopy it could be seen that
there was no ordering of the different metals within the
structure, but also, importantly, no segregation of separate
phases of the two different metal phosphonates was seen.


We have extended our studies to investigation of other
combinations of divalent metals in metal phosphonate
materials, and present here the results of our work on mixed
copper ± zinc vinylphosphonates–CuII


1�xZnII
x(O3PC2H3) ¥


H2O–in which we expected modulation of properties on
account of the different structures adopted by pure zinc
phosphonates and copper phosphonates described above.


Materials such as those prepared here, containing two
different metals, could enable the tuning of ion-exchange and
proton conduction properties (with appropriate R-group
functionality) and adsorption properties, and have further
possibilities for modification to generate much sought-after
regular porous structures, on account of differing exchange
properties at each metal site.


We have focused here on the intercalation reaction of
alkylamines into these materials, on account of the known


differences in the behaviour of copper[24] and zinc[36, 37]


phosphonates. Initial dehydration of CuII(O3PR) ¥ H2O and
ZnII(O3PR) ¥ H2O (R��Me, �Ph) leads to different struc-
tures. While the dehydrated copper compounds show an
increase in the interlayer spacing of approximately 1 ä
(involving a structural rearrangement unique to copper
metals), the layer spacing in anhydrous zinc phenylphospho-
nate[37] does not change significantly (due to the size of the
phenyl group) and dehydrated zinc methylphosphonate shows
a decrease in interlayer distance,[36] suggested to be due to
another rearrangement leading to a fourfold coordination of
the zinc in the anhydrous compound.


This dehydration step creates open coordination sites
favourable for amine intercalation; variation in the interlayer
distance is observed depending on the size and the shape of
the amine intercalated. Cao and Mallouk[23] studied the
intercalation of zinc methylphosphonate with a range of
alkylamines CnH2n�2NH2. Intercalation with n-butylamine
was characterised by an expansion of the interlayer distance
from 8.7 ä for the hydrated compounds to 13.64 ä for the
intercalated zinc methylphosphonate. Poojary and Clear-
field[22] determined the structure of ZnII(O3PC6H5) ¥ R�NH2


(R��C3H7, C4H9, C5H11), the structure of which rearranges
upon intercalation leading to tetrahedral zinc atoms coordi-
nated by three phosphonate oxygen atoms and one nitrogen
atom. In parallel, Bujoli et al.[38] confirmed this fourfold
coordination, on the basis of EXAFS-XANES measurements,
for the intercalated zinc alkylphosphonates. Studies on copper
methyl- and phenylphosphonates showed the absorption of
one mole of n-butylamine and two moles of n-butylamine,
respectively, with an increase in the interlayer spacing to
14.8 ä observed for both.


Below, we present the results of our studies on the
intercalation of n-butylamine within the mixed copper ± zinc
vinylphosphonates CuII


1�xZnII
x(O3PC2H3) ¥ H2O, and show


that we do indeed see unusual behaviour on account of the
structural modulations induced in these materials–a result
which demonstrates the potential for tuning these types of
material for specific application through control of the metal
cation ratio in the structure.


Results and Discussion


Mixed divalent copper ± zinc oxides : The copper ± zinc oxides
CuII


1�xZnII
xO to be used as precursors for the synthesis of the


corresponding vinylphosphonates were prepared in the same
manner as we had previously used to prepare oxides and
hydroxides.[35] The powder X-ray diffraction patterns (Fig-
ure 1) recorded at ambient temperature show the success of
the isomorphous substitution of ZnII into the tenorite
structure of CuIIO, with the samples of CuII


1�xZnII
xO (x�1)


becoming more brown in colour as the zinc content increased.
Indexing showed that for x� 0, 0.1, 0.25, 0.5, CuII


1�xZnII
xO


crystallises in a monoclinic space group C2/c, with a� 5.10 ±
5.15, b� 3.38 ± 3.43, c� 4.70 ± 4.71 ä, �� 99.33 ± 99.81� (de-
tails of cell parameters are given in Table 1). In contrast,
ZnIIO (x� 1), in its zincite form is hexagonal, space group
P63mc, with a� b� 3.26 and c� 5.22 ä.
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Attempts to synthesise single-phase copper ± zinc oxides
with a higher zinc content (x� 0.5 and x�1) were unsuccess-
ful, instead a mixture of phases composed of the zincite and
the tenorite structures resulted. While one might consider the
use of a physical mixture of the two different oxides in an
attempt to obtain phosphonates with x� 0.5, this procedure
would more probably lead to a mixture of the phosphonate
materials, owing to the nonintimate interaction between oxides.


Mixed divalent copper ± zinc vinylphosphonates : For the
different Cu:Zn ratios used, the X-ray diffraction patterns
of the mixed metal phosphonates CuII


1�xZnII
x(O3PC2H3) ¥ H2O


(with x� 0, 0.1, 0.25, 0.5) showed a crystalline single phase
characterised by the absence of any unreacted copper ± zinc
oxides (Figure 2). On the basis of the X-ray patterns, the
whole range (except for x� 1) has the same structure as pure
copper vinylphosphonate, indicating that the zinc can iso-
morphously replace copper in the copper vinylphosphonate
structure.


The CuII
1�xZnII


x(O3PC2H3) ¥ H2O materials (with x� 0, 0.1,
0.25, 0.5) have all been indexed on the basis of a monoclinic
unit cell, space group P21/c, with a� 9.86 ± 9.90, b� 7.61 ± 7.64,
c� 7.32 ± 7.35 ä and �� 95.9 ± 96� (Table 2). In contrast, the
structure of the pure zinc vinylphosphonate differs from the


copper structure (Figure 2e): ZnII(O3PC2H3) ¥ H2O crystallises
in an orthorhombic unit cell, space group Pmn21, with a�
5.68, b� 9.83 and c� 4.80 ä. The a and c cell parameters are
similar to those observed for other zinc phosphonates
(ZnII(O3PR) ¥ H2O, R��Me,�Ph),[36, 37] with b approximately
corresponding to the interlayer distance and of the size
expected for the size of the vinyl group. No evidence for any
segregation of an impurity of zinc vinylphosphonate is seen in
the patterns for the mixed copper ± zinc vinylphosphonates.


Figure 1. Powder X-ray diffraction patterns for CuII
1�xZnII


xO: a) x� 0,
b) x� 0.1, c) x� 0.5, d) x� 0.5, e) x� 1.


Table 1. Unit cell parameters for CuII
1�xZnII


xO for x� 0, 0.1, 0.25, 0.5, 1.


Cu1�xZnxO Symmetry Cell Parameters
a [ä] b [ä] c [ä] � [�]


x� 0 monoclinic 5.14 3.43 4.71 99.33
x� 0.1 space group C2/c 5.15 3.42 4.71 99.76
x� 0.25 5.14 3.41 4.71 99.81
x� 0.5 5.10 3.38 4.70 99.79
x� 1 hexagonal 3.26 3.26 5.22 ±


space group P63mc


Figure 2. Powder X-ray diffraction patterns for CuII
1�xZnII


x(O3PC2H3) ¥ H2O: a) x� 0, b) x� 0.1, c) x� 0.5, d) x� 0.5, e) x� 1. The peak indices labelled in
a) apply to patterns a) ± d), which show that all four structures are isostructural with CuII(O3PC2H3) ¥ H2O, while ZnII(O3PC2H3) ¥ H2O has a different structure
(as described in the text), and so the indexing for pattern e) is different.


Table 2. Unit cell parameters for CuII
1�xZnII


x(O3PC2H3) ¥ H2O for x� 0,
0.1, 0.25, 0.5, 1.


Cu1�xZnx(O3PC2H3) ¥ H2O Symmetry Cell Parameters
a [ä] b [ä] c [ä] � [�]


x� 0 monoclinic 9.88 7.63 7.33 96.01
x� 0.1 space group P21/c 9.86 7.61 7.32 95.95
x� 0.25 9.90 7.64 7.35 95.93
x� 0.5 9.89 7.64 7.32 95.90
x� 1 orthorhombic 5.68 9.83 4.80 ±


space group Pmn21
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The infrared spectrum for CuII(O3PC2H3) ¥ H2O (Figure 3a)
shows two well-separated, strong bands (�OH stretching
modes at 3260 and 3030 cm�1) and a medium strength band at
1573 cm�1 attributed to the �OH bending modes. The three
strong bands at 1093, 1041 and 1030 cm�1 are associated with


Figure 3. FTIR spectra for CuII
1�xZnII


x(O3PC2H3) ¥ H2O: a) x� 0, b) x�
0.5, c) x� 1.


the PO3 stretching modes. These features are similar to those
observed for other copper phosphonates (�Me, �Ph, �Et),
and further confirm the structural similarities between copper
vinylphosphonate and the other known copper phosphonates.


For ZnII(O3PC2H3) ¥ H2O, the infrared spectrum is clearly
different (Figure 3c), and shows similar bands to the structur-
ally analogous MIIO3PR ¥ H2O (M�Mn, Mg, Zn, Ni, Co,
Cd)[5, 6, 39] containing alkyl, aryl or phenyl groups. A strong
sharp band at 3456 cm�1 is attributed to the stretching
vibrations of the OH from the water molecule coordinated
to the metal, with the corresponding deformation band
occurring at 1617 cm�1. Bands in the 1089 ± 974 cm�1 region
are associated with the P�O vibration of the PO3 group, and
four small stretching bands at 2973, 3008, 3030 and 3075 cm�1


corresponding to the vinylic �CH vibrations.
The infrared data for the mixed copper ± zinc materials


(shown for x� 0.5 in Figure 3c) are all qualitatively similar to
those for the pure copper phosphonate, reinforcing the
evidence from the above XRD data that the zinc substitutes
into the copper vinylphosphonate structure.


Dehydration and intercalation of CuII1�xZnIIx(O3PC2H3) ¥H2O
with n-butylamine


Dehydrated copper ± zinc vinylphosphonates, CuII1�xZnIIx-
(O3PC2H3): Copper vinylphosphonate monohydrate,
CuII(O3PC2H3) ¥ H2O, and its analogous copper ± zinc vinyl-
phosphonates, CuII


1�xZnII
x(O3PC2H3) ¥ H2O (x� 0.1, 0.25, 0.5,


x�1), begin to lose their water molecule around 135 ± 140 �C
(Figure 4). The onset temperature for loss of the vinyl group,
at 300 �C, is very low compared with other metal phosphonate


Figure 4. TGA curves for CuII
1�xZnII


x(O3PC2H3) ¥ H2O: a) x� 0, b) x� 0.5,
c) x� 1.


materials MIIO3PR ¥ H2O, and particularly compared with the
zinc vinylphosphonate, for which the dehydration step occurs
at lower temperature (80 �C), but the vinyl group remains
intact up to approximately 560 �C. This suggests that the
copper phosphonates, and copper vinylphosphonate in par-
ticular, are stable in the hydrated phase but very unstable
upon dehydration, when compared with compounds such as
MgII(O3PC2H3) ¥ H2O and ZnII(O3PC2H3) ¥ H2O. Such insta-
bility of copper phosphonate materials upon dehydration has
also been reported for CuII(O3PCH3) ¥ H2O and CuII(O3P-
C6H5) ¥ H2O,[31] which lose their coordinated water at around
190 �C and 160 �C, respectively, and their organic components
at around 370 �C.


The mixed copper ± zinc vinylphosphonate (Figure 4b) ex-
hibit the same behaviour as the pure copper vinylphosphonate
upon dehydration. It is important to note at this stage that on
dehydration of mixed copper ± zinc vinylphosphonates we do
not see two discrete weight losses corresponding to removal of
the water molecule coordinated to the zinc metals and the
copper metals, respectively, but only a single step in the TGA
trace. The temperature at which the vinyl group is lost is close
to that for the pure copper vinylphosphonate, again providing
evidence that the zinc is isomorphously substituting for
copper in the structure.


The solid residue from the pure zinc vinylphosphonate has
been identified by XRD as the zinc pyrophosphate Zn2P2O7,
and although it could not be confirmed it is to be expected
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that the product from starting with copper vinylphosphonate
should be a copper pyrophosphate phase.


On the basis of their powder X-ray patterns (Figure 5), the
anhydrous copper, zinc and mixed copper ± zinc vinylphosph-
onates are found to be poorly crystalline, although the
retention of a layered structure is apparent and an indication


Figure 5. Powder X-ray diffraction patterns recorded at 180 �C for
CuII


1�xZnII
x(O3PC2H3): a) x� 0, b) x� 0.5, c) x� 1.


of the interlayer spacing can be obtained from the first strong
reflection. Once again, evidence can be seen for the dehy-
drated mixed copper ± zinc vinylphosphonates CuII


1�xZnII
x-


(O3PC2H3), (x� 0.1, 0.25, 0.5, x�1) behaving in the same
manner as the pure copper vinylphosphonate CuII(O3PC2H3).


The interlayer distance decreases upon dehydration from
9.83 to 9.48 ä for the zinc vinylphosphonate, whereas an
increase is observed for the copper vinylphosphonate from
9.84 to 10.37 ä and from 9.90 to approximately 10.4 ä for all
the mixed copper ± zinc vinylphosphonates.


The increase in the interlayer distance for the copper and
copper ± zinc vinylphosphonates can be explained by the same
structural rearrangement as reported by Zhang et al.[24] and
Bujoli et al.[11] for copper methyl-, phenyl- and ethylphos-
phonate, and is believed to be a reversible structural re-
arrangement unique to copper phosphonates on dehydration.
Bujoli et al. explained that dehydration of the copper ethyl-
phosphonate results in the shift of one of the phosphonate
oxygens to occupy the vacant coordination site after water
removal. In other words, while in the hydrated phase only one
of the phosphonate oxygen atoms bridges between two
copper atoms, after dehydration a second oxygen atom also
takes up this configuration situation. This reorganisation of
the layer induces a decrease in the lattice parameter along the
b axis from 7.3 to 5.7 ä, and the resulting distortion of the
structure also leads to an interlayer spacing increase from 9.92
to 10.78 ä. The rearrangement occurs in order to retain the
copper atom as a five-coordinate site rather than the highly
unfavourable (highly distorted tetrahedral) coordination that
would result from dehydration without rearrangement.


ZnII(O3PC2H3) shows the same behaviour as seen for other
ZnII(O3PR) compounds, with a decrease in the interlayer
distance. Whereas one might expect that dehydration would
result only in a reduction in coordination number to five but
without change in the bonding within the layers, Bujoli
et al.[36] have instead shown for ZnII(O3PCH3) that the
reduction in d-spacing is a result both of a rearrangement


between layers caused by a translation of the layers, resulting
in the methyl groups of one layer nestling in the space vacated
by the water molecule from the adjacent layer, and also of the
zinc atoms taking a tetrahedral geometry. This tetrahedral
geometry arises from four oxygen atoms from three different
phosphonate groups which adopt a (112) connectivity due to
the two phosphonate oxygen atoms that were initially
bridging two zinc atoms becoming singly bonded to the metal
atoms, while the connectivity of the third oxygen changes
from 1 to 2. While we cannot confirm this explicitly from our
X-ray patterns of ZnII(O3PC2H3) (Figure 5c), it is likely that
the same rearrangement occurs for our compounds.


Upon immersion of the dehydrated copper, copper ± zinc
and zinc vinylphosphonates in distilled water the structures
revert to their monohydrate phases, as evidenced by the X-ray
powder patterns, demonstrating the reversibility of the
(de)hydration process.


Intercalation of n-butylamine into CuII
1�xZnII


x(O3PC2H3):
Several n-butylamine-intercalated species CuII


1�xZnII
x-


(O3PC2H3) (x� 0, 0.1, 0.25, 0.5, 1) have been characterised
by powder X-ray diffraction. The patterns for all the
compounds (Figure 6) show, as expected, an increase in the


Figure 6. Powder X-ray diffraction patterns for: a) CuII(O3PC2H3) ¥
(C4H9NH2)2, b) CuII


0.5ZnII
0.5(O3PC2H3) ¥ [(C4H9NH2)0.5(C4H9NH2)0.5]2 ,


c) ZnII(O3PC2H3) ¥ (C4H9NH2).


interlayer distance according to the length of the alkyl chain
within the n-butylamine. The absence of any peaks character-
istic of the dehydrated starting material confirms that full
intercalation has occurred. The interlayer distance increases
from 9.83 ä for the hydrated phase to 14.88 ä for the







Mixed-Metal Phosphonates 4884 ± 4893


Chem. Eur. J. 2002, 8, No. 21 ¹ 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0947-6539/02/0821-4889 $ 20.00+.50/0 4889


intercalated phase of the zinc vinylphosphonate, and from
9.88 to 13.6 ä and from 9.8 ± 9.9 to 13.9 ä for the pure copper
and the mixed copper ± zinc vinylphosphonates, respectively.
As one would expect from the differences observed for the
dehydrated phases, the structure of amine-intercalated zinc
vinylphosphonate is different from that of the intercalated
pure copper and mixed copper ± zinc vinylphosphonates.
Again, the pure copper and mixed copper ± zinc phosphonates
behave in the same manner.


The X-ray pattern for zinc vinylphosphonate was indexed
on an orthorhombic unit cell, a� 14.99, b� 8.53, c� 8.44 ä,
but the powdered sample was not crystalline enough for
structural determination. By way of comparison, the structure
of ZnII(O3PC6H5) ¥ C4H9NH2 (monoclinic, space group P21/c,
a� 14.69, b� 8.95, c� 9.71 ä, �� 102.46�) is known,[22] and
shows fourfold coordination of the zinc metal atoms; this is
accomplished by a further rearrangement keyed by the
contact with the amine and leads to the formation of larger
open rings containing four zinc atoms coordinated to three
phosphonate oxygen atoms and one nitrogen atom.


IR data (Figure 7) also provide strong evidence of the
amine coordination to the copper and zinc in the mixed
divalent copper ± zinc vinylphosphonates. The characteristic


Figure 7. FTIR spectra for: a) CuII(O3PC2H3) ¥ (C4H9NH2)2, b) CuII
0.5-


ZnII
0.5(O3PC2H3) ¥ [(C4H9NH2)0.5(C4H9NH2)0.5]2 , c) ZnII(O3PC2H3) ¥ (C4H9-


NH2).


O�H stretching bands (3260 and 3030 cm�1) and the defor-
mation band at about 1573 cm�1 of coordinated water for
CuII(O3PC2H3) ¥ H2O and CuII


1�xZnII
x(O3PC2H3) ¥ H2O (x�1)


are absent in the intercalated compounds (although some
water is present due to the hygroscopic nature of the KBr
discs). Instead, we observe three sharper bands around 3260,
3225 and 3141 cm�1, attributable to the NH stretching of the
amine coordinated to the metals, and a deformation band at


1637 cm�1. The stretching bands of the methylene (�CH2�)
groups of the n-butylamine appear in the 2960 ± 2870 cm�1


region. The bands representing the PO3 vibrations occur
between 1190 and 944 cm�1 and indicate that the basic
structure is retained after amine intercalation. The IR spectra
of the n-butylamine-intercalated mixed divalent copper ± zinc
vinylphosphonates (e.g., x� 0.5, Figure 7b) and the pure
copper vinylphosphonate (Figure 7a) are almost superimpos-
able, confirming that both have similar structures.


In the case of the zinc vinylphosphonate intercalated with
n-C4H9NH2, the spectra are qualitatively the same as that of
ZnII(O3PCH3) ¥ C4H9NH2,[36] with similar PO3 vibrations at
1120 (s), 1054 (s) and 1002 (s) cm�1, suggesting that both
compounds have the same arrangement within the layers and
the same fourfold coordination for the zinc metals. The OH
stretch vibrations of the water molecule of the hydrated phase
are also replaced by three sharper bands at 3245, 3165 and
3075 cm�1, attributable to the NH stretch, with the corre-
sponding deformation band at 1615 cm�1, and the methylene
group stretches around the 2960 ± 2870 cm�1 region.


Because of the paramagnetic nature of the copper nuclei, it
was only possible to record 31P solid-state MASNMR spectra
for the zinc vinylphosphonate monohydrate (Figure 8a) and
the intercalated zinc vinylphosphonate with n-butylamine


Figure 8. 31P solid-state MASNMR spectra for: a) ZnII(O3PC2H3) ¥ H2O
and b) ZnII(O3PC2H3) ¥ (C4H9NH2).


(Figure 8b), each of these showing a single resonance. The
unique peak observed at �� 21.86 ppm for the hydrated phase
and at �� 11.11 ppm for its intercalate is indicative of both
chemical and structural homogeneity in the material, with the
difference between the chemical shift observed for the
hydrated compound and that for the n-butylamine interca-
lated compound reflecting the environmental change around
the phosphorus atoms.


Thermogravimetric analysis (Figure 9) gives us information
about the stability and the stoichiometry of the intercalated
compounds, and has revealed some surprising results.
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Figure 9. TGA curves for: a) CuII(O3PC2H3) ¥ (C4H9NH2)2, b) CuII
0.5ZnII


0.5-
(O3PC2H3) ¥ [(C4H9NH2)0.5(C4H9NH2)0.5]2, c) ZnII(O3PC2H3) ¥ (C4H9NH2).


The TGA curve of the copper vinylphosphonate interca-
lated with the n-butylamine (Figure 9a) shows two main
regions of weight loss. The first loss of mass is attributable to
the removal of the n-butylamine, commencing at approx-
imately 80 �C and proceeding in one clear step up to around
280 �C. The experimental weight loss of 46.27 % is in excellent
agreement with a theoretical weight loss of 46.2 % corre-
sponding to two moles of amine having been absorbed. This is
comparable with copper phenylphosphonate, in which two
moles of amine are also adsorbed, but is different to copper
methylphosphonate, in which only one mole is absorbed.
Sixfold coordination would then be expected, with the
intercalation of two moles of amines in the dehydrated
copper vinylphosphonates. A further weight loss beginning at
around 310 ± 320 �C is attributable to the removal of the
vinylic group, and this low tem-
perature again indicates the in-
stability of the compound upon
deamination. To summarise, on
the basis of the thermogravi-
metric analysis the intercalated
copper vinylphosphonate has
the stoichiometry CuII(O3PC2H3)¥
(C4H9NH2)2.


For the n-butylamine-inter-
calated zinc vinylphosphonate,
the deamination occurs in a
clear one-step process starting


at a higher temperature (200 �C), indicating much greater
stability of the intercalated compound. In this instance,
however, the percentage weight loss of the amine (22.7%) is
in good agreement with only one mole of n-butylamine being
absorbed. The weight loss corresponding to removal of the
vinyl group occurs around 530 �C; this is consistent with that
seen for other amine-intercalated zinc phosphonate structures
in the literature.[22]


The most interesting behaviour, however, is observed for
the mixed copper ± zinc vinylphosphonate intercalated with
the n-butylamine, for which two distinct weight losses
attributed to the removal of the amine are observed. (Note
that this is in direct contrast to the TGA results for the
hydrated complexes, for which only one step was seen for
water removal irrespective of the Cu:Zn ratio). The exper-
imental percentage weight loss (46 %) corresponds to two
moles of n-butylamine and, for the data shown for the
removal of the amine from the CuII


0.5ZnII
0.5(O3PC2H3) inter-


calated compound (Figure 9b), we can see that this is split into
two equal steps (of 23 %) corresponding first to the removal of
amine coordinated to copper (commencing at 80 �C) followed
by removal of the second mole of amine coordinated to the
zinc sites (commencing at 130 �C). For the other mixed
copper ± zinc vinylphosphonates studied, the relative magni-
tude of the percentage weight losses for these two steps varies
in direct proportion to the ratio of copper to zinc present in
the structure (Table 3). Thus we can write the general formula
of these compounds as: CuII


1�xZnII
x(O3PC2H3) ¥[(C4H9NH2)1�x-


(C4H9NH2)x]2 (for x�1). (Note that in this nomenclature
(C4H9NH2)1�x refers to the amine coordinated to the copper
atoms and (C4H9NH2)x to that coordinated to the zinc atoms.)
The further mass loss, which begins at 310 �C, is attributed to
removal of the vinyl group.


It is worth noting that intercalation was complete within
two days for the zinc vinylphosphonate, whereas full inter-
calation needed a longer time (a week) for the pure copper
vinylphosphonate and the mixed copper ± zinc vinylphospho-
nates. This is attributable to the more stable open structure for
the intercalation of the zinc vinylphosphonate. Greater
rearrangement may also occur during the intercalation
process for the copper and mixed copper ± zinc vinylphosph-
onate compounds, in which two moles of amine are required
to be intercalated.


Because of the poor crystallinity of the CuII
1�xZnII


x-
(O3PC2H3) ¥ [(C4H9NH2)1�x(C4H9NH2)x]2 samples (e.g., x� 0,
0.5, Figure 10a ± c), we have not yet been possible to pin down


Table 3. Weight loss percentages for the removal of n-butylamine from CuII
1�xZnII


x(O3PC2H3) ¥
[(C4H9NH2)1�x(C4H9NH2)x]2 with x� 0, 0.1, 0.25 and 0.5, and ZnII(O3PC2H3) ¥ (C4H9NH2).


Cu1�xZnx(O3PC2H3) ¥ (C4H9NH2)n Weight loss Weight loss Tinitial ±Tfinal [�C]
x n expected [%] (�C4H9NH2) found [%]


0 2 46.27 46.20 80 ± 280
0.1 2 46.24 41.61 38.12 80 ± 131/134


4.62 6.38 134 ± 265
0.25 2 46.20 34.65 31.27 85 ± 135


11.55 13.45 135 ± 270
0.5 2 46.13 23.06 21.15 80 ± 130


23.06 21.15 130 ± 280
1 1 22.97 22.72 215 ± 420
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Figure 10. Powder X-ray diffraction patterns recorded at high temperature
for: a) CuII(O3PC2H3) ¥ (C4H9NH2)2 at 280 �C, b) CuII


0.5ZnII
0.5(O3PC2H3) ¥


[(C4H9NH2)0.5(C4H9NH2)0.5]2 at 130 �C, c) CuII
0.5ZnII


0.5(O3PC2H3) ¥
[(C4H9NH2)0.5(C4H9NH2)0.5]2 at 280 �C, d) ZnII(O3PC2H3) ¥ (C4H9NH2) at
300 �C.


any clear structural information regarding the coordination of
the metals at the intermediate stages during the deamination
process. For the sample with x� 0.5, the first reflection in the
powder XRD pattern, however, does show an increase in the
interlayer distance from 13.9 ä for the intercalated compound
to 15.1 ± 15.3 ä at the end of the first weight loss (130 �C); this
suggests a rearrangement of the environment around the
copper atoms, similar to that observed on dehydration, after
removal of the amine coordinated to copper. However, upon
full removal of the amine from all samples, we do not obtain
the same XRD pattern as for the dehydrated phase; this
suggests a nonreversible process between the amine-interca-
lated compound and the dehydrated phase.


For ZnII(O3PC2H3) ¥ (C4H9NH2), deamination showed a
decrease in the interlayer distance from 14.88 to 10.49 ä
(Figure 10d), again different from the dehydrated phase of
zinc vinylphosphonate (9.43 ä), and once again giving
evidence of the non-topotacticity between the deaminated
and the dehydrated compound.


Conclusion


We have shown in this paper that we can obtain copper
vinylphosphonate and zinc vinylphosphonate by the melt
synthesis method with metal oxides as precursors. The
isomorphous substitution of zinc into the CuIIO tenorite-type
structure leads to a range of copper ± zinc oxides, CuII


1�x-
ZnII


xO (with x� 0.1, 0.25, 0.5), suitable for the preparation of
the corresponding new mixed copper ± zinc vinylphospho-
nates, CuII


1�xZnII
x(O3PC2H3) ¥ H2O, with the same structural


characteristics as pure copper vinylphosphonate.
Our aim in this work was to investigate how the incorpo-


ration of two different metals within a single metal phospho-
nate structure could be used to modulate the properties of


these materials, and this has been strikingly illustrated
through the amine intercalation studies undertaken. Whereas
only one mole of amine is intercalated into the zinc vinyl-
phosphonate, two moles intercalate the copper and the mixed
copper ± zinc vinylphosphonates. Moreover, in the mixed
copper ± zinc vinylphosphonates, the deamination process
occurs in two steps directly proportional in size to the Cu:Zn
ratio (i.e., if we write the general formula for these materials
as CuII


1�xZnII
x(O3PC2H3) ¥ [(C4H9NH2)1�x(C4H9NH2)x]2, then


we lose 2 (1� x) moles of n-butylamine coordinated to the
copper during the first step and 2x moles of n-butylamine
coordinated to the zinc during the second step.


This has important consequences as regards the potential
applications of such systems. One can envisage this method as
a route to tuneable porous structures through variation of the
ratio of metals present and the nature of the amine (or other
intercalate), combined with the control we have over the
conditions for partial removal of the intercalated species.
Projected uses for such materials are envisaged in molecular
recognition and selective sorption processes. Alternatively,
the work presented here also provides a route to selective
binding of different species to the two different metal sites;
this could facilitate stereoregular reactions (e.g., polymer-
isations, cycloadditions) to be carried out within the con-
strained interlayer environment.


Experimental Section


Starting materials : Chemicals used were of reagent grade quality and were
obtained from commercial sources. Zinc nitrate hexahydrate and copper(��)
nitrate hemipentahydrate were purchased from Avocado. Vinylphosphonic
acid and n-butylamine (99 %), from Aldrich, were used without further
purification.


Characterisation : Powder X-ray diffraction patterns were recorded for the
copper ± zinc oxides and copper ± zinc vinylphosphonate monohydrates at
room temperature with CuK�1 radiation (�� 1.54056 ä) on a Siemens
D5000 diffractometer, operating in transmission mode with a primary Ge
monochromator. X-ray data were collected at high temperature to record
the patterns of the dehydrated compounds and the intercalated copper ±
zinc vinylphosphonates upon the deamination steps with a Siemens D5005
diffractometer with CuK�1 � CuK�2 radiation (�� 1.5418 ä) and operating
with a Gobel mirror. Indexing of the data was carried out with the packaged
programs.


FTIR spectra were recorded as KBr pellets on a Perkin ± Elmer Paragon
1000 FTIR spectrometer at a spectral resolution of 4 cm�1.


Thermogravimetric analysis was carried out on a Perkin ± Elmer TGA6
instrument. Samples, in an alumina crucible, were heated at a rate of
10 �C min�1 from 25 �C to a maximum of 800 �C in an atmosphere of flowing
nitrogen (20 mL min�1).
31P solid-state MASNMR spectra were recorded for the pure zinc
vinylphosphonate monohydrate and its intercalate with n-butylamine
(ZnIIO3PC2H3 ¥ C4H9NH2) on a Chemagnetics CMX Infinity 300 spectrom-
eter with a 3.2 mm double resonance probe. The standard cross-polar-
isation pulse sequence was used with a contact time of 6.0 ms, a recycle
delay of typically 15.0 s, a spinning frequency of 7 kHz� 2 Hz and a 1H
decoupling field strength of approximately 100 kHz. The spectra are
referenced to phosphoric acid (85 % by weight) at 0 ppm. Attempts to carry
out 31P MASNMR spectroscopy on other samples of copper, mixed
copper ± zinc vinylphosphonates and their intercalated compounds have
not given any useful information, owing to the paramagnetic nature of CuII.


Preparation of copper ± zinc oxide precursors : The range of copper ± zinc
oxides (CuII


1�xZnII
xO) with different ratios of zinc content (x�Zn/(Cu�


Zn)� 0, 0.1, 0.25, 0.5, 1) was obtained by the following standard procedure.
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A solution (0.04� in metal, 100 mL), containing copper(��) nitrate hemi-
pentahydrate CuII(NO3)2 ¥ 2.5 H2O (0.04(1� x) mol) and zinc nitrate hexa-
hydrate ZnII(NO3)2 ¥ 6 H2O (0.04(x) mol) in distilled water was slowly
dropped, with stirring, into sodium hydroxide solution (0.4�, 100 mL).
Upon completion of addition, the mixture was heated under reflux for 6 h.
The precipitates formed for the pure copper oxide (black powder), mixed
divalent copper ± zinc oxides (brownish) and zinc oxide (colourless) were
then filtered, washed thoroughly with distilled water until neutral pH and
dried overnight in the oven at 60 �C.


Preparation of copper± zinc vinylphosphonates CuII1�xZnIIx(O3PC2H3) ¥
H2O : Copper ± zinc vinylphosphonate materials, CuII


1�xZnII
x(O3PC2H3) ¥


H2O (with x� 0, 0.1, 0.25, 0.5, 1) were obtained by mixing the correspond-
ing copper ± zinc oxides CuII


1�xZnII
xO (5 mmol, 1 equiv) together with an


excess quantity of the relevant vinylphosphonic acid H2PO3C2H3 (6 mmol,
1.2 equiv). The mixtures were ground and placed in an autoclave and
heated for four days at 105 �C (which is above the melting point of the
vinylphosphonic acid of 45 �C). The resulting brown-green solid com-
pounds were washed with distilled water and acetone, to remove any
unreacted vinylphosphonic acid, recovered by filtration and dried over-
night in the oven at 60 �C. The typical yield was approximately 90% for all
the series.


Pure copper vinylphosphonate and zinc vinylphosphonate could also be
obtained by the coprecipitation method from a range of metal precursors:
the desired metal oxide or hydroxide (e.g., CuIIO, ZnIIO, CuII(OH)2,
ZnII(OH)2) or the corresponding metal nitrate (CuII(NO3)2 ¥ 2.5 H2O,
ZnII(NO3)2 ¥ 6H2O, 10 mmol) with an excess of the corresponding vinyl-
phosphonic acid (13 mmol) were dissolved in distilled water (25 mL), and
urea (40 mmol) was added before heating overnight at 80 �C. Upon
filtering, copper vinylphosphonate was obtained as blue, plate crystals and
zinc vinylphosphonates as fine, colourless crystals. Characterisation by
powder X-ray diffraction confirmed that the structures were the same for
all the compounds prepared by different methods and precursors.


Elemental analyses of these samples (for C and H) and thermogravimetric
analysis data are in good agreement with the proposed formulations, as
shown below for CuII


1�xZnII
x(O3PC2H3) ¥ H2O.


Cu(O3PC2H3) ¥H2O : Elemental analysis calcd (%) for C2H5O4PCu
(186.92): C 12.83, H 2.67; found C 12.79, H 2.61; TGA (water loss) calcd
(%): 9.62; found 9.7.


Cu0.9Zn0.1(O3PC2H3) ¥H2O : Elemental analysis calcd (%) for C2H5O4P-
Cu0.9Zn0.1 (187.69): C 12.78, H 2.66; found C 12.95, H 2.48; TGA (water
loss) calcd (%): 9.59; found 9.3.


Cu0.75Zn0.25(O3PC2H3) ¥H2O : Elemental analysis calcd (%) for C2H5O4P-
Cu0.75Zn0.25 (187.96): C 12.76, H 2.68; found C, 12.88; H, 2.57 %; TGA
(water loss) calcd (%): 9.57; found 9.1.


Cu0.5Zn0.5(O3PC2H3) ¥H2O : Elemental analysis calcd (%) for C2H5O4P-
Cu0.5Zn0.5 (188.42): C 12.73, H 2.65; found C 12.86, H 2.75; TGA (water
loss) calcd (%): 9.55; found 9.0.


Zn(O3PC2H3) ¥H2O : Elemental analysis calcd (%) for C2H5O4PZn
(189.42): C 12.68, H 2.66; found C 12.65, H 2.62; TGA (water loss) calcd
(%): 9.50; found 9.4.


Dehydration and intercalation of CuII1�xZnIIx(O3PC2H3) ¥H2O with n-
butylamine : The dehydration of the range of copper ± zinc vinylphospho-
nates, CuII


1�xZnII
x(O3PC2H3) ¥ H2O (x� 0, 0.1, 0.25, 0.5 and 1, 0.2 g), was


carried out by heating the monohydrate under vacuum at 180 �C overnight
in a Schlenk tube. The resulting dehydrates were pale blue (for pure copper
vinylphosphonate), grey (for phosphonates obtained by copper ± zinc
oxides precursors by the autoclave method) or white (pure zinc vinyl-
phosphonate).


Dehydrated compounds were subsequently placed under nitrogen at room
temperature, and neat n-butylamine (15 mL) was added to give interca-
lated copper ± zinc vinylphosphonates. Upon contact with the amine, the
solids changed from their dehydrated colour to a dark blue in all cases
except for that of zinc vinylphosphonate, which remained colourless. These
sealed tubes were held under these conditions for one week, with stirring,
before filtering off of the product.


Elemental analyses of the samples for C, H and N are in good agreement
with the proposed formulations, as shown below for CuII


1�xZnII
x-


(O3PC2H3) ¥ [(C4H9NH2)1�x(C4H9NH2)x]2 and ZnII(O3PC2H3) ¥ (C4H9NH2).


Cu(O3PC2H3) ¥ [C4H9NH2]2 : Elemental analysis calcd (%) for
C10H25O3PN2Cu (315.84): C 38.03, H 7.98, N 8.87; found C 37.85, H 7.70,
N 8.65.


Cu0.9Zn0.1(O3PC2H3) ¥ [C4H9NH2]2 : Elemental analysis calcd (%) for
C10H25O3PN2Cu0.9Zn0.1 (316.02): C 37.97, H 7.91, N 8.86; found C 37.77, H
7.81, N 8.68.


Cu0.75Zn0.25(O3PC2H3) ¥ [C4H9NH2]2 : Elemental analysis calcd (%) for
C10H25O3PN2Cu0.75Zn0.25 (316.29): C 37.94, H 7.90, N 8.85; found C 37.66,
H 7.68, N 8.61.


Cu0.5Zn0.5(O3PC2H3) ¥ [C4H9NH2]2 : Elemental analysis calcd (%) for
C10H25O3PN2Cu0.5Zn0.5 (316.76): C 37.88, H 7.89, N 8.83; found C 37.53, H
7.90, N 8.39.


Zn(O3PC2H3) ¥ (C4H9NH2): Elemental analysis calcd (%) for
C6H14O3PNZn (244.54): C 29.47, H 5.77, N 5.73; found C 29.44, H 5.75, N,
5.42.
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Exceptionally Long (�2.9 ä) CC Bonding Interactions in �-[TCNE]22�
Dimers: Two-Electron Four-Center Cation-Mediated CC Bonding
Interactions Involving �* Electrons


Rico E. Del Sesto,[a] Joel S. Miller,*[a] Pilar Lafuente,[b] and Juan J. Novoa*[b]


Dedicated to Professor Owen W. Webster for his pioneering discoveries in the area of TCNE chemistry and Professor Jean-Marie
Lehn for his pioneering discoveries in supramolecular chemistry


Abstract: Three groups of singlet
ground state [TCNE]22� (TCNE� tet-
racyanoethylene) dimers with charac-
teristic intradimer CC separations (r)
and dihedral angles (d) [i.e., group St
(r� 1.6 ä; d� 180�), Lt (r� 3.5 ä; d�
180�), and Lc (r� 2.9 ä; d�� 0�); nota-
tion: S/L: short/long bond length; sub-
script t/c: trans/cis, respectively] are
experimentally characterized. The St
group is comprised of �-dimers of
[TCNE] .� and octacyanobutanediide,
[C4(CN)8]2�, which have a typical, albeit
long, sp3 ± sp3 � bond (r� 1.6 ä) be-
tween each [TCNE] .� moiety and char-
acteristic �CN, �CC, and �CCN IR absorp-
tions. The L groups are structurally
characterized as �-dimers of [TCNE] .�


that are either eclipsed with r� 2.9 ä
(Lc) and the nitriles bend away from the
nominal TCNE plane away from the
center of the dimer by 5.0� (� sp2.17) or
are noneclipsed with r� 3.5 ä (Lt) and
the nitriles bend toward the center of the
dimer by 1.9� (� sp2.06). Ab initio com-
putations on isolated dimers were used
to study the formation and stability of
these exceptionally long CC (�2.9 ä)
bonding interactions as well as the
process of �-[TCNE]22� dimer formation


for the Lc and Lt groups. The results of
these computational studies show that
the ground-state potential curve is that
of a closed-shell/open-shell singlet, de-
pending on the distance. The short St
group (r� 1.6 ä) of dimers in this sur-
face are true minimum-energy struc-
tures; however, the Lt and Lc groups
are unstable, although two different
nonphysical minima are found when
imposing a double occupancy of the
orbitals. These minima are metastable
relative to dissociation into the isolated
[TCNE] .� units. Consequently, the ex-
istence of dimer dianions in crystals is
due to cation ¥¥ ¥ [TCNE]� interactions,
which provide the electrostatic stabiliza-
tion necessary to overcome the intra-
dimer electrostatic repulsion. This cat-
ion-mediated �* ±�* [TCNE]� ¥ ¥ ¥
[TCNE]� interaction complies with
Pauling×s definition of a chemical bond.
This bonding interaction involves the �*
orbitals of each fragment, and arise from


the overlap of the b2g SOMO on each of
the two [TCNE] .�s to form a filled b2u
[TCNE]22� orbital. Although a � dimer
typically forms, if the fragments are
close enough a � dimer can form. Due
to the presence of cation-mediated in-
tradimer CC bonding interactions the Lc


group of �-[TCNE]22� dimers exhibits
experimentally observable �CN IR ab-
sorptions at 2191� 2 (m), 2173� 3 (s),
and 2162� 3 cm�1 (s) and �CC at 1364�
3 cm�1 (s) as well as a new UV-Vis
feature in the range of 15000 to
18200 cm�1 (549 to 667 nm) and averag-
ing 16825� 1180 cm�1 (594 nm) as-
signed to the predicted new intradimer
1A1g � 1B1u transition and is purple on
reflected light. Upon cooling to 77 K in
2-methyl tetrahydrofuran, this new band
occurs at 18940 cm�1 (528 nm) for
{[Et4N]�}2[TCNE]22�, and the yellow
solution turns deep red. Group Lt is
characterized by �CN absorptions at
2215� 2, 2197� 3, and 2180� 4 cm�1


and �CC at 1209� 9 cm�1 (w), while
group ST has �CN bands at 2215� 4,
2157� 3, and 2107� 4 cm�1 and �CC at
1385� 1 cm�1 (vs).


Keywords: ab initio calculations ¥
bonding interactions ¥ dimerization
¥ electronic structure ¥ supramolec-
ular interactions ¥ TCNE
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Introduction


Strong organic electron acceptors (A), for example, tetracya-
noethylene (TCNE), 7,7,8,8-tetracyano-p-quinodimethane
(TCNQ), perfluoro-7,7,8,8-tetracyano-p-quinodimethane
(TCNQF4), 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ),
and hexacyanobutadiene, form stable electron transfer salts
that contain [A] .� . Studies of these salts have been essential
for the discovery and development of molecule-based met-
als[1] (e.g., [TTF][TCNQ]; TTF� tetrathiafulvalene), which
subsequently lead to the discovery of molecule-based super-
conductors[2] and magnets[3] (e.g., [Fe(C5Me5)2][TCNE]).
These strong acceptors have the common features of being
planar, having two reversible one-electron reductions, Ta-
ble 1, and the radical anions and diamagnetic dianions are
stable species.[4]


The structures of diamagnetic A� and [A]2� form few
conformers, while [A] .� may form a myriad of structures. The
anion of TCNE has been structurally isolated as [TCNE] .�


(1),[5] its �-dimer octacyanobutanediide, [C4(CN)8]2� (2),[6] and
its �-dimer �-[TCNE]22� (3).[7, 8] Whereas 1 and 3 need not be


N-metal coordinated, dimer 2 has only been isolated as being
�4-N-metal coordinated. [TCNQ] .� exhibits the same struc-
tural diversity as [TCNE] .� ; however, it additionally forms
�-mers that include extended, uniform one-dimensional
chains which form the basis of many molecule-based metals.[1]


While [TCNE] .� and [TCNQ] .� are more extreme in their
structural variation, other [A] .�s have been characterized to
form the �-[A]22� structure, sometimes exclusively as noted
for cyanil.[9]


Structure 3, as well as other �-[A]22� dimers, represents an
unusual class of organic compounds that possess exceptionally
long CC bonding interactions, that is, 2.827[7i] to 3.51 ä[7f]


(Table 2). These CC distances are twice that of the typical
sp3 ± sp3 CC bond (1.54 ä), and are also substantially longer
than elongated CC bonds that have been reported to be as
long as 1.73 ä.[10] Thus, these dimers have intermolecular � ±�
bonding interactions, normally taken as a subclass of van
der Waals interactions, as the distances are significantly
shorter that the sum of the van der Waals radii of the two
atoms involved in the shortest contact distances. Furthermore,
each structure for A�TCNE (1 ± 3) has characteristic �CN IR
absorptions (Table 2), namely, 1: two-line pattern; 2 and 3 :
three-line patterns that span �100 cm�1 for 2, and �30 cm�1


for 3. �-[TCNE]22� dimers were selected with respect to �-
[TCNQ]22� and other �-[A]22� dimers for detailed study owing
to their relative simplicity and fewer observed structures.
The first structurally characterized [TCNE]22� dimer,


[Fe(C5H4)2C3H6]2[TCNE]2, was reported in 1981,[7c] while
spectroscopic evidence for complex or dimer formation
existed in the literature as early as 1960.[11, 12] Herein, we
target the understanding of the unusual intradimer bonding
associated with �-[TCNE]22�, and in particular the exception-
ally long CC bonding interactions (�2.9 ä) observed for
some TCNE electron-transfer salts. Furthermore, the princi-
ples that govern the dimerization process of [TCNE] .� are
analyzed, as it is the prototype for the bonding in related �


dimers observed for other strong electron acceptors. After a
detailed analysis of the geometries of these dimers, a complete
analysis of the electronic structures of these compounds was
performed and compared to observation in order to under-
stand the spectroscopic features of these dimers.We also focus
on the energetics of the dimer formation process, and a search
of the number of minimum-energy structures present in their
potential-energy surface was performed, as well as investiga-
tions into the relative stability of the singlet and triplet states.
Finally, we will present experimental spectroscopic (UV-
visible and IR spectra) evidence validating this theoretical
study.


Results and Discussion


[TCNE]22� dimer geometry : The known structures of TCNE
anions (1 ± 3 ; Table 2) can be represented by structure 4 with r
being the intradimer C1 ±C3 distance, and d being the dihedral
angle between each [TCNE] .� moiety, that is, C2-C1-C3-C4. A


Table 1. Reversible one-electron reduction potentials[a] for representative
strong acceptors.


Acceptor E�/� [V] E�/2� [V]


TCNE 0.15 � 0.57[b]


TCNQ 0.17 � 0.37[b]


TCNQF4 0.53 0.02[b]


DDQ 0.59 � 0.25[9]


C4(CN)6 0.60 0.02[9]


cyanil 0.90 0.09[b]


C3[C(CN)2]3 1.13[c] 0.34[b]


[a] Versus SCE in MeCN (Pt electrode; 0.1� [nBu4N][ClO4]). [b] M. D.
Ward, Electroanal. Chem. 1989, 16, 182. [c] The neutral form of the
acceptor has not been isolated.
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plot of the experimentally known values of d(r) (Figure 1)
reveals three disjoint groups (St, Lt, and Lc; notation: S/L:
short/long bond length; subscript t/c: trans/cis, respectively).
The St group is comprised of dimers with r� 1.7 ä and the two


Figure 1. Plot of d(r) for the structurally characterized [TCNE]22� dimers
(see Table 2).


[TCNE]� units trans to each other (d� 180�). The Lc and Lt


groups have r� 2.8 ä, but for the Lc group the two [TCNE]�


units are cis (d� 0�), while in the Lt group they are trans (d�
180�). Table 2 also lists the intradimer CC distance, the
deviation from the planarity of each nitrile, and the �CN IR
stretching frequencies for these dimers.
MII(NCMe)2[C4(CN)8] (M�Mn, Fe) are examples of an St


dimer and possess �4-N-[C4(CN)8]2� (2) with r �1.6 ä; the
central C atoms exhibit clear sp3 hybridization.[6] Hence, the


[TCNE]� fragments are connected by a typical, albeit long[10]


�-bond, and the dimer is the octacyanobutanediide dianion,
[C4(CN)8]2� (2).[6] Similar �-[TCNQ]22� dimers have also been
reported.[13] In contrast, the Lc and Lt dimers with r� 2.8 ä are
best described by two parallel nearly planar [TCNE]� ; the
central C atoms are � sp2 hybridized rather than � sp3


hybridized. These are � dimers of type 3 because the
intradimer CC bonding primarily occurs through the �-like
overlap of p orbitals on adjacent [TCNE]�×s (5a), in sharp
contrast to conventional � bonding (5b) as observed for
alkenes and alkynes, which involves a lateral overlap of the p
orbitals.


Nature of the [TCNE]22� intradimer interactions : The proper-
ties of the [A]22� dimers are determined by the anionic nature
of the monomers and the existence of an unpaired electron on
each of the monomers. Consequently, as shown in Figure 2,
two major factors dominate the interaction energy (Eint)
between the monoanionic monomers: 1) the electrostatic


Table 2. Intradimer CC distances, deviation from planarity, �CN, �C�CN, and �CC frequencies for structurally characterized St, Lc, and Lt groups of


Compound Group d [�] Form r [ä] C�C [ä] Deviation from �CN [cm�1]
plane [�][a]


FeII[C4(CN)8](NCMe)2 ¥MeCN[6] St 179.91 �4-�-[C4(CN)8]22� 1.627 1.627 2213 (w) 2153 (s)
MnII[C4(CN)8](NCMe)2 ¥ CH2Cl2[6] St 179.96 �4-�-[C4(CN)8]22� 1.59 1.59 2212 (w) 2159 (s)
CoII[C4(CN)8](NCMe)2 ¥ CH2Cl2 St �4-�-[C4(CN)8]22� [c] [c] 2223 (m) 2159 (s)
Average values St 179.94 �4-�-[C4(CN)8]22� 1.61 1.61 2215 (w) 2157 (s)
Standard deviation � 0.02 � 0.01 � 0.01 � 4 � 3


[Cu(PPh3)3(TCNE)]2[7a] Lc 0.136 �-[�-TCNE]22� 2.92 1.397 4.9 2193 2173
[Cr(C6H6)2]2[TCNE]2[7b] Lc 0.045 �-[TCNE]22� 2.904 1.436 6.2 2189 2170
[Cr(C6Me3H3)2]2[TCNE]2[7b] Lc 0.084 �-[TCNE]22� 3.09[b,d] 1.45[b,c] [c] [c] [c]


[Fe(C5H4)2C3H6]2[TCNE]2[7c,b] Lc 0.030 �-[TCNE]22� 2.90 1.35 5 2191 2169
Na2[TCNE]2(glyme)2[7j] Lc 0.000 �4-�-[TCNE]22� 2.961 1.423 2.3 [c] [c]


K2[TCNE]2(glyme)2[7d] Lc 0.062 �4-�-[TCNE]22� 2.987 1.420 3.6 [c] [c]


Cs2[TCNE]2[7l] Lc 10.000 �15-�-[TCNE]22� 2.89 1.43 5.4 2197 2179
[Fe(C5H5)(C5Me5)]2[TCNE]3(THF)[7e] Lc 0.061 �-[TCNE]22� 2.903 1.372 5.8 2190 2173
[Fe(C5H5)(C5Me5)]2[TCNE]3(CH2Cl2)[7e] Lc 0.047 �-[TCNE]22� 2.833 1.459 6.4 2190 2174
[Et4N]2[TCNE]2[7i] Lc 0.000 �-[TCNE]22� 2.827 1.418 6.6 2191 2170
[iPr4N]2[TCNE]2[7i] Lc 0.049 �-[TCNE]22� 2.870 1.408 5.2 2191 2175
[(Me2N)2CC(NMe2)2][TCNE]2[7g,h] Lc 10.94 �-[TCNE]22� 2.922 1.400 4.0 2193 2173
Tl2[TCNE]2[7g] Lc 0.087 �16-�-[TCNE]22� 2.874 1.51 4.4 2190 2173
[HAOC][TCNE]2[7k],[k] Lc �-[TCNE]22� [c] [c] [c] 2190 2174
Average values Lc 1.65 �-[TCNE]22� 2.90 1.405 5.0 2191 2173
Standard deviation � 4.1 � 0.05 � 0.03 � 1.3 � 2 � 3


�-[TTF][TCNE][7f] Lt 178.81 �-[TCNE]22� 3.426[d,e] 1.40 � 2.8 [g] 2218 (m) 2200 (s)
�-[TTF][TCNE][7f] Lt 178.93 �-[TCNE]22� 3.508[d,f] 1.397 � 1.0[g] 2214 (m) 2198 (s)
Average values Lt 179.87 �-[TCNE]22� 3.47 1.399 � 1.9[g] 2216[h] 2197[h]


Standard deviation � 0.06 � 0.04 � 0.002 � 0.9 � 2 � 3


[a] The average NC-C-C ¥¥¥ C dihedral angle minus 90� from CrystalMaker5. [b] Disordered–excluded from average. [c] Not reported. [d] Noneclipsed.
[e] Shortest intradimer CC distance� 3.48 ä. [f] Shortest intradimer CC distance� 3.52 ä. [g] Negative value indicates bending toward the center of the
dimer. [h] The previously reported values of 2215, 2194, 2178 cm�1 are included in the average:[7g] M. Meneghetti, C. Pecile, J. Chem. Phys. 1996, 105, 397.
[i] Spectrum not observed due to formation of M[TCNE]2 under the conditions of the experiment. [j] Not assignable absorptions from the cation in this
region. [k] Hexaazaoctadecahydrocoronene. [l] Some or all of the spectroscopic data–this work.
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Figure 2. Diagram showing how the total interaction energy curve (Eint) is
built by addition of the Coulombic (Ecoul) and bonding (Ebond) components.


coulombic repulsion (Ecoul) present between the two anionic
[A] .� fragments and 2) the attractive forces generated by the
unpaired electrons (Ebond), which try to form either an
intradimer � or � bond. The total interaction is Eint�Ecoul�
Ebond. If Ecoul dominates (i.e. , Ecoul�Ebond), the two [A] .� units
will repel each other at all distances, and there will be no
minimum-energy structures on their potential-energy surface.
If, however, Ebond�Ecoul there will be a stable energy
minimum on the surface (see Figure 2). Additionally, when
Ebond�Ecoul metastable dimers form, that is, the energy of
such minimum lies above the energy of two [A] .� monomers,


but the dimer does not break into these fragments due to the
presence of a barrier towards dissociation (Figure 2). If Ecoul


becomes weaker or the bonding interactions between the two
[A] .� monomers becomes stronger, the metastable dimer
increases its stability and the barrier is reduced. At some
point, the dimer goes from being metastable to being stable
and the barrier disappears (Figure 2). Metastable species
cannot form in the gas phase at finite temperature as the
thermal energy is less than the barrier for the formation of the
dimer from its fragments. Nevertheless, it can occur in a
crystal if the electrostatic cation ± [A]� interaction is strong
enough to overcome the repulsive coulombic energy barrier
associated with the [A] .� ± [A] .� interaction. Although the
existence of [A]22� dimers, as represented by [TCNE]22�, in
the solid suggests that a stable or metastable dimer is
formed,[6±8] a detailed characterization requires a computation
of the energetics of these dimers in the regions of the
experimental geometry, both isolated and in the crystal
environment. It can also occur in solution if the solvent ±
anion interactions overcome the anion ± anion coulombic
repulsion.
Ab initio UBLYP/6-31�G(2d,2p) computations on an


isolated [TCNE] .� fragment shows that it has a planar
structure similar to that obtained for TCNE�,[14, 15] by using
the same geometry and method, except that the central CC
distance, increases from 1.358 ä in TCNE� to 1.392 ä in the
[TCNE] .� , while the C�N distance undergoes a minor
increase from 1.158 to 1.167 ä. The extra electron of the
anion is located in the TCNE� b2g SOMO of � symmetry
(Figure S1 in the Supporting Information). This orbital
primarily resides on the central C and N atoms, with similar
weights for each of those atoms. The Mulliken population
analysis for [TCNE] .� (Table 3) indicates that the central C
and the N atoms equally share the extra electron, each with
0.18 e� (a value obtained by subtracting the atomic charges of
[TCNE] .� and TCNE� monomers displayed in Table 3). This
agrees with the experimental data from single-crystal polar-
ized neutron diffraction studies.[5c] The tendency to delocalize
the charge on the peripheral atoms cannot be attributed solely
to the electronegativity of the CN group, as it is neither found
for [C2H4]


.�[16a] nor [C2F4]
.� ,[16b] although F is more electro-


negative than CN. Therefore, such behavior can only be
associated with delocalization due to the presence of low-
energy resonance forms in which the unpaired electron is
delocalized over the CN groups (6).


�-[TCNE]22� dimers.


�CN [cm�1] �CC [cm�1] �C�CN [cm�1] �max [cm�1]


2109 (w) 1203 (w) 558 537 509 [l] [i]


2100 (w) 1219 (w) 556 530 504 [l] [i]


2112 (w) 1204 (w) 556 539 510 [i]


2107 (w) 1209 (w) 557 535 508 [i]


� 4 � 9 � 1 � 5 � 3


2162 1365 [j] [j] [j] 17100
2159 1365 553 528 514 17200


[c] [c] [c] [c] [c] [c]


2161 1366 548 526 513 15000
[c] [c] [c] [c] [c] [c]


[c] [c] [c] [c] [c] [c]


2169 1355 551 539 521 17900
2159 1365 547 514 [c]


2160 1364 549 530 517 [c]


2163 1365 545 526 516 16850
2161 1365 551 528 513 18300
2163 1365 547 528 515 17250
2162 1361 550 534 518 15100
2159 1363 [j] 528 513 [c]


2162 1364 549 530 516 16840
� 3 � 3 � 2 � 4 � 3 � 1200


2186 (m), 2177 (w) 1385 (vs) 593, 581 536 520 [c]


2179 (s) 1385 (vs) 585 534 520 [c]


2180[h] 1385 586 535 520 [c]


� 4 � 1 � 3 � 1 � 1
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When the SOMO of one [TCNE] .� fragment interacts with
that of the other fragment in the Lc conformation, they
combine to form a bonding and antibonding orbital of b2u and
b1g symmetry, respectively (Figure 3). If the energy separation


Figure 3. Shape of the [TCNE] . dimer orbitals generated from the
HOMO, SOMO, and LUMO orbitals of the [TCNE] .� fragments. The
calculated energies are in atomic units (au; 1 au� 627.51 kcalmol�1�
27.21 eV� 219292 cm�1).


(�) between these two orbitals is small, as occurs at large
values of r, each orbital will be singly occupied and the b2u1b1g1


configuration is expected to be the lowest in energy, similar to
what occurs when two H atoms interact to form H2.[17] This
configuration gives rise to an open shell singlet (S1) or a triplet
(To) state, both giving rise to two equivalent [TCNE]�


fragments at dissociation. As shown in Figure 4, the energy
of these two states increases as r decreases. Consequently, no
new bonds are formed between the fragments in any of these
two states.
As r decreases, � increases and the b2u2b1g� configuration,


which at dissociation lies high above the b2u1b1g1 configuration
because it gives rise to dissociation into [TCNE]� and
[TCNE]2� fragments, becomes the most stable. This is again
similar to the situation found when two H atoms interact to
form H2.[17] This configuration is associated with the lowest
energy state (So) and Ebond dominates Eint at short distances,
thus giving rise to the formation of a bonding interaction
between the fragments in the absence of an Ecoul term.


Figure 4. Shape of the diabatic energy curves for the lowest closed-shell
singlet, open-shell singlet, and triplet states of a doublet radical. The
broken line is the adiabatic obtained by allowing the So and S1 diabatic
curves to interact.


This bonding interaction is unique in three aspects: 1) it
involves 2e� residing over four chemically equivalent carbon
atoms; 2) it involves the �* orbitals of each fragment (5a);
and (3) it is supramolecular, as is induced by the electrostati-
cally attractive cation ¥¥¥ anion interactions, which enables the
electrostatically repulsive anions to be sufficiently close to
each other such that their SOMOs can overlap. As its
existence is associated with the overlap of the �* orbitals of
each fragment, the bonding interaction will be found when-
ever two [TCNE]� fragments are placed at such a short
distance from each other, either because the interaction
between these two fragments is energetically stabilizing, or
because some external force drives them together. Multi-
centered two-electron (including four-centered) bonding[18]


has been reported for several boranes,[19] and for the
structurally constrained, but not structurally characterized
1,3-dehydro-5,7-adamantanediyl[20a] and pagodane dicat-
ions;[20b] however, this is the first example for a carbon-based
system as well as being the first example of a bonding
interaction residing over four atoms.
The [TCNE]� ¥ ¥ ¥ [TCNE]� interaction does not fulfill the


characteristics expected for a van der Waals intermolecular
interaction, as they are solely based on the instantaneous
dipolar interactions among the electrons of different molec-
ular fragments. This situation is only found for closed-shell
molecules (or ions) that have no charge and sizable multi-
poles. The electronic structure of these interactions can be
represented by a diagram in which the doubly occupied
orbitals of one fragment overlap with those from the other,
and the bonding and antibonding supramolecular orbitals
resulting are both doubly occupied (7a). The interaction is
strongest when the fragment orbitals that overlap are lone
pair orbitals located on one of a few atoms. The van derWaals
interactions are much weaker when the doubly occupied
orbitals that overlap are molecular orbitals spread over the
whole molecule, as in the interactions involving peripheral H
atoms, as between H2 molecules or alkanes; in the latter case,
the interactions could also be considered as coming from
C�H ¥¥¥ C interactions.[21] The dominant energetic term in the
van der Waals interactions is the so-called dispersion compo-
nent.[22]


Table 3. Net atomic charges obtained after a Mulliken population analysis
of the B3LYP/6 ± 31�G(2d,2p) wavefunction on the atoms of the neutral
and monoanionic [C2X4]n monomers (X�H, F, CN; n� 0, �1).


Molecule Atom Charge
n� 0 n��1


C2H4 C � 0.237 � 0.737
H 0.119 0.119


C2F4 C 0.590 � 0.217
F � 0.295 � 0.141


C2(CN)4, (TCNE) C (CCN) 0.996 0.820
C (CN) � 0.294 � 0.272
N (CN) � 0.203 � 0.387
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When we compare the [TCNE]� ¥ ¥ ¥ [TCNE]� interaction
with that expected for a van der Waals interaction, several
differences arise. First, the electronic structure of the
[TCNE]� ¥ ¥ ¥ [TCNE]� interaction (7b) presents an open-shell
character, thus capable of generating a bonding term (Ebond)
when overlapped with a similar orbital. At the same time, as
noted above, the [TCNE]� ¥ ¥ ¥ [TCNE]� interaction is domi-
nated by an electrostatic (Ecoul) component, associated to the
anionic nature of the [TCNE]� fragments. Hence, the
[TCNE]� ¥ ¥ ¥ [TCNE]� interaction cannot be van der Waals�
in nature. (Note that the [TCNE]� ¥ ¥ ¥ [TCNE]� interaction
also cannot be considered purely ionic because although
dominated by the electrostatic term, the ionic interactions
haveEbond� 0.) Finally, they are not normal covalent bonds, as
the electrostatic term (Ecoul) plays an important role in
defining the shape of the potential-energy curve of the
interaction (vide infra). Thus, the two-electron four-center
�* ±�* interaction found within a [TCNE]22� dimer has a
mixture of coulombic and covalent character.
The So and S1 diabatic curves cross in the region between


the minimum and the dissociation geometries. If the two
diabatic curves are allowed to interact, as occurs in accurate
ab initio methods, an adiabatic curve that describes the real
physical situation is obtained. This adiabatic curve is approx-
imately made of the lowest energy portions of the So and S1
diabatic curves (broken line in Figure 4). When the minimum
of the So curve is shallow, there is a transition state in the
region in which the two diabatics curves cross. However, the
barrier for the transition state decreases as the stability of the
So state increases and with sufficient stability of the So state it
can disappear, as is the case for most chemical bonds due to
their large dissociation energy. Both the UHF or UBL3YP
methods allow the interaction between the So and S1 states;
that is, they provide adiabatic potential-energy curves for the
interaction of the two [TCNE] .� fragments. This is not always
the case for RHF or RB3LYP methods. It is possible to
determine by UHF or UBL3YP methods the relative
importance of the So and S1 components on the singlet
adiabatic wavefunction by looking at the occupation numbers
of the natural orbitals obtained by diagonalizing the density
matrix of the broken symmetry UHF or UBL3YP wave-
functions. If the occupation number of the b2u and b1g orbitals
are close to 2 and 0, respectively, the dominant component is
closed-shell (i.e., So); whereas when the dominant component
is the open-shell singlet (i.e., S1), the occupation numbers are
1 for both orbitals. MCSCF computations on the B3LYP
optimum geometries were also performed to check the
validity of the B3LYP description as the long-distance minima
may have a strong diradical character not properly described
by the UHFor UBL3YP methods. Note that this analysis only


describes the shape of the Ebond component of the total
interaction energy between the two [TCNE] .� fragments.
However, the minima present in Eint are induced by the
minima found in the Ebond curve, thus showing the importance
of the previous qualitative analysis of this component.


Potential-energy curve of the [TCNE]22� dimer : An initial
potential-energy surface of the [TCNE]22� dimers can be
obtained by testing if the experimental energy structures are a
minimum on the potential-energy surface. Thus, starting from
the experimental structures of the [TCNE]22� dimers, a
preliminary optimization of the closed-shell singlet poten-
tial-energy surface was done at the RHF and RB3LYP levels
by using the STO-3G, 6-31�G and 6-31�G(d) basis sets. The
computed minimum-energy structures were close to the
experimental geometry in all cases for each of the St, Lc,
and Lt groups of conformers. The interaction energies and
optimum values of the r parameter are not strongly dependent
of the basis set used, Table 4. A vibrational analysis of the


optimized [TCNE]22� dimer geometries verifies the minimum-
energy nature of these structures as no imaginary frequencies
are present. It is worth noting that these minima are all higher
in energy than the dissociated products by 58.7, 60.3, and
72.8 kcalmol�1 for St, Lc, and Lt groups, respectively, that is,
the [TCNE]22� dimers are metastable at the RB3LYP/6-31�
G level.
We also evaluated the shape of potential-energy surface of


the [TCNE]22� dimer in regions far from the previous
minimum-energy points by looking at the change in the
interaction energy as a function of r while allowing all other
dimer geometrical parameters to be fully optimized. We first
performed such a search for 1	 r	 5 ä for the closed-shell
singlet potential-energy surface (So) at the RB3LYP/6-31�G
level, that is, enforcing the double occupancy of the orbitals.
Two separate curves were computed for the Lc, and Lt


conformers (Figure 5). The only minima for the St, Lc, and
Lt minimum-energy conformers were as described before. The
shape of these two curves indicates that Ecoul�Ebond in this
case. Although not shown in Figure 5, for r
 5 ä the
interaction between the two anions is always repulsive,
approaching the shape expected for the Coulombic interac-
tion between two point anions as the distance increases; this
goes to zero at infinity.


Table 4. Interaction energies, Eint�Ecoul � Ebond in [kcalmol�1] relative to
two isolated [TCNE]� monomers and the value of the r parameter [in
italics, in ä] for the optimum energy structure of the St, Lc, and Lt


conformers of the TCNE� dimers, as a function of method and basis-set.


Conformer UHF/6 ± 31�G(d) B3LYP/6 ± 31�G B3LYP/6 ± 31�G(d)


St 72.1 72.8 69.5
1.62 1.71 1.70


Lc 94.9 60.3 60.3
2.74 3.13 3.04


Lt
[a] 58.7 59.2
[a] 3.26 3.19


[a] No minimum was found.
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Figure 5. Computed adiabatic potential-energy surface along r.


For topological reasons, the presence of minima in the
potential-energy surface requires of the presence of a
transition state (TS) connecting each of these minima. The
TS connecting the St and Lt minima is around the region of
maximum energy connecting those conformers, Figure 6. Also


Figure 6. Potential-energy curve for the Lt to Lc transformation along d.


shown is the maximum energy region connecting the St and Lc


minimum. The TS that connects the Lt and Lc conformers can
only be seen by computing the change in energy as the
dihedral angle dwas forced to change from 0 to 180�, while the
other parameters were fully optimized. The resulting curve
connects the optimum geometry of the Lc conformer (d� 0�)
with that for the Lt conformer (d� 120�) through a low barrier
transition state of �3 kcalmol�1 (see Figure 6).
The existence of these transition states originates from the


bond-making/bond-breaking process required to go from one
conformer to other, and can only be fully understood once the
bonding interactions in each conformer have been properly
established. The presence of intradimer bonding interactions
in the Lc and Lt conformers can be evaluated with the help of
the atoms in molecules (AIM) methodology.[23] This method-
ology rigorously identifies the presence of bonding interac-
tions by searching for the presence of (3,� 1) bond critical
points in the electron density. Mathematically, bond critical
points are locations (with coordinates rc) in the electron
density space in which the gradient of the electron density is
zero, and the Hessian of the density presents two negative and
one positive eigenvalues (each identified as �i). Critical points
associated with chemical bonds (either covalent or weakly


ionic in nature) can be distinguished from those associated with
intermolecular bonds (hydrogen or van der Waals bonds).[23]


Chemical bonds have a negative Laplacian [�2�(rc), defined
as the sum of the Hessian eigenvalues], large values of the
density at the critical point [�(rc)], large ��1 � /�3 ratios, and the
lowest and highest eigenvalues of the electron density Hessian
(i.e., the lowest and highest curvature of the density at the
critical point). In contrast, intermolecular bonds have a
positive Laplacian, small values of the density at the critical
point, and small ��1 � /�3 ratios. When the intermolecular
critical point connects atoms A and B, then the A ¥¥¥ B contact
is a van der Waals bond.[21b] Note that some controversy exists
as to whether the existence of a (3,� 1) bond critical point is
sufficient condition or just a necessary condition for the
presence of a bond, as some authors dispute that only these
(3,� 1) critical points associated to energetically stable
interactions can be considered as bonds.[24]


The (3,� 1) bond critical points between the two [TCNE]�


units for each of the Lt, Lc, and St minimum-energy
conformations found in the RB3LYP were located (Figure 7,


Figure 7. Position of the bond critical points in the S and L conformers of
the St, Lc, and Lt groups of �-[TCNE]22� dimers.


Table 5). The solid lines in this figure, called bond paths, link
bond critical points with the atoms of each [TCNE] .�


fragment involved in the bond. Note that the bonding in the
Lc and Lt conformers is not the same, thus justifying the


existence of a transition state between these two conformers
as bonds are being broken and created when passing from one
conformer to the other. In the Lc structure there are two
equivalent bond critical points connecting the central C atoms
of each unit (Figure 7). These bonding interactions are the
ones expected for structure 3. However, in the Lt conformer,
besides the CC bond critical point between central C atoms
(type 1 in Figure 7), there are two equivalent NC bonds
linking the C atom of a cyano group in one fragment, to a
central C atom of the other fragment (type 2 in Figure 7). The
intermolecular N�C bond originates from the presence of
unpaired electron density on the CN atoms, as found in the
resonant form 6e. Therefore, to convert from the Lc to the Lt


Table 5. Characteristic properties of the bond critical points of each
complex. When more than one critical point is present, they are identified
by a number consistent with that given in Figure 8, under the column #CP.
For each point the density at the point [�(rc)], the Laplacian [�2�(rc)], and
the ratio ��1 � /�3 are given (see text for definitions).


Conformer #CP �(rc) �2�(rc) � �1 � /�3
St 1 0.167 � 0.178 764
Lc 1 0.012 0.023 0.201
Lt 1 0.011 0.021 0.200


2 0.009 0.021 0.184
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conformer an intradimer central C�C bond (type 1) breaks,
while two new C�N bonds (type 2) form. This bond making/
breaking process requires the presence of barriers for the
transformation. Similarly, the formation of the St conformer
from the Lt or Lc conformers requires breaking one of the
C(sp2)�C(sp2) or C(sp2)�N bonds and the formation of a
C(sp3)�C(sp3) bond. Therefore, a barrier separating the S and
L conformers should exist, as found (Figure 6). The existence
of a minimum in the potential-energy surface for the short
distance �-dimer (2) can be associated with the overlap
between the sp3 orbitals of the C(sp3)�C(sp3) bonds when
compared to the p ± p overlap found in the intermolecular
C(sp2)�C(sp2) bonds. When the effect of the increase in the
coulombic repulsion, due to the shorter intradimer distance, is
added, the net effect is a destabilization of the St conformer
relative to the L conformers.
The quantitative features of the critical points of the Lt, Lc,


and St minimum-energy conformers, that is, electron density,
Laplacian, and ��1 � /�3 ratio for each bond critical point(s), are
summarized in Table 5. The Laplacian of the critical point is
negative for the St conformer, but is positive for both L
conformers, and the ��1 � /�3 ratio is large for the St conformer,
but small for the L conformers. These are characteristic of the
presence of a covalent bonding interaction between the two
units in the St conformer, while also indicating the presence of
two or three intermolecular bonding interactions (hydrogen-
bonded or van der Waals in nature) between the two units of
the Lc and Lt conformations. As the bond path directly connects
heavy atoms, the intermolecular interaction is identified as a
van der Waals bond. However, the bonding interactions in the
Lt and Lc conformers cannot be van der Waals interactions
because, as discussed above, these bonding interactions
originate from the interaction of singly occupied orbitals
(SOMO; 7a ; Figure 3) and not from an interaction of doubly-
occupied orbitals, as is the case in van der Waals bonds (7b).
The AIM analysis provides the Laplacian expected for an
intermolecular bond, probably because of the large intermo-
lecular C ¥¥¥ C distance between the fragments in the Lt and Lc


conformers. Note that the existence of bond critical points is
only one of the necessary conditions for the existence of the
bonds; it is also necessary that the aggregate formed as a
consequence of the new bond is a stable one. Both the RHF
and B3LYP methods predict that all conformers are meta-
stable, but further studies with more accurate methods are
required before reaching a final conclusion (vide infra).
The imposition of doubly occupied orbitals implicit in the


RB3LYP method may be an nonphysical restriction, partic-
ularly at the large distances found for the minima of the Lc and
Lt conformers, thus making it neccesary the use of more
accurate ab initio methods for the study of these dimers. The
UB3LYP total energy of the Lc and Lt conformers at the
RB3LYP optimum geometry was computed for both the
closed- and open-shell singlets; the latter obtained by using
broken symmetry (BS). At this geometry one can get an
indication of the physical nature of the double occupancy by
looking at the occupation number of the natural orbitals of
that wavefunction. This was done for the b2u and b1g dimer
orbitals arising from the SOMO orbitals of each [TCNE] .� ,
and also the b2u antibonding orbital next in stability to the b1g


orbital. The occupation numbers of the b2u, b1g, and b2u
orbitals in the Lc conformer are 2.0, 1.7, and 0.3 e�, respec-
tively, and 2.0, 1.5, and 0.5 e�, respectively, in the Lt con-
former. These two sets of numbers indicate a non-negligible
weight of the S1 open-shell wavefunction, which requires non-
doubly occupied orbitals for its description. For comparison,
the St conformer has the same occupation numbers of 2.0, 0.0,
and 0.0 e�, indicating a negligible weight of the S1 open-shell
component in this case. Given the non-negligible weight of the
S1 state in the electronic wavefunctions of the Lc and Lt


conformers, the shape of the potential-energy curve along
the r coordinate was computed at the UB3LYP level, at the
optimum geometry found in the closed-shell RB3LYP calcu-
lations (Figure 8). At short distances the UB3LYP curve


Figure 8. Closed-shell 1A1g singlet (So), open-shell 1B1u singlet (S1), and 3B1u


triplet curves (T1) along r for the Lc and Lt groups of �-[TCNE]22� dimers.
The closed shell So curves are computed at the RB3LYP level, the T1 curves
are computed at the UB3LYP level, and the S1 curves are computed as
broken symmetry singlet (SBS) curves.


collapses into the closed-shell RB3LYP curve, as expected.
However, at distances larger than 2.5 ä, the S1 state becomes
important and the BS curve becomes more stable. The BS
curve does not show any minima for the Lc and Lt conformers.
Consequently, the minimum computed at the RB3LYP level is
an artifact, that is, a consequence of the doubly occupancy
restriction imposed to the orbitals. The triplet-state curve at
the same geometry is also plotted in Figure 8. As the triplet
curve lies higher in energy than the SBS singlet, the ground
state of the L groups of dimers is a singlet, in good agreement
with experiment.
The results of the UB3LYP broken symmetry calculations


were confirmed by MCSCF(6,4) computations on the same
geometries by using a complete active space made of six
electrons and four orbitals. The six electrons present are those
placed in the � and �* orbitals of each [TCNE]� fragment
(three per fragment), and the four orbitals are the � and �*
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from each fragment (two per
fragment). These calculations
were carried out using the
6-31�G basis set previously
used in the UB3LYP calcula-
tions. For any given geometry,
the population of the b2u, b1g,
and b2u orbitals in these
MCSCF calculations differ by
� � 0.1 e� with respect to the
B3LYP results for the same
geometry. The shapes of the So
and S1 curves at the MCSCF
level are also similar to those
found at the UB3LYP level.
Furthermore, a full optimiza-
tion of the geometry of the Lc


and Lt conformers at the
MCSCF(6,4) level, starting
from the RB3LYP minimum
conformations, produces disso-
ciation into the [TCNE]� frag-
ments. Therefore, both the
UB3LYP and MCSCF results
indicate that the Lc and Lt con-
formers are not minimum-ener-
gy structures in their potential-
energy surface. The existence of
minima at the RB3LYP level
for the L conformers is a con-
sequence of the double occu-
pancy restriction imposed in this method. Hence, the presence
of [TCNE]22� dimers with either the Lc or the Lt con-
formation, as observed, must result from the attractive
cation ± [TCNE]22� electrostatic interactions that overcom-
pensate the repulsive [TCNE]� ¥ ¥ ¥ [TCNE]� electrostatic
interaction.
Computational studies on K2[TCNE]2(glyme)2, [NEt4]2-


[TCNE]2, and [Cr(C6H6)2]2[TCNE]2 show these cation ± anion
electrostatic interactions do not depend on the size or type of
the cation. K2[TCNE]2(glyme)2 possesses two �4-[TCNE]22�


units (Table 2) each bound to two K� ions (2.905� 0.055 ä
from the N×s nominally midway between the two parallel
[TCNE]� planes; Figure 9a), and two neutral glyme molecules
also bound to the K� ions.[7d] The intradimer CC separation of
�3.0 ä is significantly less than the sum of the van der Waals
radii of 3.4 ä[25, 26a] with a CC interdimer separation of
�4.5 ä. At the UHF/6-31�G(2d,2p) level the [TCNE]22�


with the short intradimer distance has a 103.0 kcalmol�1


repulsive interaction in its lowest triplet state. However, the
K� ¥ ¥ ¥ [TCNE]� interactions within the K2[TCNE]2 aggregate
are attractive by 75.0 kcalmol�1. Thus, although the
[TCNE]22� dimers are energetically unstable with respect to
dissociation, the neutral K2[TCNE]2 aggregate is stable with
respect to dissociation by 158.4 kcalmol�1. This value is close
to the average previously found by using ab initio methods for
the interactions present in many ionic molecular crystals
involving singly charged ions; this is on the order of
200 kcalmol�1.[27]


[NEt4]2[TCNE]2[7i] and [Cr(C6H6)2]2[TCNE]2[7b] have struc-
tures with [TCNE]22� dimers in which the cations are placed
sideways with respect to the anions (Figure 9b,c). The
interactions between the fragment for [NEt4]2[TCNE]2 and
[Cr(C6H6)2]2[TCNE]2 have been computed for the units
shown in Figure 9. At the UHF/6-31�G(2d,2p) level the
[TCNE]22� units are repulsive by 83.5 kcalmol�1


[NEt4]2[TCNE]2 and the [NEt4]� ¥ ¥ ¥ [NEt4]� interactions are
repulsive by 19.3 kcalmol�1. In contrast, the [NEt4]� ¥ ¥ ¥
[TCNE]� interactions are attractive (by �58.1, �58.0,
�66.1, and �66.0 kcalmol�1), and the overall stabilization is
�145.2 kcalmol�1, that is, it requires 145.2 kcalmol�1 to
dissociate the aggregate into its constituent ions. When the
same energetic balance is done on the [Cr(C6H6)2]2[TCNE]2 at
the UHF/6-31�G(2d,2p) level, the [TCNE]22� units are
repulsive by 79.9 kcalmol�1, as are the [Cr(C6H6)2]� ¥ ¥ ¥
[Cr(C6H6)2]� interactions by 12.2 kcalmol�1. However, the
four [CrI(C6H6)2]� ¥ ¥ ¥ [TCNE]� interactions are attractive by
�67.5, �68.5, �57.2, and �24.1 kcalmol�1; thus the overall
interaction energy is �125.2 kcalmol�1. Hence, larger cations
seem to minimally decrease the stability of [TCNE]22� dimers
(which decreases from 103.0 kcalmol�1 in the K� salt, to
83.5 kcalmol�1 in the [NEt4]� salt, and 79.9 kcalmol�1 in the
[Cr(C6H6)2]� salt) as does the net stability, which are 158.4,
145.2, and 125.2 kcalmol�1, respectively.
The results of our computational studies indicate the net


charges and their geometrical arrangement are the most
important factors that define the strength of the interactions


Figure 9. Geometry of the neutral (cation)2[TCNE]2 unit used to compute the energetic of the intermolecular
interaction in the a) K2[TCNE]2(glyme)2,[7d] b) [CrI(C6H6)]2[TCNE]2,[7b] and c) [Et4N]2[TCNE]2.[7i] The key
intermolecular distances between the fragments are noted in ä. This unit has a net charge of zero.
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in ionic crystals.[27a, 28] Thus, for instance, if the [Cr(C6H6)2]�


ions of Figure 9b are placed perpendicular to the nominal
[TCNE]� planes of the [TCNE]22� units, the [TCNE]22� unit is
unstable with respect to dissociation into two [TCNE] .�


moieties. Therefore, despite the strong repulsive intradimer
interaction supramolecular [cation]2[TCNE]2 dimers form, as
the cation ± anion interactions stabilize the [TCNE]22� dimers
with a short 2.9 ä intradimer separation. As a consequence of
this small separation, the singly occupied (SOMO) �* orbitals
of each [TCNE] .� monomers overlap; this leads to intermo-
lecular bonding and antibonding dimer orbitals separated by a
non-negligible energy gap, � (7b), similar to that observed for
energetically stable bonds, for example, H2.[17] Owing to this
gap, the [TCNE]22� dimer interactions exhibit all the struc-
tural, spectroscopic, and magnetic properties of a bond, as
discussed below. Therefore, the intradimer CC bonding within
the [TCNE]22� dimers is cation-mediated. In contrast, other
similar cations, for example, [N(nBu)4]�[5c] and
[Fe(C5Me5)2]� ,[5a] do not stabilize [TCNE]22�. Note, however,
that polymorphs with the [TCNE]22� dimers could exist for
these cations, although they have not been detected yet.


Electronic structure of [TCNE]22� dimers


Experimental evidence of long CC intradimer bonding–
electronic absorption spectra : As noted above, although
isolated [TCNE]22� dimers are not energetically stable with
respect to fragmentation, the cation ± [TCNE]22� interactions
stabilizes [cation]n[TCNE]m aggregates (e.g., Figure 9), mak-
ing the aggregate energetically stable with respect to disso-
ciation into fragments. The cation acts as the ™glue∫ which
keeps the two [TCNE]� anions at a distance that enables the
orbitals of each fragment to overlap.
Ab initio calculations carried out on the [TCNE]22� dimers


at the range of distances observed for the S and L conformers
show the existence of an energy splitting between the bonding
b2u and antibonding b1g orbitals (� ; 7a ; Figure 3). This b2u ± b1g
orbital splitting (�) gives rises to two singlet states, So (arising
from the b2u2b1g� configuration), and the b2u1b1g1 S1 config-
uration, whose energy difference is the source of a new,
allowed electronic transition that is observed for [TCNE]22� in
the visible region of the spectrum. Experimentally, this new
absorption is observed in the range of 15000 (667 nm;
1.86 eV) to 18200 cm�1 (549 nm; 2.26 eV) [average is
16825� 1180 cm�1[29] (594 nm; 2.09 eV)] for nine [TCNE]22�


dimers (Table 2 and Figure 10); this results in the dimer being
purple when viewed by reflected light.
These data are consistent with early studies on nonstructur-


ally characterized M[TCNE] (M�Na, K, Rb, Cs); the results
showed that their room-temperature solid-state spectra
exhibited new absorptions at �18500 cm�1 (541 nm;
2.29 eV), which were assigned to a charge transfer between
two [TCNE] .�×s within a dimer.[12] Albeit on the high-energy
side of our data, this is consistent with absorptions for
structurally characterized [TCNE]22� within dimers.
Our preliminary ab initio computational results suggest that


the [TCNE]22� dimer should be stable in solution at low
temperature. The solution spectra of a saturated solution of
[Et4N]2[TCNE]2 dissolved in 2-methyl tetrahydrofuran


Figure 10. Experimental UV-visible spectra of solid (KBr pellet)
[Et4N]2[TCNE]2, [nPr4N]2[TCNE]2, [nBu4N]2[TCNE]2, Tl2[TCNE]2,
[TDAE][TCNE]2, [Fe(C5H4)2C3H6]2[TCNE]2, [Cr(C6H6)2]2[TCNE]2,
[Cu(PPh3)3(TCNE)]2, and K2[TCNE]2(glyme)2. The absorptions at
�25000 cm�1 are assigned to [TCNE]� transition as observed for
[nBu4N]2[TCNE]2 in solution (75m� in MeCN).


(MeTHF) only shows the spectral features typical of yellow
[TCNE] .� dissolved in solution (Figure 11a).[15] However,
upon rapid cooling to 77 K, such that a transparent deep red
frozen glass forms, the absorption characteristic of [TCNE] .�


disappears, and new absorptions at 18940 and 26000 cm�1


(528 and 385 nm) appear (Figure 11b). Hence, [TCNE]22� is
thermal chromic. This is consistent with the equilibrium
2[TCNE] .� � [TCNE]22� being shifted to the right with


Figure 11. UV-visible electronic absorption spectra of a saturated solution
of [Et4N]2[TCNE]2 in MeTHF at at room temperature and at 77 K. The
data is reported as molar extinction (�) per mole of [TCNE] .� as a function
energy based on �(23375 cm�1)� 8425��1 cm�1.[15]
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decreasing temperature in accord with entropy considera-
tions, such that at 77 K sufficient amounts of the [TCNE]22�


dimer is present and stable.[30] Similar solution spectra of
[TCNE]22� as a 2-methyl tetrahydrofuran glass at 77 K were
also reported [�max� 18500 cm�1 (540 nm)].[12]


The stronger the intradimer interaction the greater the b2u
and b1g orbital splitting (�), and the change in the value of �
with the intradimer separation r for the Lt curve has been
estimated by computing the separation ��[31] between the
singlet ground state So (configuration: b2u2b1g� ; symmetry:
1A1g) and the S1 excited state (configuration: b2u1b1g1; symme-
try: 1B1u), Figure 4. However, � is not a physically observable
quantity, and its variation can only detected by the effect that
it has on physically observable properties. The So� S1 energy
difference (��) was computed at the CIS/6-31�G level, a
method known to give reasonable values of the separation
between states and the UV-visible spectrum.[32] These calcu-
lations show that the So� S1 (��) energy difference increases
as r decreases, from a value of�15000 cm�1 (1.86 eV) at 3.3 ä
to a value of 22000 cm�1 (2.73 eV) when r is 2.8 ä (Figure S2
in the Supporting Information).
Attempts to experimentally observe this trend were un-


successful, as no correlation was noted when the energy of the
lowest energy (�max) transition (Table 2, Figure 10) is plotted
as a function of intradimer separation (r ; Figure S3 in the
Supporting Information). The lack of a correlation is a
consequence of � increasing with decreasing r as the overlap
increases, while the energy separating the HOMO and
LUMO (��) decreases with increasing r. In addition to these
competing trends, the spatial extent of the two-electron four-
center dimer HOMO orbital will change due to polarization
by the vastly differing cations and, hence, alter the overlap
and � and �� making simple correlation unlikely. Bulky,
distant noninteracting cations such as [nPr4N]� or
[FeIII(C5H4)2C3H6]� will polarize the orbital differently than
[TDAE]2� or point-charge cations (e.g., Tl�, K�) that have
strong electrostatic interactions with the [TCNE]22� dimer.
Additionally, covalent bonding of a nitrile of the [TCNE]22�


dimer to a cation, as occurs for Cu(PPh3)3[TCNE],[7a] should
also affect the extent of overlap within the dimer. Thus, the
cation interferes too much with the individual orbitals of
[TCNE]22� dimer and prevents a simple interpretation of the
��(r) data. This is observed as dimers with almost identical
intradimer separations distances have significantly different
transition energies, for example, [nPr4N]2[TCNE]2 (r�
2.871 ä) absorbs at 18300 cm�1 (546 nm), while Tl2[TCNE]2
(r� 2.874 ä) absorbs at 15100 cm�1 (623 nm).


Hybridization : The change in the geometry of the [TCNE]�


fragments as the intradimer separation (r) decreases leads to
change in the hybridization around the central carbons for the
Lc and Lt groups of [TCNE]22� dimers. The central CC
distance increases with decreasing r and, simultaneously, the
dihedral angle (d) increases from 90 to 120�. This corresponds
to a shift from sp2 towards sp3 hybridization at the two central
carbon of each [TCNE]� fragment. The change in hybrid-
ization of the central carbons as the intradimer distance
decreases is followed by changes in the trans-NC-C-C-CN
angle, while the CN×s move out of the nominal [TCNE]� plane


away from the [TCNE]22� dimer×s center of symmetry by 2.3�
to 6.6� (average� 5.0� 1.3�), Table 2. The bending away of
the nitrile groups from the center of the Lc [TCNE]22� dimer is
illustrated in Figure 12 (top). Based upon the average bending


Figure 12. Structure of [Et4N]2[TCNE]2 exhibiting how the nitriles bend
away the center of the dimer for the Lc group of [TCNE]22� dimers by an
average of 5� (corresponding to a hybridization of 2.17; top), and �-
[TTF][TCNE] exhibiting that the nitriles bend toward the center of the
dimer for the Lt group of [TCNE]22� dimers by an average of �1.9�
(corresponding to a hybridization of 2.06; bottom).


of the nitriles away form the center of the Lc [TCNE]22� dimer
by 5.0�, its average C1-C3-C4-CN dihedral angle (see structure
4) is 95�. Assuming a linear relationship between 90� dihedral
angle for sp2 and 120� for sp3 hybridization,[26b] the hybrid-
ization for the central carbons of the [TCNE]22� dimers is
estimated to be 2.17. This change is also observed in the
optimized geometries in Figure 2, and is the expected when a
CC bond is formed with an sp2 C atom. In contrast, the nitriles
bend toward the [TCNE]22� dimer center of symmetry for the
Lt group (Figure 12, bottom) by 1.0� to 2.8� (average� 1.9�),
Table 2. The average 1.9� deviation from planarity corre-
sponds to a dihedral angle of 91.9�, and the hybridization for
the central carbons of the Lt group of [TCNE]22� dimers is
estimated to be 2.06.[26b] This bending toward the dimer×s
center is not understood and is the subject of further studies.


Vibrational absorption spectra : The different bonding inter-
actions are also manifest in the IR spectra–that of the dimer
differs with respect to its fragments. Thus, the change in the IR
absorption frequencies when going from the monomer to the
dimer, and in particular the changes in the C�N stretching
frequencies, have been analyzed. Table 6 lists the �C�N
harmonic stretching frequencies computed at the RB3LYP/
6-31�G level, and their IR intensities. The intensities and
frequencies are in reasonablly good agreement with the
experimental values given in Table 2, considering that the
computed values were obtained within the harmonic approx-
imation. [TCNE] .� has two strong[15, 33] computed �C�N vibra-
tions at �2200 cm�1; these are experimentally observed at







TCNE Dimers 4894±4908


Chem. Eur. J. 2002, 8, No. 21 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0821-4905 $ 20.00+.50/0 4905


2183 and 2144 cm�1 (Figure 13).[5a, 15] In contrast, Lc �-
[TCNE]22� is computed at the RB3LYP/6-31�G level to
have three �C�N vibrations indicative of bonding interactions


Figure 13. The IR spectra of [Fe(C5Me5)2][SbF6], [Fe(C5Me5)2][TCNE],
Tl2[TCNE]2, [nPr4N]2[TCNE]2, and [Fe(C5H4)2C3H6]2[TCNE]2 as KBr
pellets. The IR spectra show the spectra of [TCNE] .� as the [Fe(C5Me5)2]�


salt, which also has the IR spectrum of the [Fe(C5Me5)2]� cation.


between the two [TCNE] .� fragments (Figure 13). This is in
accord with the average observed �C�N absorptions of 2191� 2
(m), 2173� 3 (s), and 2162� 3 cm�1 (s) for eleven [TCNE]22�


dimers structurally characterized and for which the IR spectra
are available (Table 2). These values differ from those
observed for group Lt [2216� 2 (m), 2197� 3 (m), and 2180
�4 cm�1 (m)] and St [2215� 4 (m), 2157� 3 (s), and 2107�
4 cm�1 (w)].
Furthermore, a characteristic IR absorption at �1400 cm�1


not observed for [TCNE] .� , is predicted to be observed for �-
[TCNE]22�. This new 1400 cm�1 absorption is due to the
antisymmetric combination of the intrafragment CC stretches
of each fragment central CC bond; this absorption becomes
allowed and gains intensity as a result of electron-vibrational
coupling as the center of symmetry moves from the center of
CC bond in an isolated [TCNE] .� to the center of the


[TCNE]22� dimer.[34] This absorption occurs at 1364� 3 cm�1


(s) for the eleven [TCNE]22� dimers listed in Table 2, for
which the IR spectra are available. Hence, the �C�C absorption
calculated to occur at �1400 cm�1 is observed at 1364�
3 cm�1 for group Lc �-[TCNE]22� dimers. Although only
Raman active, this �C�C absorption occurs at 1558 cm�1 for
TCNE and shifts to 1421 cm�1 for [TCNE] .� and with the
change in location of the center of symmetry it becomes IR
active and shifts to 1364 cm�1 for group Lc �-[TCNE]22�


dimers, further reflecting a reduced central CC bond order
and a weaker central CC bond. This trend is further observed
for the St and Lt groups of [TCNE]22� dimers in which the
central CC absorption is assigned to a band at 1209� 9 (w)
and 1385� 1 cm�1 (vs), respectively.
In addition, the �C�CN bending absorption that occurs at


521� 1 cm�1 (m) for TCNE and [TCNE] .� splits into three
absorptions for the Lc and Lt groups of �-[TCNE]22� dimers.
These new features occur as weak absorptions at 549� 2 (w),
530� 4 (w), and 516� 3 cm�1 (w) for the Lc group; at 557� 1
(w), 535� 5 (w), and 508� 3 cm�1 (w), for the St group; and at
586� 3 (w), 535� 1 (w), and 520� 1 cm�1 (w) for the Lt group.
Thus, the Lc group of �-[TCNE]22� dimers can be exper-


imentally identified by 1) an additional strong �C�N absorb-
ance, 2) the shift of the three �C�N absorptions towards higher
frequencies, 3) new absorption at 1364 cm�1, and 4) splitting of
the 521 cm�1 �C-CN absorption into three weaker bands at 549,
530, and 516 cm�1. In the St dimer, the calculated frequency of
this absorption decreases to 1200 cm�1 and its intensity
decreases by a factor of five of that found in the L conformers.
Furthermore, the �C�N vibrations for the St group of
[TCNE]22� dimers occur at 2215 (m), 2157 (s), and
2107 cm�1 (w); these are distinct from both the Lc and Lt


groups of [TCNE]22� dimers.


Magnetic properties of the [TCNE]22� dimers : When S� 1/2
doublet [TCNE] .� fragments approach each other to form the
�-[TCNE]22� dimer, �(r) and the triplet ± singlet (S ±T)
separation increases. UB3LYP/6-31�G calculations show
(Figure 8) that the unpaired electrons of each [TCNE] .�


fragment couple antiferromagnetically into a singlet state,
which is the ground state at all distances. This state, however,
changes in character from being mostly S1 at large distance
into So at short distances. These results indicate that the triplet
is always higher in energy with respect to either the closed- or
open-shell singlet states. The triplet ± singlet energy difference
is 5.19 and 0.80 kcalmol�1 for the Lt and Lc optimum
geometries, respectively (Table 7), but lies at 70.9 kcalmol�1


above the closed-shell singlet state for the St conformer.
However, it was impossible to compute a broken symmetry
estimate for the St geometry as the SCF method always
reverted to the closed-shell solution. The result of these
calculations were confirmed by MCSCF(6,4) calculations.
The predicted singlet ground state was experimentally


verified by the temperature-dependence magnetic suscepti-
bility in the range of 2 to 350 K for [Et4N]2[TCNE]2,[7i]


[nPr4N]2[TCNE]2,[7m] and [(Me2N)2CC(NMe2)2][TCNE]2,
[TDAE][TCNE]2.[7g] Likewise, more sensitive EPR studies
up to 380 K for [Et4N]2[TCNE]2 did not show evidence for
population of the triplet state. Hence, only diamagnetic-like


Table 6. �CN stretching frequencies [cm�1] and infrared intensities [in
parenthesis, k�mol�1] computed for the [TCNE] .� monomer and dimer at
the B3LYP/6 ± 31�G level.


[TCNE] .� St Lc Lt


2168 (0) 2165 (0) 2190 (0) 2180 (499)
2180 (442) 2168 (881) 2191 (0) 2184 (33)
2227 (189) 2202 (468) 2201 (0) 2191 (402)
2235 (0) 2210 (0) 2203 (669) 2196 (427)


2293 (0) 2203 (1517) 2204 (1577)
2293 (0) 2235 (305) 2235 (139)
2296 (18) 2240 (0) 2237 (129)
2299 (12) 2243 (0) 2243 (2)
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behavior was observed. This is consistent with the singlet state
being the ground state and the only state that is thermally
populated at room temperature.


Conclusion


Three groups of [TCNE]22� dimers (4 ; St, Lt, and Lc; Figure 1),
characterized by the intradimer separation (r) and its dihedral
angle (d), have been experimentally reported, Table 2. Each
dimer has a singlet ground state, but has distinguishing
structural and spectroscopic features (Table 7). With respect
to [TCNE] .� , the Lc group of �-[TCNE]22� dimers can be
experimentally identified by 1) an additional strong �C�N
absorbance; 2) the shift of the three �C�N absorptions toward
higher frequencies and are observed at 2191� 2 (m), 2173� 3
(s), and 2162� 3 cm�1 (s); 3) new absorption assigned to �C�C
at 1364� 3 cm�1 (s); and 4) splitting of the �C�CN absorption
with peaks at 549� 2 (w), 530� 4 (w), and 516� 5 cm�1 (w).
Additionally, the Lt group of �-[TCNE]22� dimers can be
experimentally identified by 1) an additional strong �C�N
absorbance; 2) the shift of the three �C�N absorptions toward
higher frequencies and are observed at 2216� 2 (m), 2197� 3
(s), and 2180� 4 cm�1 (s); 3) new absorption assigned to �C�C
at 1385� 1cm�1 (s); and 4) splitting of the �C-CN absorption
with peaks at 586� 3 (w), 535� 1 (w), and 520� 1 cm�1 (w).
Furthermore, in the solid state the Lc group of [TCNE]22�


dimers exhibit a new UV-visible feature at 16825� 1180 cm�1


(594 nm; 2.09 eV) assigned to the intradimer 1A1g� 1B1g


transition; this band is shifted to 18940 cm�1 (528 nm;
2.35 eV) in MeTHF at 77 K for {[Et4N]�}2[TCNE]22�.
The observed physical properties of the Lc group of �-


[TCNE]22� dimer are consistent with those expected from the
formation of a covalent CC bonding interaction between the
two [TCNE]� monomers. Due to the repulsive electrostatic
interactions, however, the [TCNE]� ¥ ¥ ¥ [TCNE]� interactions
are energetically unstable in the absence of charge-neutraliz-
ing cations. Hence, neutral (cation)2[TCNE]2 is energetically


stable due to the attractive
electrostatic cation ¥¥ ¥ [TCNE]�


interactions, which exceed
the repulsive electrostatic
[TCNE]� ¥ ¥ ¥ [TCNE]� interac-
tions. This cation-mediated sta-
bilization enables the direct
overlap of the SOMOs of two
[TCNE]� monomers over four
carbon atoms and, thus, is re-
sponsible for the existence of
cation-mediated �* ±�* CC co-
valent bonding that occurs in
the (cation)2[TCNE]2 aggre-
gates.[35] This two-electron
four-center bonding interaction
emerges from the overlap of the
SOMO orbitals of the [TCNE]�


and is not hypervalent.[36]


Therefore, it cannot be present
when the HOMO is doubly
occupied. Hence, this cation-


mediated �* ±�* CC bonding interaction complies with
Pauling×s definition of a chemical bond, that is, ™.. .there is a
chemical bond between two atoms or groups of atoms in the
case that the forces acting between them are such as to lead to
an aggregate with sufficient stability to make it convenient for
the chemist to consider it as an independent molecular
species.∫[26c] and exhibits all the physical properties expected
from a classical CC covalent bond. Hence, this bonding
interaction is unique; its two-electron bond resides over four
chemically equivalent carbon atoms and involves the �*
orbitals of each fragment.


Experimental Section


All materials were prepared by routes previously described in the literature
in a Vacuum Atmospheres Dri-Box under nitrogen. Infrared spectra were
recorded for KBr pellets on a Bio-Rad FTS-40 FTIR spectrophotometer
with �1 cm�1 resolution. Solid-state UV-visible spectra were recorded on a
Hewlett ± Packard 8452A diode array spectrophotometer, also as KBr
pellets. A home-built cryostat based upon two 1 inch diameter quartz
windows separated by a �1 mm thick O-ring/Teflon spacer sample
compartment was loaded in a Dri-Box and cooled to 77 K with liquid
nitrogen was used for the solution UV/vis studies. For these studies
[Et4N]2[TCNE]2 was dissolved in dryMeTHF freshly distilled from sodium/
benzophenone. Magnetic susceptibility studies were obtained on a
Quantum Design MPMS 5T magnetometer as previously described.[37]


The EPR spectra were recorded on an IBM/Bruker ER 200 D-SRC
spectrometer. Ab initio UBLYP/6 ± 31�G(2d,2p) computations were
carried out by using the non-local B3LYP exchange and correlation DFT
functional[38] and the 6 ± 31�G(2d,2p) basis set,[39] with a determinant in
which the orbitals are not restricted to be doubly occupied. All the
computations were done using the Gaussian-98 suite of programs.[40] The
critical point analysis was done by using the AIMPAC package.[41]
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A Theoretical Study of Potassium Cation Binding to Glycylglycine (GG) and
Alanylalanine (AA) Dipeptides


Carrie Hoi Shan Wong,[a] Ngai Ling Ma,*[b] and Chun Wai Tsang*[a]


Abstract: By combining Monte Carlo
conformational search technique with
high-level density functional calcula-
tions, the geometry and energetics of
K� interaction with glycylglycine (GG)
and alanylalanine (AA) were obtained
for the first time. The most stable K�-
GG and K�-AA complexes are in the
charge-solvated (CS) form with K�


bound to the carbonyl oxygens of the
peptide backbone, and the estimated
0 K binding affinities (�H0) are 152 and
157 kJ mol�1, respectively. The K� ion is
in close alignment with the molecular


dipole moment vector of the bound
ligand, that is, electrostatic ion ± dipole
interaction is the key stabilizing factor in
these complexes. Furthermore, the
strong ion ± dipole interaction between
K� and the amide carbonyl oxygen atom
of the peptide bond is important in
determining the relative stabilities of
different CS binding modes. The most


stable zwitterionic (ZW) complex in-
volves protonation at the amide carbon-
yl oxygen atom and is approximately
48 kJ mol�1 less stable than the most
stable CS form. The usefulness of proton
affinity (PA) as a criterion for estimating
the relative stability of ZW versus CS
binding modes is examined. The effect
of chain length and the nature of metal
cations on cation ± dipeptide interac-
tions are discussed. Based on results of
this study, the interaction of K� with
longer peptides consisting of aliphatic
amino acids are rationalized.


Keywords: cations ¥ density func-
tional calculations ¥ peptides ¥
potassium ¥ zwitterions


Introduction


As one of the most abundant alkali metal cations in living
systems, K� has numerous biochemical functions such as
osmotic equilibrium of cells,[1, 2] stabilization of protein
structures,[1] and activation of enzyme functions.[3] Recent
studies have shown that K� and the other alkali metal cations
can induce conformational changes when they bind to
proteins.[4, 5] The trans-membrane movement of potassium
ions underlies many fundamental biological processes, includ-


ing biological (electrical) signaling in the nervous system,
generation of rhythmic signals by the heart, and unceasing
sifting of toxic solutes in the blood by the kidney.[6] X-ray
crystallographic data suggest that the interaction between K�


and the main chain carbonyl oxygen atoms of the potassium
ion channel (protein) is the molecular basis that accounts for
the selective transport of K� across cell membranes.[7] Hence,
detailed knowledge of the structural and energetic aspects of
the local interaction between K� and prototypical amino acid
residues and peptides is essential for understanding these
processes. Such knowledge is of practical importance in
interpreting the mass spectra of K�-peptide/protein complexes,
from which sequencing information can be obtained.[8±11]


The interactions of alkali metal cations with simple amino
acids are reasonably well-studied theoretically.[12±16] In the gas
phase, experimental evidence indicates that binding of K� to
arginine stabilizes the zwitterionic (ZW) form of the amino
acid,[17±19] and the stability of the metal-cationized ZW
structure relative to the charge-solvated (CS) structure is
postulated to be enhanced by increase in the proton affinity of
the amino acid.[20] To extrapolate from these small model
amino acid systems to metal cation ± protein systems, the
interaction between metal cation and the simplest dipeptide
glycylglycine (GG) and alanylalanine (AA) is a vital bridge.
With no functionalized side chain, the interaction between
metal cations and GG/AA are restricted to O/N binding sites
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at the amide oxygen of the peptide bond, the amino nitrogen
at the N-terminal, and the carboxyl oxygen atoms at the
C-terminal, and this provides valuable information on the
individual metal-cation-binding sites on the peptide/protein
backbone. Because of the large molecular sizes, only three
high-level theoretical studies on peptide complexes have been
reported: Na�-GG[21, 22] and Cu�/Ag�-GG[23] .


To gain a better understanding of how different metal ions
interact with the peptide backbone, we carried out DFT
studies on K�-GG and K�-AA. The Monte Carlo conforma-
tional search technique is used to generate plausible con-
formers for further ab initio/DFT studies. Using this com-
bined approach, we located several modes of metal-cation
binding on the GG and AA backbones that were not reported
in previous studies. In the case of K�-GG/K�-AA complexes,
some of these binding modes are fairly low lying and hence
may be energetically accessible under laboratory conditions.
Factors affecting the relative K� affinities of these different
ZW versus CS binding modes will be discussed.


Computational Methods


For the free ligand GG, the stability of its various conformers has been the
subject of several theoretical publications.[21, 23±26] We re-optimized the four
most stable conformers presented in refs. [21, 23] at the HF/6-31G(d) level,
and refined their geometries at the B3-LYP/6-31G(d) level. Single-point
energy calculations were performed at the B3-LYP/6-311�G(3df,2p) level
based on the B3-LYP/6-31G(d) geometries.


There are no prior high level theoretical studies on the interaction of K�


and GG ligands. The K� may interact with the dipeptide ligand in charge-
solvated (CS) or zwitterionic (ZW) forms. The zwitterionic form of the
ligand can in turn be classified into three types in which the proton is
attached to the terminal amino nitrogen atom (N1), the nitrogen in the
peptide linkage (N2) or the amido carbonyl oxygen atom of the peptide
bond (O1�) as depicted in Scheme 1.[27]


Scheme 1. Systematic naming of atoms and dihedral angles of the
glycylglycine ligands according to the IUPAC recommendation.[27] Atoms
and their positions in the peptide backbone are indicated by letters/
symbols/numbers in bold fonts).


Because of the flexibility of the peptide backbone by single bond rotation,
the K�-GG complex can exist as many isomers/conformers. Given the
complexity, we first obtained plausible geometries of these species using
the Monte Carlo multiple minimum (MCMM) conformational searching
technique,[28] with AMBER* force field[29] implemented in the Macro-
model 7.0 package.[30]


In the MCMM search, the K� was not covalently bound to any atoms of
glycylglycine so that the ion could move freely to interact with any part of
the ligand. Point charges and distant-dependent dielectric constant were
used in the electrostatic interaction treatment.[30] Extended cutoff bond
lengths of 20 ä were employed for plausible van der Waals and electro-
static interactions, and hydrogen-bonding distances. For the interaction of
K�-GG in CS and ZW forms, nconf Monte Carlo steps (where nconf � 1500�


number of rotatable torsional angles of the GG ligand in CS or ZW form,
that is, nconf is 9000 for CS and ZW(O1�), and 7500 for ZW(N1) and ZW(N2))
were carried out to locate the low energy structures for K�-GG. Thus, more
than 130 isomers/conformers were obtained within an energy window of
50 kJ mol�1. Any complexes generated from the MCMM step without
intramolecular hydrogen bondings were discarded.


The remaining 60 isomers/conformers were re-optimized at the HF/6-
31G(d) level by using the Gaussian 98 package.[31] Within each CS/ZW
series, only stable isomers/conformers (80 kJ mol�1 above the most stable
K�-GG complex calculated at the HF/6-31G(d) level) were retained for
further calculations in which the geometries were refined at the B3-LYP/6-
31G(d) level.[32] These structures were used for single-point energy
calculations at the B3-LYP/6-311�G(3df,2p) level to yield the theoretical
affinities at 0 K (�H0) given in Equation (1):


�H0� [(EK��EGG)�EK�-GG]�[ZPEGG �ZPEK�-GG]� 0.8929 (1)


where EK� , EGG, EK�-GG are the electronic energies (calculated at the B3-
LYP/6-311�G(3df,2p)//B3-LYP/6-31G(d) level) of the potassium cation,
the glycylglycine ligand (in this case, the energy of conformer GG1; see
below) and the K� ± glycylglycine complex, respectively; and ZPE is the
zero-point energy of the various species, calculated at the HF/6-31G(d)
level and scaled by 0.8929.[33] For simplicity of expression, we abbreviate
this protocol as ™EP(K�)∫ for ™Energetic Protocol for estimating K�


binding affinity∫. We calibrated this protocol against the computationally
more expensive ab initio G2(MP2,SVP) method for 13 small organic
ligands, and found that the K� affinities (�H0) are comparable,[34] and the
mean-absolute-deviation (MAD) is only 4 kJ mol�1. Furthermore, we have
applied EP(K�) to obtain the theoretical K� affinities for all five aliphatic
amino acids,[35] and found that they are in excellent agreement with the
absolute affinities determined by the mass spectrometric kinetic method to
within 2 kJ mol�1, which is well within the estimated experimental
uncertainty of about 10 kJ mol�1.[35, 36]


The affinities at 0 K (�H0) for all K�-GG complexes calculated with the
EP(K�) protocol are summarized in Table 1. Standard thermodynamic
relations[37] were applied to obtain the affinities �H298 and basicity �G298 of
various modes of binding at 298 K (Table 1). As expected, for a given mode
of binding, �H298 is larger than �H0 (by av 1.4 kJ mol�1). Moreover, as
entropy is expected to increase when the cation is released from the
complexes, �G298 is smaller than �H298 (by av 31.5 kJ mol�1). Nevertheless,
the relative affinity and basicity scales are essentially parallel, and this
suggests that entropy effects are not important in determining the preferred
interaction of K� with the GG ligand.


To understand how metal-cation binding affects the structural and
electronic energy of the ligand, we also calculated the deformation energy


Table 1. The theoretical energetics of potassiated glycylglycine (K�-GG)
complexes [kJ mol�1].


Species Binding site �H0
[a] �H298


[b] �G298
[b] Edef


[c] Estabilization
[d]


CS1 O1�, O2� 151.8 153.0 120.7 31.1 182.9
CS2 O1�, O2�, N1 145.3 147.2 110.6 45.4 190.7
CS3 O1�, O2 122.5 123.4 92.6 21.5 144.0
CS4 O1�, O2, O2� 106.1 107.0 75.9 63.6 169.7
CS5 O2�, O2 137.4 139.1 105.8 9.3 146.7
CS6 O1�, N1 137.2 138.6 106.9 33.3 170.5
CS7 O1� 127.3 127.8 100.1 6.7 134.0
CS8 N1 80.2 80.7 54.9 14.0 94.2
ZW(O1�) carboxylate COO� 103.8 105.5 74.6 149.5 253.3
ZW(N1) carboxylate COO� 90.4 93.5 55.9 88.8 179.2
ZW(N2) carboxylate COO� 46.1 47.8 18.6 156.1 202.2


[a] Calculated by the EP(K�) protocol. [b] Standard thermodynamic
relations[37] were applied to obtain the affinities (�H298) and basicity
(�G298) at 298 K. [c] Calculated at the B3-LYP/6-31G(d) level of theory.
We found that the deformation energy calculated at the B3-LYP/6-
311�G(3df,2p) and B3-LYP/6-31G(d) levels using the B3-LYP/6-31G(d)
geometries differs by no more than 1 kJ mol�1 for a few test cases. Hence,
the deformation energies calculated at the B3-LYP/6-31G(d) level are
considered to be sufficient. [d] Sum of �H0 and Edef, representing the raw
interaction energy between the cation and the ligand.
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Edef at the B3-LYP/6-31G(d) level of theory, where Edef (listed in Table 1) is
given by Equation (2).[16, 35, 38]


Edef �E(GG in the K�-GG complex)�E(GG in the uncomplexed form)
(2)


Physically, Edef represents the destabilization energy arising from structural
distortion, disruption of intramolecular hydrogen bonding, and intra-
molecular electrostatic repulsion among electron-rich functional groups of
the ligand when the ligand deforms itself to accommodate the metal cation.
As the deformed ligand in the complexed form is always less stable than the
free ligand, Edef is always positive. The total favorable (stabilizing) interaction
energy at 0 K is then given by Estabilization , which is the sum of �H0 and Edef.


By replacing one hydrogen atom on each of C1
� and C2


� with a methyl
group (without performing the MCMM conformation search again), we
carried out EP(K�) calculations to obtain �H0 for the K�-AA system at the
B3LYP/6-311�G(3df,2p)//B3LYP/6-31G(d) level. Also, the same compu-
tational procedures were applied to obtain �H298 , �G298 , Edef and Estabilization


of the K�-AA complexes (Table 2).


In the present study, the dipole mo-
ment (� in Debye) of the deformed
GG and AA in the complexed states
were calculated by standard Mulliken
population analysis in the Gaussian 98
package.[31] Classically, the strength of
the ion ± dipole interaction is directly
proportional to the molecular dipole
moment of the deformed ligand in the
complexed state, the cosine of the
angle of deviation between the cation
and the dipole moment vector (� in
degrees), and inversely proportional
to the square of the distance between
the cation and the centre of the dipole
moment vector (r� in ä), with the
origin at centre of charge of the
deformed ligand (Scheme 2).[39] The
ion ± dipole interactions are strongest
when the metal ion is in perfect align-
ment (�� 0�) with the dipole-moment
vector. The alignment of K� with the
amide O�C, carboxyl O�C and OH
bonds at the individual O/N heteroa-
tom binding sites are represented by
the angles of deviation �1, �2 , and �3 ,
respectively (only �1 and �2 are shown
in Scheme 2).


Results and Discussion


Glycylglycine ligand : Four glycylglycine conformers, GG1 to
GG4 (Figure 1) were investigated. The most stable conformer


we obtained, GG1, is stabilized by three intramolecular
hydrogen bonds.


Our findings are in agreement with Cerda et al (species X in
ref. [21]) but in contrast to those of Cassady et al.[26] and Siu
et al.[23] Without electron correlation (at the HF/6-31G(d)
level), Cassady et al.[26] suggested that GG3 is most stable,
while Siu et al.[23] reported that conformer GG2 (species 5N in
ref. [23]) is the global minimum. At our current level of
theory, the energy difference between these three conformers
is within 4.0 kJ mol�1 and such minor energy differences can
easily be the result of using a different theoretical treatment
or protocol. Given such small energy differences among these
™low-lying∫ GG conformers, the final theoretical K� binding
affinity of glycylglycine will not be significantly affected even
if GG1 is not found to be the most stable conformer at
another level of theory.


The most stable K�-GG complex : Using the MCMM and the
EP(K�) protocols, we have located 27 complexes (18 in CS
forms and nine in ZW forms) within 140 kJ mol�1 from the
most stable K�-GG complex. These 27 species can be further
classified according to their modes of binding into eight CS
(Figure 2) and three ZW (Figure 3) forms; the remaining 16
low-lying CS and ZW forms are shown in the Supporting
Information, Figure S1. The structures shown in Figure S-1 are
less stable although they have the same K� binding modes as
the structures shown in Figures 2 and 3.


We found that the most stable mode of interaction between
K� and GG is one in which the ligand is in the charge-solvated
CS form. This mode of binding, denoted CS1 here (Figure 2),
involves binding of K� to the two carbonyl O�C oxygen atoms
(one at the peptide amide bond, and one at the carboxyl
group) on both amino acid residues. The K� ion is in very close
alignment (�� 9�) with the molecular dipole moment vector
of deformed GG (Scheme 2), and this suggests that the ion ±
dipole interaction is important in stabilizing the CS1 mode of
binding. We note that CS1 was also identified as the most
stable binding mode in the Na�-GG complex.[21]


Table 2. The theoretical energetics of K�-AA complexes [kJ mol�1].


Species Binding site �H0
[a] �H298


[b] �G298
[b] Edef


[c] Estabilization
[d]


CS1 O1�, O2� 157.2 158.1 127.0 28.8 186.0
CS2 O1�, O2�, N1 145.9 147.5 112.3 50.2 196.1
CS3 O1�, O2 130.1 130.8 100.0 19.6 149.7
CS4 O1�, O2, O2� 113.1 113.6 83.6 64.9 178.0
CS5 O2�, O2 140.6 142.2 109.7 14.0 154.6
CS6 O1�, N1 135.8 137.1 106.0 40.3 176.1
CS7 O1� 123.8 124.1 98.0 6.4 130.2
CS8 N1 83.7 84.1 58.1 15.3 99.0
ZW(O1�) carboxylate COO� 110.6 112.2 79.8 143.5 254.1
ZW(N1) carboxylate COO� 104.0 106.4 71.2 79.7 183.8
ZW(N2) carboxylate COO� 59.6 60.8 31.7 148.5 208.1


Scheme 2. Representation of
the ion ± dipole interactions in
the K�-glycylglycine complex in
which the angle of deviation
between the cation and the di-
pole moment vector is � (in �),
and the distance between the
cation and the centre of the
dipole moment vector is r� ,
(in ä, with origin at centre of
charge of the deformed ligand).
The alignment of K� with the
O�C bond axis is represented by
the angles of deviation �1 and �2.


Figure 1. The geometries of four conformers of the glycylglycine (GG)
ligand, optimized at the B3-LYP/6-31G(d) level. The intramolecular
hydrogen bonds are indicated by dotted lines.
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Other charge-solvated (CS) complexes : We found eight
complexes (Figure 2) in which K� binds to GG in the CS
form; the least stable CS isomer CS8 has a binding affinity
71.6 kJ mol�1 above the CS1 complex (Table 1). Complexes
CS1 ± CS8 can be classified into two groups in terms of how
K� interacts with the GG ligand: those that involve binding to
O/N sites of both amino acid residues and those that involve
binding to only one residue. As in the case of CS1, we
generally found good alignment of K� with the dipole
moment vector (�� 7 to 24�) in the CS2 to CS8 modes of
binding.


In CS2, CS3 and CS4 complexes, K� is attached to O/N
heteroatoms of both residues. One can view these complexes
as ™derivatives∫ of the CS1 mode of binding. Relative to CS1,
the tridentate CS2 complex is stabilized by an additional
interaction between K� and the N-terminal amino nitrogen
(N1). While this additional interaction stabilizes the complex,
it also leads to greater deformation of the GG ligand (Edef is
14.3 kJ mol�1 greater than that of CS1), hence decreases the
overall stability of the CS2 mode of binding.


The binding affinity of CS3 is comparable to that of CS1: in
CS1, K� interacts with two carbonyl oxygen atoms, while in


CS3, the cation interacts with one O�C and one OH. The
interaction of K� with the hydroxyl group is known to be
weaker than with O�C,[34] and this accounts for the decrease
in stability of the CS3 mode relative to CS1.


The CS4 mode differs from the CS1 mode in two aspects.
Firstly, the N-terminal amino group adopts a ™cis∫ (�1� 29�),
rather than a ™trans∫ conformation (�1 ��173�) in CS1.
Secondly, K� interacts with an additional OH group in the
CS4 mode. Although these changes might be considered
minor, it is interesting to note that the Edef of CS4 is more than
twice that estimated for CS1. We attribute this large Edef to
intraligand repulsion. In the CS4 mode, simultaneous binding
of the three negative sites to K� requires that the three oxygen
atoms be very close to each other. The distance between O1�
and O2 is only 3.04 ä in CS4 mode, which is 1.41 ä shorter
than that in CS1. Since the K� ¥ ¥ ¥ OH interaction is weaker, the
CS4 mode of binding is less stable than CS1 by 46 kJ mol�1.


Complexes CS5 ± CS8 are charge-solvated complexes in
which the K� interacts with the O/N heteroatom sites of one
amino acid residue only. Hence, it is of interest to compare
these species with the corresponding modes of binding in K�-
Gly[16] so that the effect of the additional glycyl residue can be


Figure 2. The geometries of eight CS binding modes of K�-GG, optimized at the B3-LYP/6-31G(d) level. The intramolecular hydrogen bond and the
interaction between K� and the binding site of the ligand are indicated by dotted lines. The molecular dipole moment vector of the deformed GG ligand is
indicated by an arrow (not to scale).


Figure 3. The geometries of three ZW binding modes of K�-GG, optimized at the B3-LYP/6-31G(d) level. The intramolecular hydrogen bonds and the
interaction between K� and the binding site of the ligand are indicated by dotted lines. The molecular dipole moment vector of the deformed GG ligand is
indicated by an arrow (not to scale).
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elucidated. Firstly, the �H0 of K�-GG is at least 13 kJ mol�1


higher than the corresponding modes of binding in K�-Gly,
and the largest difference (43 kJ mol�1) found in CS7.[16]


Secondly, the order of relative affinity for these modes for
binding (CS5 � CS6 � CS7 � CS8) of K�-GG is identical to
that of K�-Gly.[16] This implies that for the same mode of
binding, the role of the additional spectator glycyl group in
GG is simply to enhance the affinity of K�, presumably due to
the increase of permanent dipole moment and polarizability
in the presence of the glycyl group. In other words, when the
peptide backbone is extended from GG to GGG and longer,
and K� only binds to one glycine residue, the relative
stabilities of the binding modes should have the following
order: O�C�OH�O�C�NH2�O�C�NH2.


It is also interesting to compare the stability of CS1 to that
of CS5 and CS6. When K� binds to small ligands,[34] the raw
interaction energy Estabilization for formamide is especially large:
formamide (115)� formic acid (83)� ammonia (74)�water
(68 kJ mol�1). This is in line with the much larger theoretical
dipole moment of deformed formamide (�4 D) in the
complexed state compared with the other three ligands
(�2 D). The binding of K� to these small organic ligands
can be viewed as model interactions between K� and the
individual O/N heteroatom binding site in peptides: K�


binding to the amide C�O oxygen atoms (formamide),
carboxyl C�O oxygen atoms (formic acid), N-terminal NH2


(ammonia) and the C-terminal OH groups (water).[34] Here,
we found that the Estabilization term (Table 1) for these bidentate
modes of binding is in the order of: CS1 (amide C�O �
carboxyl C�O)�CS6 (amide C�O � N-terminal NH2)�CS3
(amide C�O � carboxyl OH), in line with the greater
Estabilization derived from binding of K� to the amide C�O
oxygen atom. The only exception is CS5 (carboxyl C�O and
OH), which shows comparable Estabilization to CS3, presumably
because CS5 is stabilized by a particularly strong intra-
molecular hydrogen bond (�1.5 ä, Figure 2). Furthermore,
the K� ¥ ¥ ¥ O�C interaction is enhanced by better alignment of
K� with the bond axis of the binding sites (and presumably the
™local∫ dipole moment vector of the C�O binding sites) in
CS1 (with angles of deviation �1 � 33 and �2 � 47� for the
amide and carboxyl C�O bonds, respectively) than that in K�-
Gly, in which K� binds to the carboxyl C�O and OH oxygen
atoms (with angles of deviation �2 � 77 and �3 � 91�, respec-
tively).[16] Thus, the stability of CS1 is also related to the
strength of the local ion ± dipole interaction between K� and
the carbonyl oxygens, especially binding of K� to the amide
carbonyl oxygen atom of the peptide bond, which is energeti-
cally favored. In fact, the highest Estabilization values (Table 1)
are found for the four CS forms (CS1, CS2, CS4 and CS6)
which involve binding of K� to the amide carbonyl oxygen
atom of the dipeptide (Figure 2). Our findings are in line with
previous postulates that M� ¥ ¥ ¥ O�C ion ± dipole interactions
(M�Na or K) are important sources of attractive interaction
that contribute to the stability of M�-formamide/acetamide
and Na�-GG complexes.[40±42]


Zwitterionic (ZW) modes of binding : We have identified
three zwitterionic (ZW) forms of the K�-GG complex in
which the K� interacts in a bidentate fashion with the two


carboxylate oxygen atoms COO�, but differ in the site of
attachment of the carboxyl proton (Figure 3): i) at the amide
carbonyl oxygen atom (O1�) of the peptide bond, ii) at the
N-terminal amino nitrogen (N1), or iii) at the amide nitrogen
(N2) of the peptide linkage.


The binding affinities of the ZW complexes in K�-GG
system are at least 48 kJ mol�1 lower than the CS1 mode. It is
interesting to compare this difference with our previous study
of the K�-Gly system.[16] In the case of K�-Gly, the lowest
energy ZW mode is only 13 kJ mol�1 less stable compared to
the most stable CS complex.[16] As the site of K� binding is
identical (at the carboxylate COO�) in both K�-Gly and K�-
GG, the relative instability of ZW modes of binding in K�-GG
arises from the more unfavorable (greater) charge separation
(additional coulombic energy required to maintain the
separation of the positive proton charge and the negative
carboxylate charge) in the zwitterionic dipeptide backbone. A
similar conclusion has been drawn in the corresponding Na�


system.[22]


Previously studies[24±25, 43±45] suggested that, when an exter-
nal proton is attached to GG and tripeptide GGG, the relative
stability and basicity of different sites is in the order of:
amino nitrogen N1 � amide carbonyl O1��peptide amide N2.


In the case of ZW K�-GG complexes, the preference for
intramolecular proton transfer from the carboxyl acid group
to the three basic sites is in the order (Table 1): amide
carbonyl O1�� amino nitrogen N1 � peptide amide N2. Thus,
it can be concluded that on complexation with K� the amide
nitrogen (N2) remains the least favorable site of protonation.
This could be attributed to the loss of resonance stabilization
of the peptide bond after protonation at the amide nitrogen
atom[43] which destabilizes the ZW(N2) structure. Hence, the
ZW(N2) complex is approximately 44 kJ mol�1 less stable than
ZW(N1), which has the protonation site at the N-terminal
amino nitrogen N1.


For the GG ligand, it has been estimated that in terms of
proton affinity at 0 K (�H0), protonation at the N-terminal
amino site N1 is only favored by 3.7 kJ mol�1 over that at the
amide carbonyl oxygen site O1� (Table IVof Ref. [25]). Recent
high-level DFT calculations on the GGG ligand also indicate
that the proton affinity (�H0) of the N-terminal amide
carbonyl oxygen atom is only marginally smaller (by
0.9 kJ mol�1) than that of the amino site (Supplementary
Information of ref. [45]). In both cases, protonation at the
N-terminal amide C�O group is stabilized by internal hydro-
gen bonding between the additional proton and the amino
nitrogen NH2 atom; this leads to very similar proton affinities
for these two proton-binding sites at the N-terminal glycyl
residue. However, in the case of the zwitterionic K�-GG
complexes, protonation at the N-terminal amide carbonyl
oxygen site O1� is preferred by 13.4 kJ mol�1 (in terms of �H0 ,
Table 1) over protonation at the N-terminal amino site N1. We
attribute the greater stability of the ZW(O1�) binding mode of
K�-GG to three factors: i) the enhanced resonance stabiliza-
tion (partial double bond character) in the peptide linkage
O1�-C1�-N2-H, ii) the formation of a stable hydrogen-bonding
interaction O1�H� ¥ ¥ ¥ N1 (1.77 ä), analogous to the ™internal
proton solvation∫ found at the N-terminal glycyl residue of
protonated GGG; and iii) the better alignment of the
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molecular dipole moment with K� in the ZW(O1�) mode of
binding (� of 15� in ZW(O1�) versus 35� in ZW(N1)).


The ZW complex with protonation site at the N-terminal
N1, ZW(N1), deserves further attention. Its deformation
energy is �40 % smaller than that of the ZW(O1�) and
ZW(N2), and quite comparable to that found in some CS
modes of binding (e.g. CS4). The relatively small Edef in
ZW(N1) probably arises from an extraordinarily strong
hydrogen bond between the hydrogen of the positively
charged amino group and the oxygen of the negatively
charged carboxylate group (N1H� ¥ ¥ ¥ �OOC 1.49 ä). Such
strong hydrogen bond could even compensate the two
destabilizing factors arising from N1 protonation: the prefer-
ence for a more stable ™cis∫ conformation in the peptide
bond,[46] and the charge separation in a ZW structure. This
interaction is so stabilizing that upon metal complexation, the
dipeptide is driven into a compact ™cyclic∫ configuration in
ZW(N1) as opposed to an ™extended∫ conformation found in
the other zwitterionic K�-GG complexes (Figure 2).


Nature of cation on metal cation-glycylglycine (M�-GG)
interactions : Two high-level theoretical studies on Na�-GG
were independently reported by Bowers et al.[22] and Cerda
et al.[21] independently. Bowers et al.[22] reported the relative
energies of three Na�-GG isomers, which are also included in
a more comprehensive study on Na�-GG interaction by Cerda
et al. , with qualitatively the same results.[21] Thus, our
comparison is only against the results of Cerda et al. More
recently, the interaction between GG and Cu�/Ag� was also
reported.[23] As Cu� is a substantially smaller cation than K�,
and the similarities and differences between Cu�-GG and
Ag�-GG interactions have been extensively discussed,[23] we


focus only on the interaction of GG with K�, as opposed to
Na� and Ag� here.


By geometry search we have located some fairly stable
modes of binding (e.g. CS3, CS4, CS5, CS7, CS8, ZW(O1�) and
ZW(N2)) previously not reported in the Na�-, Cu�-, and Ag�-
GG systems.[21, 23] Certain modes of binding previously
reported (e.g. species V in ref. [21]) are less stable conformers
on the K�-GG potential energy surface that share the same
mode of cation binding in Figures 2 and 3 here, and the
structure and energetics of these low-lying confomers are
summarized in the Supporting Information (Figure S-1). We
note in passing that the relative stabilities of GG conformers
sharing the same mode of binding are in fact governed by the
hydrogen-bonding patterns adopted by the GG ligand. The
results on this aspect of K�-GG binding will be reported
elsewhere.[47]


Here, we focus on how the nature of the metal cation affects
the relative affinity of various modes of binding (Figure 4).
Relative to Na�-GG[21] the relative affinity scale of K�-GG is
compressed. Most of the analogues of Na�-GG isomers are
much less stable relative to the CS1 mode of binding (species
II in ref. [21]), except for CS2 (species I in ref. [21]) which is of
comparable stability (0.4 kJ mol�1) to that of CS1.


On the other hand, the K�-GG relative affinity scale is
expanded compared to that of the Ag�-GG system (Figure 4).
Moreover, the most stable mode of binding also differs. In the
most stable charge-solvated Ag�-GG conformer (species 3 in
ref. [23], corresponding to our CS6), Ag� interacts with O1�
and N1, while K� prefers to bind to O1� and O2� of the GG
ligand (CS1 mode of binding). One can rationalize this
difference in terms of the hard-soft-acid-base (HSAB)
principle.[48] The silver cation is a softer acid (hence more


Figure 4. The relative energies (at 0 K) of different modes of binding of glycylglycine for various cations: K� (this work at the EP(K�) level, � with
connecting lines for ease of visualization), Na� (ref. [21] at the HF/6-31G(d) level, indicated by �) and Ag� (ref. [23] at the B3LYP/DZVP, indicated by �).
The effect of zero-point energies are not included in the comparison as it was not reported in ref. [21]. Species 7 in ref. [23] for the Ag�-GG could not be
located on the K�-GG potential energy surface here.
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polarizable) than Na�/K�. Therefore Ag� is a better electron
acceptor and prefers to bind to the softer nitrogen binding
sites than the harder oxygen donor sites of a ligand. The
preferred binding of Ag� to
nitrogen sites is also exempli-
fied in the CS2 mode of bind-
ing. As the CS2 binding mode is
already of comparable stability
to the CS1 binding mode in the
case of Na�, the preference of
Ag� for the softer nitrogen site
further stabilizes the CS2 mode
of binding. A further example
can be found in species 6 in
ref. [23] in which the Ag� binds
to carboxyl C�O and N-termi-
nal NH2. Relative to the corre-
sponding CS1 mode, this mode
of binding is relatively stable in
Ag�-GG (�15 kJ mol�1), but
very unstable (the CS9 binding
mode, �100 kJ mol�1, see Sup-
porting Information Figure S-1) in K�-GG.[49]


We have failed to locate the corresponding zwitterionic
species 7 from ref. [23] on the K�-GG potential energy
surface. Starting from sensible trial K�-GG structures, these
complexes invariably optimized to CS5 with K� bound to
carboxyl oxygen atoms (Figure 2) at both HF/6-31G(d) and
B3-LYP/6-31G(d) levels. Species 7 (ref. [23]) and the CS5
complex presented here are isomers that differ in the site of
protonation: CS5 is charge-solvated in nature, while species 7
is a zwitterion in which the carboxyl proton has been
transferred from the C-terminal to the N-terminal amide
oxygen atom O1�. We carried out additional geometry
optimization with larger 6-31�G(d), 6-31G(d,p) and
6-31�G(d,p) basis sets with the B3-LYP function. As these
more flexible basis sets also failed to yield stable complex
similar to that of species 7[23] found in the Ag�-GG system, it
appears that such mode of binding is in fact unstable on the
K�-GG potential energy surface.


Examination of species 7[23] reveals that the proton bridges
between the carboxylate oxygen atom and amide oxygen
atom O1� are short (at 1.40 and 1.07 ä, respectively),[23] and
hence the proton would be expected to be quite mobile
between these two alternative protonation sites. While cation
binding could stabilize a ZW complex (through strong
interactions between positively charged metal cations and
the negatively charged carboxylate COO� group), it also
introduces instability into the ligand because of the charge-
separation effect. It appears that as the smaller Ag� binds
more strongly and closely to the ligand, the stabilization factor
outweighs the charge-separation destabilization effect. As the
interaction between the larger K� and GG is generally
weaker, the stabilizing effect of the K� ¥ ¥ ¥ COO� interaction is
not strong enough to overcome the instability arising from the
charge separation effect.


Effect of alkyl side chain and proton affinity : The modes of
binding in K�-AA is very similar to that of K�-GG, with the


more stable CS and ZW modes of binding depicted in
Figure 5. Generally speaking, the relative affinities of analo-
gous binding modes in K�-AA is parallel to that of K�-GG.


Presumably, because of the increase in polarizability, the raw
interaction energy (Estabilization) is increased; this leads to a
general increase in K� binding affinities of approximately
5 kJ mol�1 from GG to AA, which is identical to the change
observed in going from K�-Gly to K�-Ala.[16] Hence, it seems
that the effect of increasing the alkyl chain length (polar-
izability) on relative stability of CS versus ZW in K� binding
modes is the same for both aliphatic amino acids and
dipeptides.


A greater proton affinity (PA) would favor intramolecular
proton transfer from the C-terminal carboxyl OH group to the
N-terminal NH2 group, and is expected to confer greater
stability to ZW forms of the M� ± amino acid complex.[15, 20, 35]


Here, we would like to investigate how this criterion can be
extended to metal complexes of the dipeptides GG and AA.
The proton affinities of glycine, glycylglycine, alanine and
alanylalanine are summarized in Table 3, along with the
relative stability of the CS/ZW forms in these K� ± ligand
systems.


The PA of Ala is greater than that of Gly by 10 kJ mol�1, and
this suggests that the more basic N-terminal site in Ala is more
prone to proton attachment. Accordingly, formation of the
ZW complex is more favorable for Ala than Gly. A similar
trend is observed when AA is compared against GG: the


Figure 5. The geometries of the most stable conformer of alanylalanine ligand (AA), charge-solvated complex
(CS1), zwitterionic forms (protonated at O1�, ZW(O1�), optimized at B3-LYP/6-31G(d) level of theory. The
intramolecular hydrogen bonds and the interaction between K� and the binding sites of the ligand are indicated
by dotted lines. The molecular dipole moment vector of the deformed AA ligand is indicated by an arrow (not to
scale)


Table 3. A comparison of proton affinities [kJ mol�1] of glycine (Gly),
glycylglycine (GG), alanine (Ala), alanylalanine (AA) and the relative
stabilities (Ezw-cs, in kJ mol�1) of K� bound CS/ZW forms


Species Gly GG Ala AA


PA[a] 902.5 934.7 912.5 946.8
Ezw-cs


[b] 13.2 48.0 8.0 46.6


[a] Experimental data at 298 K and 1 atm from ref. [26]. [b] The �H0 of the
most stable K� ± ligand complex in the ZW form, relative to the most stable
CS complex of the same system.
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energy difference between the most stable CS and ZW forms
is smaller for K�-AA. Hence, the proton affinity affects the
relative stabilities of CS and ZW complexes of aliphatic
amino acids and dipeptides in the same way.


However, this does not hold for K�-Gly/K�-GG or K�-Ala/
K�-AA pairs. While GG and AA have greater proton
affinities than Gly and Ala, the most stable ZW complex of
the dipeptide ligand is much less stable than the most stable
CS1 complexes (by 47 ± 48 kJ mol�1, Table 3), a difference
significantly greater than the corresponding 8 ± 13 kJ mol�1


for K�-Gly and K�-Ala complexes.[16] This is because the
most stable CS binding mode in the aliphatic amino acids[16]


differs from that of the dipeptides. Moreover, the most stable
ZW complex for aliphatic amino acids[16] also has a different
protonation site to that of the dipeptides. Thus, the PA
criterion can only be applied to systems that have the same CS
or ZW modes of metal-cation binding, and their correspond-
ing ZW forms should have the same protonation sites.


Interaction of K� with peptide backbones : Comparing our
present results on the factors governing the relative stability
of the CS and ZW modes of binding in K�-GG/K�-AA with
the intrinsic K� ± peptide backbone interactions in the gas
phase,[4, 5, 22] and biological systems,[7, 50±52] provided new in-
sights into the interactions of these and related systems.


Results from the present study illustrate the importance of
™local∫ K� ¥ ¥ ¥ O�C ion ± dipole interactions between K� and
GG/AA, so that the cation prefers to bind to two carbonyl
oxygen atoms of the dipeptide backbone in the CS mode.
Therefore, in longer peptides, the increased flexibility of the
backbone should allow the ligand to align its various O�C
groups more closely with the cation and this maximize the
number of K� ¥ ¥ ¥ O�C interactions. At the same time, the ZW
binding modes of K� become much less stable (by at least
about 47 kJ mol�1) in the aliphatic dipeptides GG and AA
than in the amino acids glycine and alanine. This is due to
i) the enhanced stability conferred by the strong K� ¥ ¥ ¥ O�C
interaction associated with the peptide bond in the most
stable CS1 structure, and ii) the instability of the ZW
structures that arise from the greater charge-separation effect
in the dipeptide backbone.


Both factors suggest that the K� is likely to be encapsulated
inside the peptide chain in a macrocyclic CS conformation
with multidentate binding to mostly amide O�C sites of the
peptide backbone. Support for this is provided by the potassium
complex of valinomycin, a dodecadepsipeptide in which the
K� binds to the six valine carbonyl oxygen atoms in a near
octahedral arrangement in the gas phase.[50] Moreover, given
the similarity between the mode of binding between Na� and
K� shown here for GG and AA, and previous works for
smaller ligands,[53] our results are consistent with previous
reports that macrocyclic CS modes of Na� binding to back-
bone carbonyl oxygen atoms in sodium oligoglycine complexes
(Na�-Glyn, n� 2 ± 6) and oligoalanines (Na�-Alan, n� 10, 15,
20, and [Alan � 3Na]3�, n�18 ±36).[4, 5, 22] In biological systems,
K� binding to backbone carbonyl oxygen atoms in a macro-
cyclic pattern are found in the X-ray protein structures of K�


channels,[7] tryptophanase[51] and pyruvate kinase,[52] and suggest


that the importance of local K� ¥ ¥ ¥ O�C ion ± dipole interac-
tion can be extrapolated from the gas phase to solution phase.


Finally, we found that the most stable ZW binding mode
ZW(O1�) for K�-GG and K�-AA is protonated at the amide
carbonyl oxygen atom O1� of the N-terminal glycyl residue
(Scheme 1), which has proton affinity very similar to that of
the amino N1 site. Despite stabilization by very strong
hydrogen bonding (as indicated by the very short bond length
of 1.77 ä) between the O1�H and N1 within the N-terminal
glycyl residue, this potassiated ZW(O1�) structure of GG and
AA remains much less stable than the most stable conformer
CS1. For longer aliphatic peptides, the ZW conformers are
expected to become even less stable due to the greater charge-
separation effect. Drawing on the similarity in binding modes
between K� and Na� again, our results on the relative
instability of ZW structures ZW(O1�) and ZW(N1) for the
dipeptides GG and AA are in line with a previous report that
a longer helical ZW Na�-Ala15 structure collapsed to a
random globular structure (presumably in the CS form) in
numerical simulations.[4] Furthermore, a helix with a salt
bridge from the deprotonated C-terminus (zwitterionic
COO� ¥ ¥ ¥ Na�) and protonation of the backbone C�O near
to the C-terminus (to minimize charge-separation effect)
appears to be a stable structure in the numerical simulation.
Hence, the larger aliphatic peptides are most likely to remain
in the CS form when sodiated or potassiated.


Conclusion


To our knowledge, this is the first high-level ab initio/density
functional study on K� interaction with dipeptides. In this
study, we have located 18 charge-solvated (CS) and nine
zwitterionic (ZW) stable isomers/conformers for the K�-GG/
AA dipeptide complexes at the B3-LYP/6-311�G(3df,2p)//
B3-LYP/6-31G(d) (abbreviated at EP(K�)) level of calcula-
tions, which can be classified into eight CS and three ZW K�


binding modes to different O/N heteroatom sites of the
peptide. Several of these binding modes are not found in
previous studies of Na�, Cu� and Ag� binding to the dipeptide
GG.


The most stable K�-GG and K�-AA complex involve a
bidentate interaction in which the K� coordinates to two
carbonyl oxygen atoms of two amino acid residues in the CS
form. We found good general alignment of K� with the dipole
moment vector of the complexed (deformed) aliphatic dipep-
tides in all of the CS modes of binding, and this suggests that
ion ± dipole interaction is the key electrostatic interaction
contributing to the stability of the K�-GG/AA complexes.
Among the different O/N heteroatom binding sites on the
peptide backbone, K� binding to the amide carbonyl oxygen is
energetically very much preferred, and this is attributed to the
very strong local ion-dipole interaction between K� and the
peptide amide C�O bond. Consequently, the more stable CS
forms are those that involve K� binding to and in close
alignment with the amide C�O.


Since the most stable ZW form (with K� binding to two
carboxylate oxygens) is 48 kJ mol�1 less stable than the most
stable CS form (with K� binding to two amide carbonyl
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oxygens), it appears that the K� ¥ ¥ ¥ C�O (amide) interaction
can confer greater stability to K�-GG/AA complex than
K� ¥ ¥ ¥ COO� (carboxylate) interaction. By definition, in ZW
K� ± peptide structures K� is bound to the two carboxylate
oxygen atoms at the C-terminus. While K� binding to
backbone amide carbonyl oxygen atoms in the ZW structures
of larger helical or globular peptide chains is still possible, the
CS form always has the advantage of being able to bind to
more amide C�O binding sites than the ZW form, and the
former thus gains additional stability. Protonation and inter-
nal proton solvation at the basic amide carbonyl oxygen atom
of the N-terminal glycyl/alanyl residue in GG and AA cannot
compensate for the destabilizing charge-separation effect
even for the lowest energy (most stable) ZW(O1�) structure
involving protonation and strong hydrogen bonding at the
more basic N-terminal glycyl/alanyl residue. Since the charge-
separation effect is expected to be amplified in ZW structures
of longer peptides (due to greater separation distances
between the postive proton charge and the negative carbox-
ylate charge), and coupling with the lesser probability of K�


binding to amide C�O of the peptide backbone for ZW
structures, it is very likely that the most stable K� stabilized
aliphatic peptide complexes have charge-solvated conforma-
tions in the gas phase.


The stability of the lowest energy ZW binding mode of GG/
AA (relative to their respective most stable CS forms)
increases slightly with the proton affinity of the dipeptide.
However, the proton affinity criterion fails when cross
comparisons are made between the dipeptides and the
aliphatic amino acids (i.e., compare GG/Gly pair or AA/Ala
pair). Hence, we would suggest caution in extending the
proton-affinity criterion to compare or predict the relative
stability of different ZW structures of amino acids or peptides
having different metal cation binding modes or sites of proton
attachment.


While the CS and ZW binding modes and the trend of
relative stabilities are similar for Na�/K� ± dipeptide com-
plexes, we found the most stable CS form of K�-GG and Ag�-
GG complex to have different O/N heteroatom binding sites,
and other stable CS conformers also show significant differ-
ences in their relative stabilities. The origin of these differ-
ences may reflect the different nature of bonding and ionic
sizes of Ag� and K�. Hence, differences in the mass spectral
fragmentation patterns between Ag� ± peptides and K�/Na� ±
peptides are expected. Mass spectra of Na�-,[9±11, 54] K�-[8±11]


and Ag�-[55] cationized peptides have been used to identify
peptides and provide sequence information. It may be of
practical interest to examine whether such differences can be
exploited to provide complementary mass spectral informa-
tion on peptide sequence, which has become an important
issue in proteomic analysis today.
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Abstract: The gas-phase acidities of
methylidynephosphine, HC�P, ethyli-
dynephosphine, CH3C�P, and ethyli-
dynearsine, CH3C�As, have been mea-
sured by means of Fourier Transform
Ion Cyclotron Resonance (FTICR)
mass spectrometry and calculated at
the CCSD(T)/6-311�G(3df,2p)//QCISD/
6-311�G(df,p) level of theory. An anal-
ysis of these results shows that, in
contrast to the well-known fact that
HC�N is a stronger acid than CH3C�N,


CH3C�P and CH3C�As are more acidic
than HC�P and HC�As, respectively.
The most important consequence of this
unexpected effect is that while HC�P
and HC�As are found to be weaker
acids than HC�N, the opposite trend is
found for the corresponding methyl


derivatives, the acidity of which increas-
es as CH3C�N�CH3C�P�CH3C�As.
Also the effects of deprotonation on the
structures and the vibrational frequen-
cies of HC�X and CH3C�X (X�N, P,
As) compounds are qualitatively similar,
but quantitatively very different for
nitrogen- as compared with phosphorus-
and arsenic-containing compounds. A
rationalization of these differences in
terms of the bonding differences is
presented.


Keywords: acidity ¥ arsenic ¥
gas-phase reactions ¥ nitrogen ¥
phosphorus


Introduction


The capacity of second- and third-row atoms to form multiple
bonds has been an intriguing problem in chemistry, and
although the characteristics of compounds with C�N triple
bonds (nitriles) have been well-known for a very long time,
this is not true for the corresponding phosphorus- and arsenic-
containing analogues. One of the reasons is that compounds
such as methylidynephosphine 1, HCP, and ethylidynephos-
phine 2, CH3CP, are of low stability,[1] so their experimental
scrutiny is difficult. These difficulties increase significantly
when one moves down the group, and for instance, although
the ethylidynearsine 4 derivative, CH3CAs, could be synthe-


sized,[2] this is not the case for the corresponding unsubstituted
compound, methylidynearsine 3, HCAs. In our groups we
have been working recently[3±6] on the characterization of the
intrinsic reactivity of low-stability compounds, which contain
second-, third-, and fourth-row atoms such as P, As, Si, Ge,
and Sn. Along this line, the aim of this paper is to provide, for
the first time, quantitative information, from both the
experimental and the theoretical viewpoints, on the gas-phase
acidity of HCP, CH3CP, HCAs, and CH3CAs. The exper-
imental determination of the acidity of simple phosphaal-
kynes and arsaalkynes in the gas-phase by FTICR is not by
any means, a trivial matter. Although these compounds are
isoelectronic species of hydrogen cyanide and acetonitrile,
two of them, HCP and CH3CAs, are very unstable compounds
in the condensed phase: they decompose into oligomeric
products at less than �110 �C for the first one and around
�140 �C for the arsenic derivative. So, the vaporization of
pure samples in the ICR spectrometer was extremely
challenging and led to substantial experimental modifications
of the synthesis protocol before success was achieved. For the
particular case of HCAs, due to these difficulties, the
information on its intrinsic acidity will be exclusively theo-
retical. For the sake of completeness, and in order to be able
to analyze the acidity trends down Group 15, we have
calculated also the acidity of HCN and CH3CN, for which
several experimental values can be found in the literature.[7±10]
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Experimental Section


Safety considerations : Phosphorus and arsenic derivatives are pyrophoric,
potentially highly toxic compounds. All reactions and handling should be
carried out in a well-ventilated fumehood.


Chemicals


Methylidynephosphine 1:[1] Compound 1 was prepared in a two-step
sequence starting from the dichloromethylphosphonic acid, diisopropyl
ester 5. The chemoselective reduction of compound 5 led to the dichloro-
methylphosphine 6. The bisdehydrohalogenation of 6 on potassium carbo-
nate at 300 �C under vacuum gas ± solid reaction (VGSR) conditions[1, 2, 11]


led to a very pure sample of methylidynephosphine 1 [Eq. (1)].


(1)


The preparation of the phosphine 6 was however modified to obtain a pure
sample free of any low-boiling-point solvent: LiAlH4 (133 mg, 3.5 mmol)
and diethyleneglycol dibutyl ether (20 mL) were introduced into a two-
necked flask (50 mL) under nitrogen. The suspension was cooled at�30 �C,
and AlCl3 (1.3 g, 10 mmol) was introduced by portions. The flask was then
fitted on a vacuum line (10�1 mbar) equipped with two traps. It was
degassed and allowed to warm to 0 �C and then cooled to �60 �C. The flask
was isolated from the vacuum line by a stopcock, and phosphonate 5
(623 mg, 2.5 mmol) diluted in diethyleneglycol dibutyl ether (10 mL) was
slowly introduced into the reducing mixture. At the end of the addition, the
stopcock was opened to allow the distillation of phosphine 6, and the cold
bath for the flask was removed. The first cold trap (�70 �C) removed
selectively the less volatile impurities from the gaseous flow, and
phosphine 6 was selectively trapped in a pure form in the second trap
cooled at �90 �C. Yield: 73%.


After vaporization of phosphine 6 from K2CO3, pure methylidynephos-
phine 1 was trapped in a trap cooled at 77 K and kept at this temperature.
This trap was then fitted on the mass spectrometer, and the cold bath was
very slowly removed to maintain the trap at the lowest temperature of
vaporization of the methylidynephosphine 1. The oligomerization of a part
of the product cannot be avoided.


Ethylidynephosphine 2 :[11] The ethylidynephosphine 2 [Eq. (2)] was pre-
pared by reduction of the ethynylphosphonic acid, diisopropyl ester 8[12]


followed by the base-induced rearrangement of the ethynylphosphine 7[13]


with potassium carbonate at 150 �C under VGSR conditions.[11] The use of
the diisopropyl ester 8 (and not the corresponding diethyl ester) was
necessary to obtain the phosphine free of alcohol. The less volatile
impurities were removed in vacuo (10�1 mbar) with a trap cooled at
�100 �C, and the phosphine 7 was selectively trapped at �120 �C.


�2�


The trap containing the ethylidynephosphine 2 was fitted on the mass
spectrometer, the temperature of the cold bath was allowed to warm to
�70 �C, and the phosphaalkyne 2 was slowly distilled under vacuum.


Ethylidynearsine 4 :[2] Compound 4 [Eq. (3)] was prepared by the two-step
sequence as previously reported.[2] However, an experimental procedure
similar to the one used for HCP was not good enough to inhibit the
complete decomposition of pure ethylidynearsine 4 before vaporization in
the mass spectrometer. Consequently the last step of the experimental
procedure was modified as follows: tetrabutylstannane (20 mL) and small
amounts of duroquinone (a radical inhibitor) were introduced into the trap,
which was then degassed. The trap was immersed in a liquid nitrogen bath
and shaken during cooling to freeze the solvent on the walls. The trap was
fitted on the vacuum line (10�1 mbar), and ethylidynearsine 4, synthesized
by rearrangement of the ethynylarsine, was condensed in the cold trap on
the frozen solvent. At the end of the reaction, the cell was disconnected


from the vacuum line and quickly allowed to warm up to the melting point
of the solvent (�100 �C). After a few seconds of shaking to mix the
arsaalkyne 4 with the solvent, the cell was immersed in a cold bath (�60 �C)
and fitted onto the mass spectrometer. Under these conditions, a slow
vaporization of pure ethylidynearsine 4 occurred in vacuo.


(3)


FTICR measurements and results : Proton-transfer equilibrium measure-
ments were conducted on an electromagnet Fourier Transform Ion
Cyclotron Resonance (FTICR) mass spectrometer built at the University
of Nice-Sophia Antipolis, using the methodology described previously.[4, 5]


Negative ions were generated by proton abstraction from the neutral
reactants by tBuO�. This anion was obtained by electron ionization at
0.1 eV (nominal) of tBuONO, introduced into the spectrometer at a partial
pressure of about 10�5 Pa. The proton-transfer reactions were monitored
for 2 ± 10 s. The equilibrium constantsKwere determined from the reaction
in Equation (4), and the relative acidities were calculated from Equa-
tion (5).


AH�Ref��K RefH�A� (4)


��Go
acid ��RTln K (5)


Absolute gas-phase acidities (Gibbs energies at 298.15 K for the reaction:
AH�A��H�) were referenced to the values of the NIST Standard
Reference Database.[14] Equilibrium constants were obtained at an ICR cell
temperature of 338 K, while tabulated �Go


acid of reference compounds
referred to the standard temperature of 298.15 K. Temperature corrections
were considered as minor as compared with other experimental uncertain-
ties, therefore �Go


acid for the compounds under scrutiny were reported at
298.15 K in Table 1 without such temperature corrections.


The reversibility of proton exchange between neutral acids and the
negative ions was checked by careful selection of each ion participating in
the equilibrium, followed by a reaction delay of 0.5 to 2 s. Only the results
concerning pairs of ion/neutral acid that react significantly in the practical
time frame of the experiments are reported here.


For proton-transfer equilibrium determination, variable pressure ratios
between the unknown acid under study and the reference compound,
differing by at least a factor of three, were used with total pressures in the
range 2� 10�5 to 8� 10�5 Pa (as read on a Bayard Alpert ion gauge).
Relative (to N2) sensitivities Sr of the Bayard Alpert gauge have been
estimated using the Bartmess and Georgiadis equation [Eq (6)].[15]


Sr� 0.36�� 0.30 (6)


Table 1. Experimental gas-phase acidities for methylidynephosphine 1,
ethylidynephosphine 2, and ethylidynearsine 4 (kJmol�1, 298.15 K).


AH RefH �Go
acid(RefH)[a] ��Go


acid
[b] �Go


acid(AH)[c]


HC�P MeCN 1528	 8.4 
 0
Me2CO 1514	 8.4 � 0
EtCHO 1501	 8.4 � 0
CF3CH2OH 1482	 8.4 � 0 1514	 8.4


CH3C�P MeCN 1528	 8.4 
 0
MeCHO 1502	 8.4 � 0.08	 0.29
MeCOCH�CH2 1492	 8.4 1.16	 0.17
CF3CH2OH 1482	 8.4 � 0 1498	 8.4


CH3C�As CF3CH2OH 1482	 8.4 � 9.10	 0.27
pyrrole 1468	 8.4 2.30	 0.39
MeSH 1467	 8.4 1.15	 0.56 1470	 8.4


[a] Reference [14]. [b] Gibbs energies for the reaction AH�Ref��A��
RefH (338 K). [c] The indicated uncertainty corresponds to the uncertainty
on the reference acidities.
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The molecular polarizability � was taken as �(ahc), calculated using the
atomic hybrid component (�) approach of Miller.[16] For phosphorus and
arsenic, we used � values estimated from experimental Sr previously
measured in our laboratory for phosphine[17] and arsine[3] by using a
spinning rotor gauge (Leybold Vakuum GmbH, Cologne, Germany).[18]


For methylidynephosphine 1, no precise equilibrium constant could be
determined, because of difficulties in handling this unstable compound. It
was found that acetone was close in acidity. Reversible exchange was
observed with butanone, but no equilibrium constant could be determined.
The acidity of methylidynephosphine 1 reported in Table 1 was confirmed
by bracketing experiments with acetonitrile, propanal, and 1,1,1-trifluoro-
ethanol. Ethylidynephosphine 2 was also bracketed by observing the
reaction with acetonitrile and 1,1,1-trifluoroethanol. An equilibrium
constant with methylvinylketone was successfully obtained, but proton
transfer with ethanal was slow, leading to a larger uncertainty. Nevertheless
the average of the two absolute acidities corresponding to these references
is reported, with the status of a semiquantitative bracketing. The relative
acidity of ethylidynearsine 4 was measured against three reference acids.
Despite the reduced precision of the equilibrium constants attributed to a
partial decomposition of the compound during experiments, the resulting
relative acidities led to rather consistent absolute acidities, which were
averaged.


Computational Methods


It has been shown that the G2 method[19] is, in general, well suited for the
calculation of gas-phase basicities and acidities.[20] However, the accuracy
of this approach was a little poorer when the systems included second- and
third-row heteroatoms.[1, 21] This can be critical in our particular case,
because, as we shall show in forthcoming sections, the acidity gap between
the unsubstituted parent compound and the methyl-substituted one is, in
some cases, rather small, and of the same order as expected from the G2
method accuracy.


One of the critical points of the method used was sometimes associated
with the reliability of the structures used, in this particular case that of the
anion produced upon deprotonation of the neutral species, mainly in the
case of the methyl derivatives. Hence, we decided to use a high-level
procedure based on the use of the QCISD method[22] together with a very
flexible 6-311�G(df,p) basis set expansion for the geometry optimizations
of both neutral and anionic systems. The corresponding harmonic vibra-
tional frequencies have been evaluated at the same level of theory. In this
way, we checked that the optimized structures found corresponded to local
minima of the potential energy surface with all frequencies being real. The
zero-point energy was used unscaled. Nevertheless, if the scale factor, 0.98,
proposed by Scott and Radom[23] for QCISD calculations using smaller
basis sets was employed, the effect on the calculated acidity was typically
1 kJmol�1 or smaller. The final energies were obtained in the framework of
the coupled-cluster theory[24, 25] CCSD(T)/6-311�G(3df,2p) through sin-
gle-point calculations using the aforementioned QCISD-optimized geo-
metries.


We have also considered it of interest to explore the performance of the
widely used B3LYP approach[26, 27] for this particular set of compounds.
Indeed, for other related systems it has been found that the B3LYP method,
when used with an extended 6-311�G(3df,2p) basis set on B3LYP/6-31�
G(d) optimized geometries, yielded proton affinities and acidities close to
the experimental values. Hence, the same approach will be used here to be
compared with the CCSD(T) calculations and with the experimental
results.


The bonding of the species under investigation will be analyzed by means of
the atoms in molecules (AIM) theory of Bader.[28] For this purpose we have
located the relevant bond critical points and we have evaluated the electron
density at them. The net atomic charges have been obtained using the NBO
partition technique.[29] All these analyses were carried out on the QCISD/6-
311�G(df,p) optimized geometries.


Results and Discussion


The optimized geometries of the systems under investigation
are shown in Figure 1. The total energies and the calculated


intrinsic acidities have been summarized in Table 2. The
calculated harmonic vibrational frequencies are given in
Table 3.


Structural aspects : An inspection of Figure 1 clearly indicates
that the deprotonation of the acids under investigation has a
similar qualitative effect on the structure of the system. In all
HCX compounds, the loss of a proton induces a lengthening
of the CX bond. Similarly, as could be anticipated, for CH3CX
compounds, the deprotonation process results in a shortening
of the C�C bond and in a lengthening of the C�X linkage
since this process leads from a CH3C�X structure toward the
�CH2�C�X
 [CH2�C�X]� mesomeric forms. However, as
reflected by the calculated charge densities at the C�C and
C�X bond critical points, these effects are quantitatively
different for N as compared with P- or As-containing
compounds (see Table 4). In fact, these results indicate that
while on going from CH3CN to [CH2�C�N]� the charge
density at the CC bond critical point increases by 10%; for the
P- and As-containing analogues this increase is 18% and
21%, respectively. Consistently, the shortening of the C�C
bond upon deprotonation of CH3CX (X�P, As) is almost


Figure 1. QCISD/6-311�G(df,p) optimized geometries. Bond lengths in
ä and bond angles in degrees.
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twice that calculated for CH3CN. At the same time, the blue
shifting of the C�C stretching frequency observed for the
reference base with respect to the corresponding acid is also
significantly larger for P- and As-containing compounds (884
and 983 cm�1, respectively) than for CH3CN (110 cm�1; see
Table 3). Table 4 also indicates that the charge density at the
CN bond critical point of CH3CN decreases by about 6%
upon deprotonation. Again this decrease is higher (10 and
12%, respectively) for the P and As derivatives. As a
consequence, the lengthening of both the CP and the CAs
bonds of CH3CP and CH3CAs is almost three times that
predicted for the CN bond of CH3CN. In all cases the C�X
stretching frequency appears red shifted; the shifting is much
larger for P- and As-containing compounds (129 and
114 cm�1) than for the corresponding N-containing analogues
(55 cm�1; see Table 3).


Hence, in summary, although upon deprotonation, the CC
bond becomes reinforced, and the C�X becomes weaker,


these effects increase in the order N
P�As. This can be
understood if one takes into account that, as a result of a less
efficient overlap between the 2p orbitals of C and the 3p and
the 4p orbitals of P and As, respectively, the C�P and the
C�As bonds are already weaker than the C�N bond in the
neutral acid. Hence, on going from the triple to the double
bond, the destabilization is only slightly larger for P and As
than for N. Hence, the main effect is the strong stabilization of
the C�C bond for P and As as compared with N, reflected in a
larger double bond character of this linkage in [CH2CP]� and
[CH2CAs]� than in [CH2CN]� . In this respect it is worth
noting that while the [CH2�C�X]� (X�P, As) are strictly
planar C2v structures, at both the QCISD and the B3LYP
levels of theory, the [CH2�C�N]� anion is not (see Figure 1);
the HCCN dihedral angle is 158� at the QCISD/6-311�
G(df,p) level and 161� at the B3LYP/6-31�G(d,p) level. This
is also consistent with the fact that the CH2 wagging, which
involves a pyramidalization of the terminal sp2 carbon, has a
much higher frequency for [CH2CP]� and [CH2CAs]� than for
[CH2CN]� (see Table 3), while the opposite trend is observed
as far as the CCX bending mode is concerned.


Gas-phase acidities : The first conspicuous fact from Table 2 is
the good agreement between the values calculated at the
CCSD(T) level and the experimental ones, when available. It
can also be observed that, although the B3LYP estimates for


Table 2. Total energies [E, hartrees], zero-point energies [ZPE, hartrees], entropies [calmol�1], and calculated acidities [�Go
acid(AH), kJmol�1].


System E[a] �Go
acid(AH)


CCSD(T) B3LYP ZPE[b] S[b] CCSD(T) B3LYP Exp.


HC�N � 93.27477 � 93.46011 0.016143 48.183 1435 1433 1427	 8.8,[c] 1438	 8.4[d]


C�N� � 92.70708 � 92.89321 0.004802 47.043
CH3C�N � 132.52496 � 132.80462 0.045585 60.353 1538 1520 1528	 8.4,[d] 1530	 8.4,[e] 1523	 11[f]


CH2C�N� � 131.91467 � 132.16518 0.030717 59.387
HC�P � 379.47924 � 380.04134 0.013682 51.428 1510 1513 1514	 8.4[g]


C�P� � 378.88363 � 379.44389 0.002729 50.382
CH3C�P � 418.72673 � 419.38235 0.042657 63.517 1498 1478 1498	 8.4[g]


CH2C�P� � 418.13207 � 418.79446 0.028311 62.567
HC�As � 2272.87233 � 2274.53321 0.013014 54.205 1499 1499 ±
C�As� � 2272.28098 � 2273.94102 0.002240 53.182
CH3C�As � 2312.11945 � 2313.87466 0.041927 66.168 1476 1459 1470	 8.4[g]


CH2C�As� � 2311.53364 � 2313.29412 0.027767 65.240


[a] Values obtained using a 6-311�G(3df,2p) basis set. [b] Values obtained at the QCISD/6-311�G(df,p) level. [c] Value taken from reference [10].
[d] Value taken from reference [8]. [e] Value taken from reference [9]. [f] Value taken from reference [7]. [g] This work.


Table 3. Harmonic vibrational frequencies [cm�1] and assignments.


HCX CH3CX
Assignm. X�N X�P X�As Assignm. X�N X�P X�As


HCN CN� HCP CP� HCAs CAs� CH3CN CH2CN� CH3CP CH2CP� CH3CAs CH2CAs�


HCX bend 726 ± 652 ± 635 ± CCX bending 358 544 283 375 275 364
CX stretch 2163 2108 1327 1198 1097 983 CC stretch 933 1043 756 1640 633 1616
CH stretch 3471 ± 3375 ± 3344 ± CH3 rocking 1069 ± 1031 ± 1021 ±


CH3 umbrella 1431 ± 1413 ± 1400 ±
CH3 deform. 1493 ± 1478 ± 1481 ±
CH2 twisting ± 413 ± 323 ± 297
CH2 wagging ± 467 ± 503 ± 562
CH2 rocking ± 1075 ± 1006 ± 985
CH2 scissors ± 1451 ± 1434 ± 1418
CX stretch 2353 2153 1616 806 1482 633
CH stretch 3094 3128 3066 3134 3060 3121


3142 3201 3142 3204 3136 3189


Table 4. Charge densities [eau�3] at the bond critical points of the CH3CX
(X�N, P, As) acids and their conjugated bases.


Bond CH3CN CH2CN� CH3CP CH2CP� CH3CAs CH2CAs�


CC 0.260 0.287 0.266 0.314 0.265 0.321
CX 0.478 0.449 0.200 0.179 0.195 0.170
CH 0.277 0.271 0.271 0.271 0.275 0.266
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the acidity of the unsubstituted parent compounds are in very
good agreement with both the CCSD(T) and the experimen-
tal values, the B3LYP approach significantly overestimates
the acidity of the methyl-substituted derivatives.


For the particular case of HCN, two different experimental
gas-phase acidities can be found in the literature.[8, 10]


Although our theoretical estimate lies within the experimen-
tal uncertainty of both values, the agreement is much better
with the value reported by Bartmess et al.[8] Three different
experimental values of the gas-phase acidity of the methyl
derivative, CH3CN, have been published.[7±9] All values are
slightly smaller than the calculated one. However, most
importantly, both theory and experiment indicate that the
intrinsic acidity of HCN is significantly higher than that of the
CH3CN derivative. This result is particularly relevant, be-
cause, as we will discuss later for the phosphorus- and arsenic-
containing analogues, the opposite effect is found. In fact, the
values in both Tables 1 and 2, indicate that CH3CP is slightly
more acidic than HCP. Something similar is predicted, on
theoretical grounds for the As derivatives.


As expected, HCP and HCAs are predicted to be weaker
acids in the gas phase than HCN, just reflecting the fact that
the heterolytic dissociation energy of the C�H bond is smaller
for HCN than for HCP or HCAs, due to the much higher
electronegativity of the nitrogen atom. There is not however a
regular trend, because HCAs is predicted to be a slightly
stronger acid than HCP (see Table 2); this is likely to reflect
the ability of the more voluminous As atom to accommodate
a negative charge. Quite surprisingly, the behavior is just the
opposite as far as the methyl derivatives are concerned.
Indeed, on the one hand, both CH3CP and CH3CAs are found
to be stronger acids than CH3CN, and on the other hand, there
is a regular trend in the relative acidities of these systems
which increases following the sequence CH3CN�CH3CP�


CH3CAs.
In order to gain some understanding about the origin of the


acidity changes observed on going from HC�X to CH3C�X
compounds as a function of the nature of the heteroatom, we
have used the following isodesmic reactions [Eqs. (7) and (8)].


HCX�CH3�C�CH�CH3CX�HC�CH (X�N, P, As) (7)


CX��CH3�C�CH�CH2CX��HC�CH (X�N, P, As) (8)


These measure the effect of replacing a hydrogen atom by a
methyl group on the stability of the acid and on the stability of
the corresponding conjugate base, respectively. The results
obtained are shown in Figure 2. It can be observed that P- and
As-containing systems exhibit significant differences with
respect to the nitrogen-containing analogues. In the first
place, while the acid stability increases slightly on going from
HC�X to CH3C�X for X�N, it decreases also slightly when
X�P or As. However, the most significant differences affect
the relative stability of the conjugated bases. Indeed, the P
and As-containing anions are slightly stabilized on going from
CX� to �CH2CX, while the nitrogen analogue is strongly
destabilized. The main consequence is that CH3CP is pre-
dicted to be a much stronger acid than CH3CN. Also
importantly, the stabilizing effect is also higher for As than


Figure 2. CCSD(T)/6-311�G(3df,2p)//QCISD/6-311�G(df,p) relative
enthalpies involved in the deprotonation process of HC�X (X�N, P, As)
and their methyl derivatives. All values in kJmol�1.


for P compounds, and accordingly the acidity of CH3CAs is
larger than that of CH3CP. Identical conclusions are obtained
when using the CH3CH3 and CH4 saturated compounds as
reference systems in isodesmic reactions (7) and (8).


These trends are consistent with the structural changes
induced by the deprotonation process which have been
discussed above. From the energetic point of view, there are
two opposite effects, the reinforcement of the C�C bond,
which leads to a stabilization of the system and the weakening
of the C�X linkage, which tends to destabilize the anion. For
CH3CN, the latter effect dominates, since we are changing
from a very strong CN triple bond to a CN double bond.
Conversely, for CH3CP and CH3CAs, the reinforcement of the
C�C bond dominates, in agreement with the arguments given
in the preceding section.


Conclusion


The results of our combined experimental and theoretical
study show that HCP and HCAs are weaker acids in the gas
phase than HCN, as a direct consequence of the much higher
electronegativity of N as compared with that of P or As.
Interestingly, although the gas-phase acidity of HCAs could
not be measured due to the difficulties inherent in the
synthesis of this compound, our high-level ab initio calcula-
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tions predict this compound to be slightly more acidic than the
phosphorus-containing analogue.


Quite unexpectedly, we have found, both on experimental
and theoretical grounds, that the acidity trends are reversed
when one considers the CH3CX methyl-substituted deriva-
tives; CH3CN is the weakest acid of the three. A theoretical
analysis of these results in terms of the enthalpies associated
with appropriate isodesmic reactions indicates that the most
significant difference between the N derivative and the P and
As ones is associated with the relative stability of the
conjugated base. While for P- and As-containing acids a
small stabilization of the anion produced upon deprotonation
is observed on going from HC�X to CH3C�X compounds, for
the N-containing analogue a significant destabilization of the
system is predicted. This destabilization is associated with a
sizable weakening of the C�N bond.


This picture is consistent with the effects of the deproton-
ation on the structure and on the vibrational frequencies of
HCX and CH3CX (X�N, P, As) compounds. These effects
are qualitatively similar for all the systems investigated, but
quantitatively very different for nitrogen- than for phospho-
rus- and arsenic-containing compounds.
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Synthesis and Characterization of a New Family of Square-Planar
Nickel(��) Carbonyl Derivatives


Juan Fornie¬s,*[a] Antonio MartÌn,[a] L. Francisco MartÌn,[a] Babil Menjo¬n,[a]
Heather A. Kalamarides,[b] Larry F. Rhodes,[b, c] Cynthia S. Day,[d] and Victor W. Day[d]


Abstract: The reaction of [NBu4]2-
[Ni(C6F5)4] (1) with solutions of dry
HCl(g) in Et2O results in the protonol-
ysis of two Ni�C6F5 bonds giving
[NBu4]2[{Ni(C6F5)2}2(�-Cl)2] (2a) to-
gether with the stoichiometrically re-
quired amount of C6F5H. Compound 2a
reacts with AgClO4 in THF to give cis-
[Ni(C6F5)2(thf)2] (3). Reacting 3 with
phosphonium halides, [PPh3Me]X, gives
dinuclear compounds [PPh3Me]2[{Ni-
(C6F5)2}2(�-X)2] (X�Br (2b) or I (2c)).
Solutions of compounds 2 in CH2Cl2 at
0 �C do not react with excess CNtBu, but
do react with CO (1 atm) to split the
bridges and form a series of terminal NiII


carbonyl derivatives with general
formula Qcis-[Ni(C6F5)2X(CO)] (4).
The �(CO) stretching frequencies of
4 in CH2Cl2 solution decrease in the
order Cl (2090 cm�1)�Br (2084 cm�1)
� I (2073 cm�1). Compounds 4 revert to
the parent dinuclear species 2 on in-
creasing the temperature or under re-
duced CO pressure. [NBu4]cis-[Ni-
(C6F5)2Cl(CO)] (4a) reacts with AgC6F5


to give [NBu4][Ni(C6F5)3(CO)] (5,


�CO(CH2Cl2)� 2070 cm�1). Compound
5 is also quantitatively formed (19F
NMR spectroscopy) by 1:1 reaction of
1 with HCl(Et2O) in CO atmosphere.
Complex 3 reacts with CO at �78 �C to
give cis-[Ni(C6F5)2(CO)2] (6, �CO(CH2-
Cl2)� 2156, 2130 cm�1), which easily
decomposes by reductive elimination
of C6F5�C6F5. Compounds 3 and 6 both
react with CNtBu to give trans-
[Ni(C6F5)2(CNtBu)2] (7). The solid-state
structures of compounds 3, 4b, 6, and 7
have been established by X-ray diffrac-
tion methods. Complexes 4 ± 6 are rare
examples of square-planar NiII carbonyl
derivatives.


Keywords: carbonyl ligands ¥ nickel
¥ pentafluorophenyl ligands ¥
structure elucidation


Introduction


The study of group trends are among the most useful tools at
the chemist×s disposal when trying to rationalize the chemical
properties of the elements within the periodic table. Some-
times, however, the differences in the properties and chemical
behavior of the elements for a given group outweigh their


analogies. One clear example is found in the carbonyl
chemistry of Group 10 elements. Thus, [Ni(CO)4] is a well-
known, stable molecule prepared in 1890 by L. Mond and co-
workers under very mild conditions.[1] In contrast, the heavier
zerovalent homologues [M(CO)4] (M�Pd, Pt) are very
unstable and can only be detected using low-temperature
matrix techniques.[2] When moving to the oxidation state II,
however, the reverse behavior is observed: the reasonably
stable compounds [{PtCl2(CO)}2(�-Cl)2] and cis-[PtCl2(CO)2]
were prepared by P. Sch¸tzenberger as early as 1868,[3] while
the related species [NiCl2(CO)] and [NiCl2(CO)2] are detect-
able only at very low temperatures.[4] These are just a few of
the many differences between the light and heavier elements
of Groups 8 ± 10 that have induced, and even justified, the
empirical division traditionally adopted in iron group and
platinum group metals.[5]


Some years ago, we reported the synthesis and character-
ization of the series of square-planar dicarbonyl complexes
cis-[M(C6X5)2(CO)2] (M�Pd, Pt; X�F, Cl).[6] Perhaps the
most surprising aspect of this work was the high �(CO)
frequencies observed; these suggested the existence of
™negligible metal-to-CO � back-bonding∫. In the years
following this report, the chemistry of various metal carbonyl


[a] Prof. Dr. J. Fornie¬s, Dr. A. MartÌn, Dipl.-Chem. L. F. MartÌn,
Dr. B. Menjo¬n
Departamento de QuÌmica Inorga¬nica
Instituto de Ciencia de Materiales de Arago¬n
Facultad de Ciencias, Universidad de Zaragoza-C.S.I.C.
Pza. S. Francisco s/n, 50009 Zaragoza (Spain)
Fax: (�34)976-761187
E-mail : forniesj@posta.unizar.es


[b] Dipl.-Chem. H. A. Kalamarides, Dr. L. F. Rhodes
The BFGoodrich Company, 9921 Brecksville Road
Brecksville, Ohio 44141 (USA)


[c] Dr. L. F. Rhodes
Present address: Promerus LLC, 9921 Brecksville Road
Brecksville, Ohio 44141 (USA)


[d] Dr. C. S. Day, Prof. Dr. V. W. Day
Crystalytics Company, 1701 Pleasant Hill Road
Lincoln, NE 68523 (USA)


FULL PAPER


Chem. Eur. J. 2002, 8, No. 21 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0821-4925 $ 20.00+.50/0 4925







FULL PAPER J. Forniÿs et al.


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0821-4926 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 214926


species in which the CO mole-
cule behaves mainly as a �-
donor ligand (sometimes
termed as ™nonclassic∫ carbon-
yls) has been considerably and
admirably expanded.[7] Howev-
er, to the best of our knowl-
edge, a parallel expansion of
nickel(��) carbonyl chemistry
has not occurred. We now re-
port the synthesis and charac-
terization of new square-planar
carbonyl derivatives of nick-


el(��), which allow a comparison of the properties for all three
Group 10 metals.


Results and Discussion


Synthesis of anionic pentafluorophenyl derivatives of nick-
el(��): The arylation of [NBu4]2[NiBr4] with LiC6F5 in 1:8 molar
ratio gives [NBu4]2[Ni(C6F5)4] (1) as a yellow, air- and
moisture-stable solid in 83% yield. The preparation of 1 had
been previously communicated by some of us, but no
experimental details on the synthetic procedure were given
in that report.[8] The IR spectrum of 1 contains a single sharp
absorption at 759 cm�1 assignable to the X-sensitive vibration
mode of the C6F5 group (Table 1).[9] This is, in principle,
compatible with both tetrahedral (Td, IR active �M�C funda-
mentals: F2) and square-planar (D4h, IR active �M�C funda-
mentals: Eu) metal environments.[10] The 19F NMR spectrum
of 1 contains well-defined signals corresponding to a single
type of C6F5 groups (Table 2). Since tetrahedral NiII species
(d8) are expected to be paramagnetic,[11] compound 1 can be
reasonably assigned a square-planar geometry.


Square-planar [MR4]2� ions, in which M�Pd or Pt and R�
C6X5 (X�For Cl), are known to behave as Lewis bases[12] and
are able to react with a number of Lewis acids including the
most simple one: H�. This has been attributed to the metal
center bearing an excess of electron density, probably located
in the dz2 orbital.[12] The 1:2 reaction of a solution of 1 in
CH2Cl2 with a solution of dry HCl(g) in Et2O affords
[NBu4]2[{Ni(C6F5)2}2(�-Cl)2] (2a) in quantitative spectroscop-
ic yield (19F NMR spectroscopy), together with the stoichio-
metrically required amount of C6F5H (Scheme 1). Following


Abstract in Spanish: Por reaccio¬n de [NBu4]2[Ni(C6F5)4] (1)
con HCl(g) seco disuelto en Et2O, se obtiene [NBu4]2-
[{Ni(C6F5)2}2(�-Cl)2] (2a), junto con la cantidad requerida
de C6F5H, como resultado de la protonolisis de dos enlaces
Ni�C6F5. Por reaccio¬n de 2a con AgClO4 en THF, se obtiene
cis-[Ni(C6F5)2(thf)2] (3). El tratamiento de 3 con sales de
fosfonio, [PPh3Me]X, da lugar a los compuestos dinucleares
[PPh3Me]2[{Ni(C6F5)2}2(�-X)2] [X�Br (2b), I (2c)]. Los
compuestos 2 disueltos en CH2Cl2 a 0 �C no reaccionan con
exceso de CNtBu, pero sÌ lo hacen con CO (1 atm), dando
lugar a la ruptura de los puentes y formacio¬n de una serie de
carbonil-derivados terminales de NiII de fo¬rmula Qcis-
[Ni(C6F5)2X(CO)] (4). Las frecuencias de tensio¬n �(CO) de
los compuestos 4 disueltos en CH2Cl2 decrecen en el siguiente
orden: Cl (2090 cm�1)�Br (2084 cm�1)� I (2073 cm�1). Los
derivados 4 regeneran sus correspondientes compuestos de
partida, 2, cuando aumenta la temperatura o disminuye la
presio¬n de CO. [NBu4]cis-[Ni(C6F5)2Cl(CO)] (4a) reacciona
con AgC6F5 dando [NBu4][Ni(C6F5)3(CO)] (5, �CO(CH2Cl2)�
2070 cm�1). El compuesto 5 tambie¬n se forma cuantitativa-
mente (19F NMR) mediante reaccio¬n 1:1 de 1 con HCl(Et2O)
en atmo¬sfera de CO. El compuesto 3 reacciona a �78 �C con
CO dando cis-[Ni(C6F5)2(CO)2] (6, �CO(CH2Cl2)� 2156,
2130 cm�1), que se descompone fa¬cilmente mediante elimina-
cio¬n reductora de C6F5�C6F5. Tanto el compuesto 3 como 6
reaccionan con CNtBu dando trans-[Ni(C6F5)2(CNtBu)2] (7).
Las estructuras en estado so¬lido de los compuestos 3, 4b, 6 y 7
han sido determinadas por difraccio¬n de rayos X. Los
compuestos 4 ±6 constituyen raros ejemplos de carbonilos de
NiII de geometrÌa cuadrada plana.


Table 1. IR data [cm�1] for compounds 1 ± 7 (KBr).


Compound �(C�E)[a] �(C�F) X-sensitive[b] other


[NBu4]2[Ni(C6F5)4] (1) ± 947 759 1485, 1443, 1051, 1035, 882 (NBu4
�)


[NBu4]2[{Ni(C6F5)2}2(�-Cl)2] (2a) ± 950 790 (sh), 779 1493, 1454, 1050, 881 (NBu4
�), 323, 308 (Ni�Cl)


[PPh3Me]2[{Ni(C6F5)2}2(�-Br)2] (2b) ± 953 787, 782 1495, 1453, 1439, 1117, 1052, 897, 744, 720, 689, 509
[PPh3Me]2[{Ni(C6F5)2}2(�-I)2] (2c) ± 951 785, 780 1495, 1452, 1439, 1116, 1052, 897, 744, 719, 689, 500
cis-[Ni(C6F5)2(thf)2] (3)[c] ± 953 796 (sh), 786 1501, 1459, 1355, 1059, 1035, 877 (COC)
[NBu4]cis-[Ni(C6F5)2Cl(CO)] (4a) 2096 953 790 (sh), 780 1500, 1456, 1054, 883 (NBu4


�)
[PPh3Me]cis-[Ni(C6F5)2Br(CO)] (4b) 2081 955 786 (sh), 780 1499, 1456, 1116, 1053, 901, 748, 720, 688, 503, 491
[PPh3Me]cis-[Ni(C6F5)2I(CO)] (4c) 2069 954 784 (sh), 780 1497, 1457, 1116, 1052, 902, 747, 720, 688, 503, 492
[NBu4][Ni(C6F5)3(CO)] (5) 2065 953 782 (sh), 778 1500, 1456, 1057, 1043, 884 (NBu4


�), 528
cis-[Ni(C6F5)2(CO)2] (6) 2162, 2138 957 796 (sh), 788 1505, 1464, 1079, 1062
trans-[Ni(C6F5)2(CNtBu)2] (7) 2209 957 776 1499, 1452, 1375, 1342, 1236, 1199, 1059, 1043, 541, 473, 456


[a] E�O or N. [b] Ref. [9]. [c] See also ref. [20].


Table 2. 19F NMR data in solution (� values in ppm referred to CFCl3).


Compound o-F m-F p-F


[NBu4]2[Ni(C6F5)4] (1)[a] � 114.3 � 169.3 � 168.7
[NBu4]2[{Ni(C6F5)2}2(�-Cl)2] (2a)[a] � 116.6 � 167.5 � 165.2
[PPh3Me]2[{Ni(C6F5)2}2(�-Br)2] (2b)[a] � 116.2 � 166.7 � 164.7
[PPh3Me]2[{Ni(C6F5)2}2(�-I)2] (2c)[b] � 113.4 � 165.3 � 164.0
cis-[Ni(C6F5)2(thf)2] (3)[a] � 118.8 � 164.6 � 160.5
[NBu4]cis-[Ni(C6F5)2Cl(CO)] (4a)[a] � 118.0, �118.8 � 164.7, �165.4 � 161.5, �163.8
[PPh3Me]cis-[Ni(C6F5)2Br(CO)] (4b)[a] � 117.9, �118.2 � 164.7, �165.5 � 161.6, �164.0
[PPh3Me]cis-[Ni(C6F5)2I(CO)] (4c)[a] � 116.7, �118.6 � 164.6, �165.6 � 161.7, �164.1
[NBu4][Ni(C6F5)3(CO)] (5)[a] � 118.3[c] � 165.1, �166.2 � 162.6, �164.8
cis-[Ni(C6F5)2(CO)2] (6)[b][d] � 118.9 � 162.1 � 157.2
trans-[Ni(C6F5)2(CNtBu)2] (7)[a] � 118.1,[e] �119.1[f] � 164.2,[e] �164.8[f] � 160.4,[e] �161.8[f]


[a] In [2H]chloroform. [b] In [2H]dichloromethane. [c] Complex signal centered at the given value. [d] Registered
at �70 �C. [e] Majority species. [f] Minority species.
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the results obtained in protonation reactions on different
organoplatinum(��) complexes,[13] it is sensible to suggest that
the protonolysis of the Ni�C6F5 bonds in 1 can occur
(Scheme 2) by a) direct attack of the solvated H� on the
ipso-C atom, or b) through formation of transient NiIV�H
intermediates as the result of a Lewis acid/base neutralization
process, followed by reductive elimination of C6F5H. In either
case, the reaction should result in the formation of
[Ni(C6F5)3Cl]2� ; this species, however, could not be spectro-
scopically detected. The 1:1 reaction of 1with HCl(Et2O) only
gives (19F NMR spectroscopy) equimolar mixtures of 2a and
unreacted 1, with no evidence for the formation of
[Ni(C6F5)3Cl]2�. The fact that 1 undergoes a double proton-
olysis could be attributed to the Ni center being more basic in
[Ni(C6F5)3Cl]2� than in [Ni(C6F5)4]2�. This proposal would
apparently be in contrast with the much weaker electron-
withdrawing effect traditionally assigned to the C6F5 group
with respect to single halogen atoms (F or Cl).[14] It must be
remembered, however, that many of the properties of the
perfluorophenylmetal derivatives ™cannot be simply ascribed
to a strong electron-withdrawing effect of the C6F5 ring but
rather to the unusual � system that results from p ±�
interactions∫.[14a] It is an experimental fact that [Ni(C6F5)4]2�


and [Pd(C6F5)4]2� react with HCl(solv) to give [{M(C6F5)2}2-
(�-Cl)2]2� as the result of a double protonolysis, while in the
case of [Pt(C6F5)4]2� the reaction proceeds stepwise, thus
allowing the detection and even isolation of [Pt(C6F5)3Cl]2�


salts.[15] The different results obtained for the lighter and the
heavy Group 10 metals could well be due to the different
nature of the p� ± d� M±L interaction in each case (M�Ni,
Pd, Pt; L�Cl, C6F5).


The most relevant IR absorptions of 2a (Table 1) are in
good agreement with those reported for the salt [NEt4]2-
[{Ni(C6F5)2}2(�-Cl)2], which had been obtained by reaction of
[Ni(C6F5)2(�6-PhMe)] with NEt4Cl.[16] The 19F NMR data are
given in Table 2.


Synthesis of cis-[Ni(C6F5)2(thf)2] (3): Metal complexes that
contain vacant coordination sites are highly desirable species
for synthetic and catalytic purposes. Useful synthons for these
commonly unstable species are adducts that contain weakly
coordinated, labile ligands, as for instance some solvent
complexes (solvates).[17]


The complex that we initially sought to prepare was based
on an early report by Royo and co-workers: [Ni(C6F5)2(1,4-
dioxane)2].[18] The reaction of NiBr2 with Mg(C6F5)Br in THF,
followed by addition of 1,4-dioxane to remove the magnesium
dibromide ostensibly gave the 1,4-dioxane adduct of the
™Ni(C6F5)2∫ fragment based on elemental analysis exclusively.
In our hands, however, an orange compound was obtained
that eventually was characterized as [Ni(C6F5)2(thf)2] (3)
based on a single-crystal X-ray diffraction study and inde-
pendent synthesis.


The 1:2 reaction of 2a with AgClO4 in THF affords cis-
[Ni(C6F5)2(thf)2] (3) as an orange solid in 68% yield
(Scheme 1). This synthetic procedure had already been
successfully used to prepare the Pd and Pt homologues.[6, 19]


The 19F NMR data of 3 are given in Table 2. Its IR
spectroscopic features (Table 1) are in good agreement with
those given by Brezinski and Klabunde for trans-
[Ni(C6F5)2(thf)2].[20] This compound had been obtained with
41% yield by replacement of toluene in [Ni(C6F5)2(�6-PhMe)]
by THF.[21] The most significant IR data of the series of
compounds cis-[M(C6F5)2(thf)2] (M�Ni, Pd, and Pt) are
given in Table 3 for comparison. As it appears there, the Pd
and Pt compounds show two clearly defined IR absorptions
assignable to the X-sensitive vibration modes of the C6F5


groups as expected for a cis arrangement of the ligands (C2v,
IR active �M-C fundamentals: A1 � B1). In complex 3,
however, the absorptions associated with these vibration
modes seem to be so similar in energy that they overlap to
give the experimentally observed broad band at 786 cm�1 with
a shoulder at 796 cm�1. The deceptively simple appearance of
the X-sensitive band first suggested a trans geometry for this
compound.[20]


A single-crystal X-ray diffraction study of 3 has revealed
that the compound has in fact a cis geometry in keeping with


the heavier metal homologues.
Crystallographic data are given
in Table 4 and selected inter-
atomic distances and angles ap-
pear in Table 5. The structure of
cis-[Ni(C6F5)2(thf)2] (3) is de-
picted in Figure 1. The geome-
try around Ni is best described
as square planar. The sum of
the bond angles defined by the
atoms directly bonded to nick-
el, O(1S) and O(2S) of THF
and C(11) and C(21) of C6F5,
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equals 360.2�. The Ni�C6F5 bond lengths in 3 are identical
(186.8(6) and 186.4(6) pm for Ni�C(11) and Ni�C(21),
respectively) and belong to the lower end of Ni�C distances
found in the pentafluorophenylnickel derivatives for which
the X-ray crystal structure is known (mean Ni�C6F5 distance:
190.0 pm; min/max values: 186.6/194.0 pm).[22, 23] The two
chemically independent C6F5 groups are tilted with respect to
the Ni coordination plane (tilt angle of the C(11) ±C(16)
ring� 78.0� ; tilt angle of the C(21) ±C(26) ring� 74.4�). The
Ni�O distances (195.3(4) and 195.5(4) pm) are similar to that
found in [Ni{L3}(thf)] (Ni�O 196.6(1) pm; L3�
PhNC(�NPh)N(Ph)CN(Ph)C(�NPh)NPh-�2N,�C), which is
the only structurally characterized square-planar nickel com-
pound containing the THF ligand;[24] the Ni�O bond distance
found in this compound was considered too short by Hoberg
and his co-workers and was attributed to an enhanced
electronic demand of the ™Ni{L3}∫ carbene ± nickel fragment.
A longer Ni�O bond length (202.6(3) pm) was, in fact, found
in [{NiCl2(thf)}(�-NC){Mn(CO)(dppm)2}], a heterodinuclear
species with a highly distorted tetrahedral geometry around


Table 3. Important IR data [cm�1] for the known members of the family of
compounds [MX2L2] (M�Ni, Pd, Pt; X�Cl, C6F5; L�CO, THF).


Compound �(CO) �(C�F) X-sensitive


cis-[Ni(C6F5)2(thf)2][a,b] ± 953 796 (sh), 786
cis-[Pd(C6F5)2(thf)2][c] ± 954 802, 792
cis-[Pt(C6F5)2(thf)2][d] ± 953 818, 806
trans-[NiCl2(CO)2][e] 2148 ± ±
cis-[PtCl2(CO)2][f] 2190, 2152 ± ±
trans-[PtCl2(CO)2][g] 2150 ± ±
cis-[Ni(C6F5)2(CO)2][a] 2162, 2138 957 796 (sh), 788
cis-[Pd(C6F5)2(CO)2][c] 2186, 2163 962 798, 786
cis-[Pt(C6F5)2(CO)2][d] 2174, 2143 961 804, 792 (sh)
trans-[Pt(C6F5)2(CO)2][d] 2151 964 790


[a] This work. [b] Ref. [20]. [c] Refs. [6] and [19b]. [d] Refs. [6] and [19].
[e] Ref. [4a]. [f] Ref. [42]. [g] Ref. [43].


Table 4. Crystal data and structure refinement for cis-[Ni(C6F5)2(thf)2] (3), [PPh3Me]cis-[Ni(C6F5)2Br(CO)] (4b), cis-[Ni(C6F5)2(CO)2] (6) and trans-
[Ni(C6F5)2(CNtBu)2] (7)


3 4b 6 7


formula C20H16F10NiO2 C32H18BrF10NiOP C14F10O2Ni C22H18F10N2Ni
a [pm] 2548.9(7) 1096.6(3) 1752.4(3) 1776.2(3)
b [pm] 2548.9(7) 1151.1(3) 8449.6(14) 1076.11(18)
c [pm] 1285.8(3) 1404.3(3) 9518.4(16) 1372.3(2)
� [�] 90 113.446(4) 90 90
� [�] 90 107.542(4) 90 116.661(3)
� [�] 90 95.290(4) 90 90
V [nm3], Z 8.354(4), 16 1.5044(6), 2 1.4094(4), 4 2.3440(7), 4
	calcd [gcm�3] 1.708 1.718 2.115 1.584
T [K] 293(2) 173(1) 100(1) 100(1)
crystal system tetragonal triclinic orthorhombic monoclinic
space group I41/a P1≈ Pbcn C2/c
dimensions [mm] 0.42� 0.42� 0.79 0.40� 0.40� 0.30 0.38� 0.28� 0.20 0.36� 0.30� 0.17
� [mm�1] 1.032 2.115 1.507 0.920
absorption correction psi scans 1940 equiv reflns 3301 equiv reflns 1201 equiv reflns
2
 range [�] 3.20 ± 45.88 4.0 ± 50.0 (�h, �k, � l) 2.3 ± 50.1 (�h, �k, � l) 4.6 ± 50.0 (�h, �k, � l)
reflections collected 3020 8224 6171 6218
independent reflections 2863 (Rint� 0.026) 5178 (Rint� 0.0559) 1242 (Rint� 0.0368) 2073 (Rint� 0.0369)
final R indices [I� 2�(I)][a] R1� 0.0610, wR2� 0.103 R1� 0.0607, wR2� 0.1448 R1� 0.0298, wR2� 0.0700 R1� 0.0379, wR2� 0.0645
R indices (all data) R1� 0.121, wR2� 0.121 R1� 0.0720, wR2� 0.1496 R1� 0.0377, wR2� 0.0723 R1� 0.0572, wR2� 0.0681
goodness-of-fit on F2 [b] 1.024 1.006 0.991 0.983
Largest diff. peak/hole [enm�3] 234/� 237 867/� 667 459/� 242 623/� 419


[a] wR2� [�w(F 2
o �F 2


c �2/�wF4
o]0.5 ; R1�� � �Fo � � �Fc � � /� �Fo �. [b] Goodness-of-fit� [�w(F 2


o �F 2
c �2/Nobs�Nparam]0.5.


Table 5. Selected bond lengths [pm] and angles [�] and their estimated
standard deviations for 3.


Ni�C(11) 186.8(6) C(21)�C(22) 138.2(8)
Ni�C(21) 186.4(6) C(21)�C(26) 136.3(8)
Ni�O(1S) 195.3(4) C(22)�F(22) 135.3(7)
Ni�O(2S) 195.5(4) C(26)�F(26) 135.3(7)
C(11)�C(12) 137.2(9) O(1S)�C(1S) 140.4(8)
C(11)�C(16) 137.8(8) O(1S)�C(4S) 141.8(8)
C(12)�F(12) 134.7(7) O(2S)�C(5S) 143.2(7)
C(16)�F(16) 136.1(7) O(2S)�C(8S) 141.2(8)


C(11)-Ni-C(21) 87.6(3) Ni-C(21)-C(22) 122.0(6)
C(11)-Ni-O(1S) 93.8(2) Ni-C(21)-C(26) 125.4(5)
C(11)-Ni-O(2S) 177.1(3) C(22)-C(21)-C(26) 112.4(6)
C(21)-Ni-O(1S) 177.3(3) C(21)-C(22)-F(22) 118.2(7)
C(21)-Ni-O(2S) 93.7(2) C(21)-C(26)-F(26) 118.9(7)
O(1S)-Ni-O(2S) 85.1(2) Ni-O(1S)-C(1S) 124.1(5)
Ni-C(11)-C(12) 121.4(5) Ni-O(1S)-C(4S) 123.3(5)
Ni-C(11)-C(16) 125.1(5) Ni-O(2S)-C(5S) 124.8(4)
C(12)-C(11)-C(16) 113.5(6) Ni-O(2S)-C(8S) 123.6(5)
C(11)-C(12)-F(12) 119.8(6) C(1S)-O(1S)-C(4S) 109.0(6)
C(11)-C(16)-F(16) 118.2(6) C(8S)-O(2S)-C(5S) 108.6(5)


Figure 1. Thermal ellipsoid diagram (50% probability) of 3.
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the Ni center.[25] All the other structurally characterized
tetrahydrofuran ± nickel compounds are six-coordinate with
even longer Ni�O distances (mean value: 208.1 pm; min/max
values: 203.7/212.7 pm).[26]


Synthesis of square-planar nickel(��) carbonyl derivatives


Anionic species : The THF molecules in complex 3 can be
easily replaced by better ligands. Thus, the 1:1 reaction of 3
with phosphonium halides, [PPh3Me]X, yield (Scheme 1) the
halide-bridged dinuclear species [PPh3Me]2[{Ni(C6F5)2}2(�-
X)2] (X�Br (2b) or I (2c)). These compounds have been
identified by elemental analyses and by IR (Table 1) and 19F
NMR (Table 2) spectroscopy.


Reddish solutions of compounds 2 in CH2Cl2 at 0 �C rapidly
turn yellow under a CO atmosphere. The solutions show
single, sharp IR absorptions assignable to �(CO) with the
following values: Cl (2090 cm�1)�Br (2084 cm�1)� I
(2073 cm�1). These values compare well with the correspond-
ing known Pt homologues cis-[Pt(C6F5)2X(CO)]� , for which
the following �(CO) values were observed in CH2Cl2: Cl
(2091 cm�1)�Br (2087 cm�1).[19b] In view of the similar
spectroscopic features observed for the Pt and Ni derivatives,
it is sensible to assign the formula cis-[Ni(C6F5)2X(CO)]� for
the latter. The halide-bridge splitting effected by the CO
molecule in compounds 2 is easily reversed when the temper-
ature is allowed to rise or when the CO pressure is reduced
(Scheme 3). Considering these limitations, the isolation of the
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complexes [Q]cis-[Ni(C6F5)2X(CO)] (QX�NBu4Cl (4a),
PPh3MeBr (4b), and PPh3MeI (4c)) as yellow solids is better
achieved by precipitation from their solutions with CO-
saturated n-hexane at �30 �C. The IR spectra of complexes 4
invariably show an absorption with an unresolved shoulder
assignable to the X-sensitive vibration modes of the C6F5


groups (Table 1). This observation is compatible with both the
cis (Cs, IR active �M�R fundamentals: 2A�) and the trans (C2v,
IR active �M�R fundamentals: A1 � B1) geometries. However,
the presence of two sets of C6F5 signals in the 19F NMR spectra
(Table 2) strongly supports the cis formulation.


The solid-state structure of 4b has been established by
single-crystal X-ray diffraction analysis. Crystallographic data


are given in Table 4 and selected interatomic distances and
angles appear in Table 6. The structure of the anion cis-
[Ni(C6F5)2Br(CO)]� is depicted in Figure 2. The Ni atom is
located in a nearly square-planar environment with angles
between adjacent ligands ranging from 86.9(2)� to 91.91(15)�.


The two Ni�C6F5 distances are virtually identical (191.5(5)
and 191.8(5) pm) and compare well with those found in other
pentafluorophenyl nickel(��) derivatives structurally charac-
terized (mean Ni�C6F5 distance: 190.0 pm).[22] The presum-
ably different trans influence exerted by the Br� and CO
ligands has in this case no noticeable structural consequen-
ces.[27] The two chemically independent C6F5 groups are tilted
with respect to the Ni coordination plane (tilt angle of the
C(1) ±C(6) ring� 78.9� ; tilt angle of the C(7) ±C(12) ring�
85.7�). The Ni�Br distance (233.7(1) pm) does not signifi-
cantly deviate from the mean value found for terminal Ni�Br
bonds in square-planar nickel compounds (235.2 pm).[28] The
Ni-C(13)-O unit is practically linear (178.2(4)�) and the
Ni�C(13) distance (181.6(6) pm) is significantly longer than
that found in the square-planar NiII carbonyl compound
[N(PPh3)2][Ni(SePh)3(CO)] (Ni�C� 172.9(8) pm).[29, 30] A
handful of five-coordinate carbonyl nickel(��) derivatives have
been structurally characterized with experimental Ni�CO
distances ranging from 172.8(23) pm in (TBPY-5-22)-[NiI2-


Table 6. Selected bond lengths [pm] and angles [�] and their estimated
standard deviations for 4b.


Ni�Br 233.7(1) C(6)�F(6) 136.3(5)
Ni�C(1) 191.8(5) C(7)�C(8) 136.9(7)
Ni�C(7) 191.5(5) C(7)�C(12) 136.8(6)
Ni�C(13) 181.6(6) C(8)�F(8) 136.0(5)
C(1)�C(2) 138.5(6) C(12)�F(12) 136.2(5)
C(1)�C(6) 136.3(7) C(13)�O 108.0(6)
C(2)�F(2) 134.8(6)


Br-Ni-C(1) 91.30(13) Ni-C(1)-C(6) 122.0(4)
Br-Ni-C(7) 178.19(13) C(6)-C(1)-C(2) 114.9(4)
Br-Ni-C(13) 91.91(15) Ni-C(7)-C(8) 122.5(4)
C(1)-Ni-C(7) 86.90(19) Ni-C(7)-C(12) 122.5(4)
C(1)-Ni-C(13) 176.0(2) C(12)-C(7)-C(8) 114.9(4)
C(7)-Ni-C(13) 89.9(2) Ni-C(13)�O 178.2(4)
Ni-C(1)-C(2) 122.9(4)


Figure 2. Thermal ellipsoid diagram (50% probability) of the anion of 4b.
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(CO)(PMe3)2][31] to 181.7(16) pm in (TBPY-5-23)-[NiI2-
(CO)(fdma)] (fdma� ferrocene-1,1�-bis(dimethylarsine)).[32]


As far as we know, this considerable difference could not be
rationalized in terms of simple parameters such as the
coordination site occupied by the CO ligand (axial or
equatorial) and the global charge of the complex (going from
2� to 2� ). No correlation between the Ni�CO distance and
the �(CO) frequency seem to be apparent either (see below).


The ease with which complexes 4 release CO, spontane-
ously reverting to their respective parent compounds 2 is due
to the presence of terminal halo ligands. These X� ligands
(X�Cl, Br, I), which are able to act as efficient nucleophiles,
effect the intermolecular CO substitution. This decomposition
pathway can be hindered by replacing the X� ligand in 4 by
another anionic ligand with poor nucleophilic character, such
as C6F5. The reaction of in situ generated solutions of 2a with
AgC6F5 proceeds with replacement of the chloro ligand by the
C6F5 group giving rise to [NBu4][Ni(C6F5)3(CO)] (5), which
can be isolated as a yellow solid in 51% yield (Scheme 3). The
�(CO) vibration appears both in solution (�CO(CH2Cl2)�
2070 cm�1) and in the solid state (�CO(KBr)� 2065 cm�1;
Table 1) at slightly lower frequencies than observed for any of
the halide analogues 4. The 19F NMR spectrum of 5 (Table 2)
shows two sets of C6F5 signals in 1:2 integrated ratio with the
o-F signals of both sets being isochronous.


Complex 5 also forms by 1:1 reaction of 1 with HCl(Et2O)
under a CO atmosphere (Scheme 3). This method is of little
synthetic use because 5 cannot be satisfactorily freed from the
NBu4Cl thereby formed. However, it is interesting to compare
this result with that obtained when 1 is treated with
HCl(Et2O) in the absence of CO. In this case, we have
attributed the failure to detect the intermediate species
[Ni(C6F5)3Cl]2� to the enhanced basicity of the Ni center in
comparison with the parent species [Ni(C6F5)4]2� (see above).
Since the CO molecule is a good �-acceptor, poor �-donor
neutral ligand, the Lewis basicity of the Ni center in
[Ni(C6F5)3(CO)]� would be expected to be significantly lower
than in [Ni(C6F5)3Cl]2� or in [Ni(C6F5)4]2�. The fact that the
reaction of 1 with HCl(Et2O) under CO atmosphere stops at
the first stage, that is, [Ni(C6F5)3(CO)]� , lends further support
to the protonolysis proceeding through the intermediacy of
NiIV�H species. Another interesting feature of this reaction is
that, after the elimination of C6F5H, the ™Ni(C6F5)3∫ fragment
binds preferentially CO with formation of [Ni(C6F5)3(CO)]�


even in the presence of Cl� ions.


Synthesis of cis-[Ni(C6F5)2(CO)2] (6): The solvent complexes
cis-[M(C6F5)2(thf)2] (M�Pd, Pt) are known to react with CO
yielding the dicarbonyl derivatives cis-[M(C6F5)2(CO)2] as the
result of a simple ligand replacement process.[6, 19] We have
now observed that solutions of 3 in CH2Cl2 react with CO at
�78 �C in a similar way (Scheme 4) giving rise to cis-
[Ni(C6F5)2(CO)2] (6, �CO(CH2Cl2)� 2156, 2130 cm�1). Even
at that temperature the reaction takes place quite rapidly as
evidenced by the color of the solution changing from orange
to yellow. Compound 6 can be isolated from these solutions as
a yellow solid if all the required operations are carried out at
�78 �C. Otherwise it readily decomposes in the solid state and
especially in solution, suffering reductive elimination of
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C6F5�C6F5 and concomitant formation of [Ni(CO)4]
(Scheme 4). This decomposition path is in agreement with
previous reports on the reactivity of [Ni(C6F5)2(�6-PhMe)]
with CO at room temperature[21] or at 0 �C.[33] The IR data of 6
are given in Table 1 and compared with those of the heavier
metal homologues cis-[M(C6F5)2(CO)2] (M�Pd, Pt) in Ta-
ble 3. All these compounds show two �(CO) IR absorptions of
nearly equal intensity, assignable to the symmetric and
asymmetric stretching vibrations expected for a cis geometry
(C2v, IR active �CO fundamentals: A1 � B1). In all three cases,
the absorption assignable to the symmetric �(CO)2 vibration
appears at higher frequencies than for free CO (�(CO)�
2143 cm�1).[34] This is consistent with the CO molecule acting
as mainly a �-donor ligand. The �(CO) frequencies in cis-
[M(C6F5)2(CO)2] decrease in the order Pd�Pt�Ni, while the
sequence of stability is as follows Pt�Pd�Ni. The nickel
dicarbonyl compound occupies an unfavorable position
probably because of the high stability of [Ni(CO)4], which
could act as a driving force for the reductive elimination
reaction.


The solid-state structure of 6 has been established by low-
temperature single-crystal X-ray diffraction analysis. Crystal-
lographic data are given in Table 4 and selected interatomic
distances and angles appear in Table 7. The structure of the
neutral species cis-[Ni(C6F5)2(CO)2] (6) is depicted in Fig-
ure 3. The molecule has a crystallographically imposed C2 axis
bisecting the Ni(C6F5)2 and Ni(CO)2 angles. The only crys-
tallographically independent Ni�C6F5 distance (Ni�C(1)�
191.9(2) pm) is similar to those found in 4b in spite of their


Table 7. Selected bond lengths [pm] and angles [�] and their estimated
standard deviations for 6.


Ni�C(1) 191.9(2) C(5)�C(6) 137.6(3)
Ni�C(7) 184.0(3) F(2)�C(2) 136.4(3)
C(1)�C(2) 137.0(3) F(3)�C(3) 134.6(3)
C(1)�C(6) 137.6(3) F(4)�C(4) 133.6(3)
C(2)�C(3) 137.0(3) F(5)�C(5) 134.1(3)
C(3)�C(4) 137.2(3) F(6)�C(6) 135.5(3)
C(4)�C(5) 137.4(4) C(7)�O 110.8(3)


C(1)-Ni-C(1�) 85.84(14) C(1)-C(2)-C(3) 123.4(2)
C(1)-Ni-C(7) 174.78(11) C(1)-C(6)-C(5) 123.1(2)
C(1)-Ni-C(7�) 89.04(10) C(1)-C(2)-F(2) 119.7(2)
C(7)-Ni-C(7�) 96.10(16) C(2)-C(3)-C(4) 119.3(2)
Ni-C(7)-O 179.6(2) C(3)-C(4)-C(5) 119.5(2)
Ni-C(1)-C(2) 124.20(19) C(4)-C(5)-C(6) 119.1(2)
Ni-C(1)-C(6) 120.25(18) C(1)-C(6)-F(6) 119.4(2)
C(2)-C(1)-C(6) 115.5(2)
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different global charge (see above). The C6F5 group is tilted
66.4� with respect to the Ni coordination plane. It is
interesting to note that the C-Ni-C angle involving the cis
CO ligands (96.10(16)�) is about 10� wider than that involving
the much more space-demanding C6F5 groups (85.84(14)�).
The Ni-C(7)-O unit is virtually linear (179.6(2)�). The Ni�CO
distance (Ni�C(7)� 184.0(3) pm) is slightly but not signifi-
cantly longer than that found in 4b. Similar Ni�CO distances
had been reported for the neutral five-coordinate compound
(TBPY-5-11)-[Ni(SiCl3)2(CO)3] (average Ni�C�180(1) pm).[35]


Much interest has been focused on the study of NiII


carbonyl complexes during the last decade, mainly because
of its relevance to the nickel site in [FeNi] CO dehydroge-
nases.[36] As a result, a fair number of NiII carbonyl complexes
have been prepared. Most of these complexes are five-
coordinate, an observation that has been theoretically justi-
fied in terms of a more efficient � back-donation from the NiII


center to the CO ligand.[37] In fact, five-coordinate nickel
monocarbonyl derivatives containing the CO ligand in either
axial or equatorial positions, show low-frequency �(CO)
values as for instance in (TBPY-5-23)-[NiI2(CO)(fdma)]
(fdma� ferrocene-1,1�-bis(dimethylarsine); �(CO)�
2054 cm�1),[38] (TBPY-5-22)-[NiI2(CO)(PMe3)2] (�(CO)�
2015 cm�1)[31] and (TBPY-5-13)-[Ni(PP3E)(CO)]2� (PP3E�
tris{2-(diethylphosphino)ethyl}phosphine; �(CO)�
2050 cm�1).[39] Even in the tricarbonyl derivative (TBPY-5-
11)-[Ni(SiCl3)2(CO)3], the �(CO) absorption appears at
2079 cm�1.[33] In a square-planar geometry, the �-nonbonding
Ni(d�) orbitals have been calculated to be low in energy and
thus to be inefficient �-donor orbitals.[37] This statement,
however, should be taken with great care, since in the anionic
compounds 4 and 5 as well as in the few square-planar
precedents reported, the �(CO) values observed suggest a
significant degree of � back-donation, see: trans-
[Ni(C6Cl5)(PR3)2(CO)]� (PR3�PPhMe2, PPh2Me; �(CO)�
2100 cm�1)[40] and [Ni(SePh)3�x(SPh)x(CO)]� (x� 0, 1, 2;
�(CO)	 2030 cm�1).[29, 30] No structural proposal has been
put forward for the dicarbonyl derivative [Ni(F2SiC-
(tBu)�CHSiF2-�2Si)(CO)2] (�(CO)� 2090 and 2040 cm�1).[41]


To the best of our knowledge, the �(CO) values observed for
cis-[Ni(C6F5)2(CO)2] are the highest reported for any isolated
nickel carbonyl derivative. The �(CO) frequencies found in
the simple dicarbonyl species trans-[NiCl2(CO)2],[4a] cis-


[PtCl2(CO)2],[42] and trans-[PtCl2(CO)2][43] are also given in
Table 3 for comparison. The low-pressure (0.3 ± 3.5 Pa), low-
temperature (77 K) adsorption of CO on NiII/SiO2 materials
pretreated at 973 K has been recently reported to give rise to
an IR band at 2201 cm�1, which has been attributed to a four-
coordinate NiII monocarbonyl species.[44] On the basis of its
spectroscopic properties, the real species has been modeled by
DFT calculations as [NiII(OSiH3){O(SiH3)2}2(CO)]� , whereby
the [Si5O3H15]� cluster was used as an acceptable simplifica-
tion of the structurally complex silica surface.


The case of the CNtBu ligand : In contrast to the results
obtained with CO, the CNtBu ligand is not able to split the
bridging system in the dinuclear complexes 2 : the reaction of 2
with CNtBu at 0 �C gives no sign (IR, NMR spectroscopy) for
the formation of any new species. On the other hand, the
reaction of 3 with excess CNtBu proceeds with THF
substitution yielding trans-[Ni(C6F5)2(CNtBu)2] (7), which
can be isolated as a yellow solid (Scheme 4). Complex 7 also
forms by 2:1 reaction of 6 with CNtBu at �78 �C (Scheme 4).
The solid-state IR spectrum of 7 (Table 1) shows a single
sharp absorption at 2209 cm�1 assignable to the �(C�N), thus
suggesting a trans geometry (D2h, IR active �CN fundamentals:
B1u). Accordingly, a single sharp absorption is also observed at
776 cm�1 assignable to the only IR active X-sensitive vibration
mode of the C6F5 groups (B1u). The solid-state structure of 7
has been established by single-crystal X-ray diffraction
studies. Crystallographic data are given in Table 4 and
selected interatomic distances and angles are gathered in
Table 8. A drawing of the molecule is depicted in Figure 4.
The Ni atom is located on an inversion center and its
coordination environment is almost square planar with angles
between adjacent donor atoms of 88.11(11)� and 91.89(11)�.
The angles between the trans ligands are 180� as imposed by
the crystal symmetry. The Ni�C6F5 distance (193.9(3) pm) is
slightly but not significantly longer than those found in 4b and
6, belonging to the upper end of Ni�C distances found in the
pentafluorophenylnickel derivatives for which the X-ray
crystal structure has been reported (min/max values: 186.6/


Table 8. Selected bond lengths [pm] and angles [�] and their estimated
standard deviations for 7.


Ni�C(1) 193.9(3) C(5)�C(6) 137.1(4)
Ni�C(7) 182.5(3) C(2)�F(2) 136.4(3)
C(7)�N 114.6(3) C(3)�F(3) 134.7(3)
N�C(8) 146.1(3) C(4)�F(4) 134.8(3)
C(1)�C(2) 137.7(3) C(5)�F(5) 134.9(3)
C(1)�C(6) 137.9(3) C(6)�F(6) 136.0(3)
C(2)�C(3) 136.9(4) C(8)�C(9) 151.4(4)
C(3)�C(4) 137.2(4) C(8)�C(10) 151.4(4)
C(4)�C(5) 136.5(4) C(8)�C(11) 152.2(3)


C(1)-Ni-C(7) 91.89(11) C(2)-C(3)-C(4) 118.9(3)
C(1)-Ni-C(7�) 88.11(11) C(3)-C(4)-C(5) 119.3(3)
Ni-C(7)-N 176.7(2) C(4)-C(5)-C(6) 119.5(3)
C(7)-N-C(8) 174.2(3) C(5)-C(6)-C(1) 124.1(3)
Ni-C(1)-C(2) 124.1(2) N-C(8)-C(9) 107.3(2)
Ni-C(1)-C(6) 122.1(2) N-C(8)-C(10) 106.7(2)
C(2)-C(1)-C(6) 113.6(2) N-C(8)-C(11) 107.4(2)
C(1)-C(2)-F(2) 119.0(2) C(9)-C(8)-C(10) 112.5(2)
C(1)-C(6)-F(6) 119.5(2) C(9)-C(8)-C(11) 111.7(2)
C(1)-C(2)-C(3) 124.6(3) C(10)-C(8)-C(11) 111.0(2)


Figure 3. Thermal ellipsoid diagram (50% probability) of 6.
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194.0 pm).[22] The Ni�C distance in 7 is identical to that found
in trans-[Ni(C6F5)2(PPh2Me)2] (Ni�C� 193.9(3) pm),[45] the
whole geometry of the Ni(C6F5)2 unit being very similar in
both compounds. Thus, in both cases are the C6F5 rings
eclipsed with shortest interannular F ¥¥¥ F distances of about
412 pm. However, the C6F5 rings in 7 are markedly tilted with
respect to the Ni coordination plane (tilt angle� 59.0�), while
in trans-[Ni(C6F5)2(PPh2Me)2] they are almost perpendicular
(tilt angle� 86.13�). The Ni�C�N unit is almost linear
(176.7(2)�) and the Ni�CNtBu bond length (182.5(3) pm)
compares well with those found in other square-planar NiII


derivatives containing isocyanide ligands (Ni�CNR mean
value: 184.5 pm).[46] The tBu groups are staggered when
projected along the C�N�C�Ni�C�N�C axis, as required by
the presence of an inversion center on the Ni atom.


It is interesting to note that while the replacement of THF
in 3 by CO takes place with retention of the metal-core
geometry, the reaction of 3 with CNtBu implies cis/trans
isomerization giving the trans isomer as the stable solid-state
species (IR spectroscopy, X-ray diffraction). However, the 19F
NMR spectrum of 7 in [2H]chloroform at room temperature
shows two sets of C6F5 signals in 3:2 integrated ratio. We
assign these signals to the cis and trans isomers coexisting in
solution. Accordingly, the IR spectrum of 7 in CH2Cl2 solution
shows a broad band at 2197 cm�1 together with an unresolved
shoulder at 2211 cm�1 in contrast to the single sharp �(C�N)
absorption observed at 2209 cm�1 for solid samples of 7
(Table 1).


Conclusion


The anionic compound [Ni(C6F5)4]2� (1) has proven a suitable
starting material for a convenient entry to the chemistry of
square-planar nickel(��) carbonyl compounds.


The halide-bridged dinuclear species [{Ni(C6F5)2}2(�-X)2]2�


(X�Cl (2a), Br (2b), I (2c)) reversibly bind CO giving rise to
the isolable derivatives cis-[Ni(C6F5)2X(CO)]� (4). No reduc-
tion has been detected to occur during these reversible
processes.


With the synthesis of cis-[Ni(C6F5)2(CO)2] we have pre-
pared an unprecedented family of isolable dicarbonyl com-
pounds for all three Group 10 metals. The fact that the order
of �(CO) values within this family (Pd�Pt�Ni) does not


parallel the order of stability (Pt�Pd�Ni) further evidences
that the idea relating the degree of � back-bonding to the
stability of a carbonyl compound is insufficient.


The isolation of complexes 4 ± 7 has been possible because
of the reluctance of M�C6F5 bonds to undergo insertion
reactions. This can be considered a fortunate feature in this
case, since, according to very recent results, the energy barrier
associated with the CO insertion into Ni�CH3 bonds is
extremely low.[47]


Experimental Section


General procedures and materials : Unless otherwise stated, the reactions
and manipulations were carried out under purified argon using Schlenk
techniques. Solvents were dried by standard methods and distilled prior to
use. The organolithium reagent LiC6F5


[48] was prepared as described
elsewhere. HCl(Et2O) was prepared by passing a slow stream of dry HCl(g)
through Et2O in an ice-bath; the solutions were acid/base titrated before
use. Elemental analyses were carried out with a Perkin ±Elmer 2400-
Series II microanalyzer. IR spectra of KBr discs or CH2Cl2 solutions were
recorded on the following Perkin ±Elmer spectrophotometers: 883 (4000 ±
200 cm�1) or Spectrum One (4000 ± 350 cm�1). NMR spectra were recorded
on a Varian Unity-300 spectrometer.


Synthesis of [NBu4]2[NiBr4]: This synthetic procedure is based on the
method given to prepare [NEt4]2[NiBr4].[49] A green solution of commer-
cially available NiBr2 ¥ xH2O (Acros Organics, 18.8 mmol) in EtOH
(30 cm3) was added to NBu4Br (9.6 g, 29.9 mmol) dissolved in EtOH
(20 cm3) and the mixture was refluxed for 1 min. The solvent was
evaporated to about one half of the initial volume. After the addition of
iPrOH (40 cm3), the remaining EtOH was distilled. Allowing the resulting
blue solution to stand at �30 �C overnight gave a blue solid which was
filtered, washed with portions of iPrOH (3� 5 cm3) and Et2O (2� 5 cm3)
and vacuum dried (15.1 g, 17.5 mmol, 93% yield).


Synthesis of [NBu4]2[Ni(C6F5)4] (1): [NBu4]2[NiBr4] (3.0 g, 3.5 mmol) was
added to a solution of LiC6F5 (ca. 27.8 mmol) in Et2O (80 cm3) at �78 �C.
The suspension was allowed to warm to room temperature and stirred
overnight. The resulting yellow solid was then filtered, washed with
portions of H2O (3� 40 cm3), EtOH (2� 25 cm3), and Et2O (2� 20 cm3),
and dried. Recrystallization in CH2Cl2/iPrOH gave 1 as a yellow solid in
83% yield (3.5 g, 2.9 mmol). Elemental analysis calcd (%) for
C56H72F20N2Ni: C 55.5, H 6.0, N 2.3; found: C 55.3, H 5.9, N 2.5.


Synthesis of [NBu4]2[{Ni(C6F5)2}2(�-Cl)2] (2a): The dropwise addition of
HCl(Et2O) (5.0 mmol) to a refluxing solution of 1 (3.0 g, 2.5 mmol) in
CH2Cl2 (60 cm3) causes the initially yellow solution to turn dark red. After
refluxing for 2 h, the solution was evaporated to dryness. Treating the
resulting reddish residue with iPrOH (30 cm3) produced a red solid that was
filtered, washed with Et2O (2� 5 cm3), and vacuum dried (2a, 1.41 g,
1.05 mmol, 85% yield). Elemental analysis calcd (%) for
C56H72Cl2F20N2Ni2: C 50.1, H 5.4, N 2.1; found: C 50.1, H 5.6, N 2.2.


Synthesis of [PPh3Me]2[{Ni(C6F5)2}2(�-Br)2] (2b): Addition of [PPh3Me]Br
(0.20 g, 0.56 mmol) to a solution of 3 (0.25 g, 0.46 mmol) in CH2Cl2 (25 cm3)
at 0 �C caused the color to change from orange to pink. After 1 h of stirring,
the solution was concentrated to dryness. Treatment of the resulting residue
with iPrOH (10 cm3) produced a pink solid, which was filtered, washed with
Et2O (4 cm3), and vacuum dried (2b, 0.14 g, 0.09 mmol, 40% yield).
Elemental analysis calcd (%) for C62H36Br2F20Ni2P2: C 49.6, H 2.4; found: C
49.3, H 2.2.


Synthesis of [PPh3Me]2[{Ni(C6F5)2}2(�-I)2] (2c): By using the procedure
described for synthesis of 2b, compound 2c was prepared starting from 3
(0.27 g, 0.51 mmol) and [PPh3Me]I (0.24 g, 0.61 mmol). Complex 2c was
obtained as a pink solid (0.14 g, 0.09 mmol, 35% yield). Elemental analysis
calcd (%) for C62H36F20I2Ni2P2: C 46.7, H 2.3; found: C 46.7, H 2.6.


Synthesis of cis-[Ni(C6F5)2(thf)2] (3)


Method A : C6F5Br (12.9 g, 52.2 mmol) was added slowly through an
addition funnel to a suspension of magnesium turnings in THF (50 cm3) in a
flask equipped with a reflux condenser. Within 5 min the surface of the


Figure 4. Thermal ellipsoid diagram (50% probability) of 7.
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magnesium became dull and the THF began to reflux. C6F5Br was added
over 2 h. After about 1 h, the reaction mixture was added to a Kjeldahl
flask containing a slurry of NiBr2 (5.03 g, 23.2 mmol) in THF (25 cm3). The
mixture was heated to reflux for 3 h. A red solution resulted. 1,4-Dioxane
(25 cm3) was added to the solution. The solution turned brick orange and a
precipitate formed. The mixture was stored at �20�C overnight. The flask
was then allowed to warm to room temperature and the mixture was
filtered to remove a gray solid. The solid was washed with 1,4-dioxane
(20 cm3). The filtrate was then stored again at �20 �C overnight. Orange
crystals were collected by filtration and dried in vacuo. Yield 3.00 g (24%);
1H NMR (CDCl3): �� 3.67 (s, 8H), 1.72 (s, 8H).


Method B : AgClO4 (0.31 g, 1.48 mmol) was added to a solution of 2a
(1.00 g, 0.74 mmol) in THF (40 cm3) at 0 �C and the mixture stirred for
45 min in the dark. The solvent was then evaporated to dryness, and the
resulting residue extracted into Et2O (160 cm3) and filtered. The orange
extract was evaporated to dryness. The residue was washed with n-hexane
to give an orange solid which was filtered and vacuum dried (3, 0.54 g,
1.00 mmol, 68% yield). Elemental analysis calcd (%) for C20H16F10NiO2: C
44.7, H 3.0; found: C 43.5, H 3.3. Crystals suitable for X-ray diffraction
obtained by using Method A, were grown from 1,4-dioxane/THF solution.


Synthesis of [NBu4]cis-[Ni(C6F5)2Cl(CO)] (4a): A solution of 2a (0.27 g,
0.20 mmol) in CH2Cl2 (25 cm3) at 0 �C was allowed to react with CO for
30 min. The color of the solution gradually changed from red to yellow.
Then, CO-saturated n-hexane (50 cm3) was added and the mixture was
allowed to stand at �30 �C overnight causing the precipitation of a yellow
solid, which was filtered at �20 �C and vacuum dried at the same
temperature (4a, 0.17 g, 0.24 mmol, 61% yield). Elemental analysis calcd
(%) for C29H36ClF10NNiO: C 49.8, H 5.2, N 2.0; found: C 49.5, H 5.3, N 2.15.


Synthesis of [PPh3Me]cis-[Ni(C6F5)2Br(CO)] (4b): Compound 4b was
prepared from 2b (0.15 g, 0.19 mmol) by using the procedure described for
the synthesis of 4a. Complex 4b was obtained as a yellow solid (0.20 g,
0.25 mmol, 65% yield). Elemental analysis calcd (%) for
C32H18BrF10NiOP: C 49.4, H 2.3; found: C 49.1, H 2.2. Crystals suitable
for X-ray diffraction analysis were obtained by slow diffusion of a layer of
n-hexane (20 cm3) into a solution of 25 mg of 4b in CH2Cl2 (5 cm3) at
�78 �C.


Synthesis of [PPh3Me]cis-[Ni(C6F5)2I(CO)] (4c): Compound 4c was
prepared from 2c (0.48 g, 0.30 mmol) by using the procedure described
for the synthesis of 4a. Complex 4c was obtained as a yellow solid (0.18 g,
0.22 mmol, 36% yield). Elemental analysis calcd (%) for C32H18F10INiOP:
C 46.6, H 2.2; found: C 46.7, H 2.6.


Synthesis of [NBu4][Ni(C6F5)3(CO)] (5): A solution of 2a (0.51 g,
0.38 mmol) in CH2Cl2 (25 cm3) at 0 �C was allowed to react with CO for
30 min, during which time, the color of the solution changed from red to
yellow. This in situ prepared solution of 4a was treated with AgC6F5


[50]


(0.21 g, 0.76 mmol) over a period of 30 min in the dark. The suspension
obtained was filtered and the filtrate was concentrated almost to dryness.
Then, n-hexane (15 cm3) was added and the mixture was allowed to stand at
�30 �C overnight causing the precipitation of a yellow solid, which was
filtered and vacuum dried (5, 0.32 g, 0.38 mmol, 51% yield). Elemental
analysis calcd (%) for C35H36F15NNiO: C 50.6, H 4.4, N 1.7; found: C 49.8,
H 4.9, N 2.5.


Synthesis of cis-[Ni(C6F5)2(CO)2] (6): A solution of 3 (0.34 g, 0.64 mmol) in
CH2Cl2 (20 cm3) at�78 �Cwas allowed to react with CO over 3 h. The color
of the solution first changed from orange to yellow and then a yellow solid
formed; this solid was filtered at �78 �C and vacuum dried at the same
temperature. Due to its high instability, no satisfactory elemental analyses
could be obtained for 6. Crystals suitable for X-ray diffraction analysis
formed by allowing to stand a sealed tube containing a solution of 3 (0.21 g,
0.38 mmol) in CH2Cl2 (40 cm3) in a CO atmosphere at �78 �C.


Synthesis of trans-[Ni(C6F5)2(CNtBu)2] (7): The addition of CNtBu
(0.15 cm3, 1.28 mmol) to a solution of 3 (0.28 g, 0.51 mmol) in CH2Cl2
(15 cm3) at 0 �C caused the color to change from orange to yellow. After 1 h
of stirring, n-hexane (60 cm3) was added and the mixture was allowed to
stand at �78 �C overnight causing the precipitation of a yellow solid, which
was filtered and vacuum dried (7, 0.16 g, 0.29 mmol, 56% yield). Elemental
analysis calcd (%) for C22H18F10N2Ni: C 47.3, H 3.2, N 5.0; found: C 46.4, H
3.95, N 5.8. Crystals suitable for X-ray diffraction analysis were obtained by
slow diffusion of a layer of n-hexane (20 cm3) into a solution of 7 (20 mg) in
CH2Cl2 (5 cm3) at �78 �C.


X-ray structure determinations : Crystal data and other details of the
structure analyses are presented in Table 4. Suitable crystals of 3, 4b, 6 and
7 were obtained as indicated in each synthetic procedure. Crystals were
mounted at the end of a glass fiber. The radiation used in all cases was
graphite monochromated MoK� (�� 71.073 pm).


Data for 3 : Unit cell dimensions were determined by using 15 centered
reflections. An absorption correction was applied on the basis of six 
 scans
(max/min relative transmission factors: 0.871/1.000). Reflections were
collected on a Syntex P21 diffractometer by using full (1.20�-wide) � scans.


Data for 4b : Unit cell dimensions were initially determined from the
positions of 149 reflections in 90 intensity frames measured at 0.3� intervals
in � and subsequently refined on the basis of positions for 786 reflections
from the main data set. A hemisphere of data was collected on a Bruker
SMART APEX diffractometer based on three �-scan runs (starting ��
�28�) at values �� 0, 90, and 180�with the detector at 2
� 28�. For each of
these runs, frames (606) were collected at 0.3� intervals and 10 s per frame.
An absorption correction was applied on the basis of 3687 symmetry
equivalent reflection intensities (max/min transmission factors: 1.000/
0.493).


Data for 6 : Unit cell dimensions were initially determined from the
positions of 98 reflections in 90 intensity frames measured at 0.3� intervals
in � and subsequently refined on the basis of positions for 892 reflections
from the main data set. A hemisphere of data was collected on a Bruker
SMART APEX diffractometer based on three �-scan runs (starting ��
�28�) at values �� 0, 90, and 180�with the detector at 2
� 28�. For each of
these runs, frames (435) were collected at 0.3� intervals and 10 s per frame.
An absorption correction was applied on the basis of 3301 symmetry
equivalent reflection intensities (max/min transmission factors: 1.000/
0.479).


Data for 7: Unit cell dimensions were initially determined from the
positions of 74 reflections in 90 intensity frames measured at 0.3� intervals
in � and subsequently refined on the basis of positions for 682 reflections
from the main data set. A hemisphere of data was collected on a Bruker
SMART APEX diffractometer based on three �-scans runs (starting ��
�28�) at values �� 0, 90, and 180�with the detector at 2
� 28�. For each of
these runs, frames (230) were collected at 0.3� intervals and 10 s per frame.
An absorption correction was applied on the basis of 2818 symmetry
equivalent reflection intensities (max/min transmission factors: 1.000/
0.853).


The structures were solved by Patterson and Fourier methods. All
refinements were carried out by using the program SHELXL-97.[51] All
non-hydrogen atoms were assigned anisotropic displacement parameters
and refined without positional constraints except as noted below. All
hydrogen atoms were constrained to idealized geometries and assigned
isotropic displacement parameters 1.2 times the Uiso value of their attached
carbon atoms (1.5 times for methyl hydrogen atoms). Full-matrix least-
squares refinement of these models against F 2 converged to final residual
indices given in Table 4. Lorentz and polarization corrections were applied
for all the structures.


CCDC-187756, CCDC-187757, CCDC-187758, and CCDC-187759 contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre , 12 Union Road,
Cambridge CB21EZ, UK; fax: (�44)1223-336033; or e-mail : deposit@
ccdc.cam.ac.uk).
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Simultaneously Multiply-Configurable or Superposed Molecular Logic
Systems Composed of ICT (Internal Charge Transfer) Chromophores and
Fluorophores Integrated with One- or Two-Ion Receptors


A. Prasanna de Silva* and Nathan D. McClenaghan*[a]


Abstract: Integrated ™ICT chromo-
phore ± receptor∫ systems show ion-in-
duced shifts in their electronic absorp-
tion spectra. The wavelength of obser-
vation can be used to reversibly
configure the system to any of the four
logic operations permissible with a sin-
gle input (YES, NOT, PASS 1, PASS 0),
under conditions of ion input and trans-
mittance output. We demonstrate these
with dyes integrated into Tsien×s calcium
receptor, 1 ± 2. Applying multiple ion
inputs to 1 ± 2 also allows us to perform
two- or three-input OR or NOR oper-
ations. The weak fluorescence output of
1 also shows YES or NOT logic depen-


ding on how it is configured by excita-
tion and emission wavelengths. Integrat-
ed ™receptor1 ± ICT chromophore ± re-
ceptor2∫ systems 3 ± 5 selectively target
two ions into the receptor terminals. The
ion-induced transmittance output of 3 ±
5 can also be configured via wavelength
to illustrate several logic types including,
most importantly, XOR. The opposite
effects of the two ions on the energy of
the chromophore excited state is re-


sponsible for this behaviour. INHIBIT
and REVERSE IMPLICATION are
two of the other logic types seen here.
Integration of XOR logic with a preced-
ing OR operation can be arranged by
using three ion inputs. The fluorescence
output of these systems can be config-
ured via wavelength to display INHIBIT
or NOR logic under two-input condi-
tions. The superposition or multiplicity
of logic gate configurations is an unusual
consequence of the ability to simulta-
neously observe multiple wavelengths.Keywords: fluorescence ¥ molecular


logic gates ¥ molecular switches ¥
UV/Vis spectroscopy


Introduction


Molecular logic,[1] a sub-discipline within the area of molec-
ular-level devices and machines,[2] had been a recurring dream
since the 80s.[3] There was an example in the conference
literature based on light input ± light output,[4] but this was not
followed up with a detailed report in the primary literature to
clarify its mechanism of action. Logic operations as advanced
as parallel processing of numbers were accomplished by
Wild[5] but the molecules so used had no intrinsic logic
capability. The first example of intrinsically molecular logic in
the primary literature involved chemical-induced fluores-
cence switching.[6]


Readiness for operation in the single molecule regime,[7]


simplicity of the ™fluorophore ± spacer± receptor∫ modular
design,[8] essential completeness of the fluorescence switching
phenomenon[9] are some of the reasons for the rapid uptake of
this and related approaches[10±16] in the drive towards ever
more complex molecular logic systems. Many of these are


wireless photoionic systems utilising ionic inputs, a photonic
output and a photonic power supply. By way of comparison,
electronic approaches to molecular-scale logic have problems
of communication with the macro domain which are not easy
to overcome,[17] though molecule populations with switching
properties have been conventionally wired with bulk metal
contacts to produce OR logic gates.[18] Even a bundle of
carbon nanotubes have been treated to show NOT logic
recently.[19] The all-photonic approach to molecular-scale logic
has recently begun to bear fruit.[16]


The principle of chemical-induced optical switching has
been unequivocally established by focussing on systems which
give essentially ™off/on∫ switching of light signals across the
entire visible spectrum.[6] Once this has been done, we can
look at more complicated systems which require more careful
definition of wavelength for their operation. We now show
that ion-induced transmittance changes displayed by inte-
grated ™chromophore ± receptor∫ systems can be a useful
approach to molecular logic. Transmittance output is a less
sensitive means of detecting molecules than the fluorescence
approach,[20, 21] though modulation techniques allow some
movement towards the single molecule regime.[22] Sacrifice of
modularity is necessarily a complication, but even some
understanding of integrated systems can allow us to unveil
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interesting logic phenomena which have not been seen with
modular systems (see below). Another impetus for this work
is the available wealth of integrated ™chromophore ± recep-
tor∫ systems within the classical literature of chemical
indicators,[23] reagents,[24] general chemical equilibria[25] and
supramolecular chemistry[26] which can now be interpreted
and exploited for logic purposes.


Results and Discussion


The molecules developed for the current study incorporate
independent receptor sites for the biologically relevant Ca2�


or other Group II ions (1 ± 5), and protons (3 ± 5) and operate
in aqueous media. Some measurements are conducted at
pH 7.2 and ionic strength 0.1� (KCl) for physiological
relevance.[27] The design format, represented in Figure 1,
involves an internal charge transfer (ICT) excited state.[21] The
receptor site(s) are intimately linked to the chromophore,
such that the binding of one (or two) guests perturbs the
excited state, with a resulting spectral shift. Molecule 1,
represented schematically in Figure 1a, contains a cyanine-
type push-pull chromophore strongly coupled to the modified
EGTA-type receptor introduced by Tsien for intracellular
studies.[27] Several related structures containing crown recep-
tors are known.[28] 1 ± 5 are metallochromic chromophore/
lumophores at physiological pH
values (and ionic strength).
The tetramethyl ester 6[29]


served as a precursor for 1a to
5a. Syntheses of 1a and 2a, as
the tetramethyl esters, were
achieved by condensation reac-
tions[30] of aldehyde 6 with 1,4-
dimethylpyridinium iodide[31]


(or 1,4-dimethylquinolinium io-
dide[31]) in alcoholic solution,
with piperidine as the base.
Acid hydrolysis then yielded
the target molecules 1 or 2.
Molecules 3a ± 5a were pre-
pared by benzoyl chloride cata-
lysed coupling[32] of 6 with
4-methylpyridine, 4-methylqui-
noline or 9-methylacridine,[33]


respectively. Subsequent base
hydrolysis then gave 3 ± 5.
The response of 1 to Ca2� is


shown for illustrative purposes
in Figure 2, with a nett blue-
shifting of the low-energy ab-
sorption band relative to that of
the guest-free species, reflect-
ing the ion-induced destabilisa-
tion of the ICT-excited state
(Figure 1a). This results from a
combination of loss of reso-
nance (as the electrons of the
anilinic nitrogen are involved in


binding the guest[34]) and an electrostatic repulsion between
the guest and the adjacent developed �� charge. Qualita-
tively similar spectral shifts are observed for other Group II
metal ions, Sr2� and Ba2� (with relatively small variations in
the energy corresponding to the �Abs values, which are linearly
related to the ionic radius of the guest in accordance with
earlier findings on related structures[28]). The collected optical
and binding properties for 1 ± 5 are listed in Table 1.


Figure 1. Schematic representation of ICTexcited states of 1 and 2 (a), and
3 ± 5 (b). In each case the receptor site(s) are strongly coupled with the
chromophore.
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It is also evident from Table 1 that incorporation of an
additional fused ring to the chromophore (2 as compared to 1,
for instance) has the effect of significantly red-shifting the
absorption bands due the greater electron delocalisation, thus
allowing a degree of tuning of the chromophore properties.
These molecules also serve as models for the more complex
second class of molecules represented by 3 ± 5 (see below).


Multiple logic configurations of 1 ± 2 in transmittance mode :
If the metal ion-induced blue-shift of 1 and 2 is large enough,
there will be some (long) wavelengths where the trans-
mittance is switched ™off-on∫ and some (short) wavelengths


where it is switched ™on-off∫ at the same time. Thus, opposite
switching actions can be displayed by one molecular system
being observed at two different wavelengths. In terms of
molecular logic, utilising one ionic input for example Ca2� and
a transmittance output, YES(PASS) and NOT logic can be
demonstrated upon monitoring at the appropriate wavelength
(462 and 363 nm, respectively for 1). YES logic is obtained
when a high input gives a high output; and a low input gives a
low output; while NOT logic corresponds to an inversion of
YES logic. Monitoring at the isosbestic point (401 nm) gives a
low transmittance value irrespective of the ionic input present
and thus corresponds to the PASS 0. The final possible logic
expression that can be produced with a one-input gate is the
PASS 1. This can be obtained upon monitoring at 595 nm,
where a high transmittance output results regardless of the
input condition. Though the last two logic types are consid-
ered to be trivial in electronics textbooks,[36] we believe it is
important that all four possible single-input logic configura-
tions have been achieved by simple experiments with 1.
Fluorescence excitation spectra of the celebrated calcium
sensor fura-2[29] for example give a somewhat similar result
though with higher sensitivity of signal detection. Once we are
armed with this interpretation, many pH and metallochromic
indicators[23] can be seen to exhibit these four logic types. This
means that a large body of data now becomes available for
this type of analysis. The truth tables with operational
parameters are shown within Table 2. Importantly, these gates
(unlike electronic devices) are able to exhibit all four possible
logic operations simultaneously upon monitoring at the
appropriate wavelengths. At this point it is appropriate to
remember the observation of particulate or wave-like behav-
iour from a small object depends on the experiment per-
formed. This is the textbook duality of quantum systems. The
related effect of superposition exists in quantum computation,
where quantum bit strings can exist simultaneously in all
possible states.[37] It is to be noted, however, that superposition
here applies to the quantum bits rather than to the logic gates.
In the present instance, we are seeing different logic gate
types depending on the observation wavelength used. This can
therefore be described as the simultaneous multiplicity or


Table 1. Optical and binding properties of 1 ± 5 with different Group II
ions and protons.[a,b]


Species �Abs (�max) Destabilisation log� [c]


nm (��1 cm�1] [kJmol�1]


1 444 (19800) ± ±
1 ¥Ca2� 372 (20300) 53 5.9
1 ¥ Sr2� 378 (19600) 48 4.7
1 ¥Ba2� 384 (18000) 42 5.5
1 ¥H� 427 (16700) 11 5.8
2 505 (10600) ± ±
2 ¥Ca2� 406 (10500) 58 6.3
2 ¥ Sr2� 413 (10000) 53 4.8
2 ¥Ba2� 420 (9900) 48 5.5
2 ¥H� 490 (7500) 7 5.8
3[d] 372 (22000) ± ±
3 ¥H� 436 (21000)[e] � 48[e] 7.1 (6.8)[f]


3 ¥Ca2� [d] 330 (24000) 41 6.2
3 ¥Ca2� ¥H� 365 (22000)[e] 6[e] [g]


4[d] 394 (13000) ± ±
4 ¥H� 478 (12000)[e] � 54[e] 7.0 (6.6)[f]


4 ¥Ca2� [d] 347 (14000) 41 6.1
4 ¥Ca2� ¥H� 396 (14000)[e] � 1[e] [h]


4 ¥ Sr2� [d] 350 (14200) 38 5.8
4 ¥ Sr2� ¥H� 401 (10400[e] � 5[e] [i]


4 ¥Ba2� [d] 354 (15000) 34 5.8
4 ¥Ba2� ¥H� 407 (10700)[e] � 10[e] [j]


5[d] 426 (8800) ± ±
5 ¥H� 533 (14800)[e] � 57[e] 7.0 (10.3)[f]


5 ¥Ca2� [d] 395 (9700) 22 6.4
5 ¥Ca2� ¥H� 444 (8500)[e] � 12[e] [k]


[a] � 10�5� 1 ± 5 in H2O at room temperature, pH 7.2 throughout unless
otherwise noted. The concentrations were chosen to give reasonable
absorbance values at �Abs. [b] The fluorescence emission wavelengths
(quantum yields) [�Flu (�F)] for 1, 1 ¥Ca2�, 1 ¥ Sr2�, 1 ¥Ba2�, 4 and 4 ¥Ca2� are
591 (1� 10�4), 554 (5� 10�4), 563 (3� 10�4), 575 (2� 10�4), 569 (7� 10�4)
and 540 (2� 10�3), respectively. The fluorescence quantum yields for 4 ¥H�


and 4 ¥Ca2� ¥H� are both �1� 10�4. [c] Binding constants (�) determined
from the variation of absorbance (A) with ion concentration (�) according
to the mass action-type equation log [(Amax�A)/(A�Amin)]��p��
log�.[35] A similar determination is done for fluorescence intensity
variations. All binding constants reported are conditional formation
constants for the conditions stated. Besides their intrinsic interest, these
also aid discussion on logic operations. The reciprocal of the binding
constant represents the threshold of the chemical input level at which
switching of the optical output level is caused. [d] pH 9.5. [e] pH 5.4.
[f] Value obtained by fluorescence measurements. [g] log�Ca2�� 5.0
(pH 6.0), log�Ca2�� 6.1 [pH 7.2, ionic strength 0.1� (KCl)], log�H�� 6.5
(pCa 2.3), log�H� (by fluorescence measurements)� 6.8 (pCa 2.3).
[h] log�Ca2�� 6.0 (pH 6.0), log�Ca2�� 6.6 [pH 7.2, ionic strength 0.1�
(KCl)], log�H� � 6.4 (pCa 2.3), log�H� (by fluorescence measurements)�
6.2 (pCa 2.3). [i] log�Sr2�� 3.9 (pH 5.6). [j] log�Ba2�� 4.1 (pH 5.6).
[k] log�Ca2�� 5.4 (pH 6.0), log�Ca2�� 6.7 [pH 7.2, ionic strength 0.1�
(KCl)], log�H� � 6.3 (pCa 2.3), log�H� (by fluorescence measurements)�
10.4 (pCa 2.3).


Figure 2. Absorption spectra of 1 with varying pCa, showing YES, NOT,
PASS 0 and PASS 1 logic. pCa values in order of increasing absorbance at
470 nm; 2.3, 5.2, 5.7, 6.0, 6.2, 6.5, 7.0, � . [General conditions given in the
footnotes to Table 1 apply throughout unless otherwise noted. Ionic
strength (KCl)� 0.1].
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superposition of photoionic logic systems, a feature apparent-
ly unavailable in textbooks on electronic logic systems.[36]


As far as we can see, reconfiguring logic gates in an
electronics context is a serial process where a particular
stimulus changes the logic operation from one to another. The
electronically programmable read only memory (EPROM) is
one such example among several in the electronics field.[36, 38]


For a mixed electronics-molecular example of non-simulta-
neous reconfiguring, see ref. [18]. Somewhat related examples
are also known where an ionic,[15a] electrochemical[39] or
photochemical[40] stimulus alters a sensory selectivity of a
molecular system. These latter cases can be viewed as ™off-
on∫ switches, that is YES logic gates in which the output
response to a chosen input is being altered without changing
the logic operation itself. In all these cases, whether elec-
tronics- or chemical-based, there is only one given logic
operation at a given time. However, it is easy to simulta-
neously observe multiple wavelengths since this is what we do
during colour vision. Optical multi-channel analyzers or even
beam-splitters and filters would permit the same parallel
operation on the photonic output of 1 ± 5. Thus the simulta-
neous multiplicity or superposition of photoionic logic gates
becomes possible, that is where a given molecular system
serves as more than one logic gate at the one time simply by
observing at different wavelengths. This opens interesting
perspectives, when we remember the revolution in data
communications caused by the move frommetal to fibre-optic
lines where the multiplex opportunities offered by light were
unavailable with electric voltages. However, multiplexing in
an electronic logic gate context has a very different mean-
ing.[36] The closest electronics analogy to the chemical
phenomenon under discussion is perhaps found in multi-gate
chip packages which will give different logic outputs from
different pins.[36]


Previous chemical examples of switching actions which
depend on observation wavelength are in referen-
ces [14, 15b, 41 ± 46]. Some of these references specifically
refer to logic operations. References [13, 15a] consider logic
operations which depend upon a different external variable,
the pH value. Additionally, in the present (and subsequent)
examples, an inversion of each of these operations is possible
by coding for an absorbance rather than a transmittance
output. Thus, if a YES operation was demonstrated through a
transmittance output, a NOT operation would result from an
absorbance output. Nevertheless, we shall maintain the
transmittance coding so that all instances of significantly
large light emanation from the sample (whether by trans-


mittance or by luminescence) will be consistently taken as
output logic state 1. We note in passing that conventional
electronic systems also have the choice of positive or negative
logic with the former being the more common.[36]


YES/NOT logic operations with 1 in fluorescence mode : YES
and NOT logic can also be expressed through a weak
fluorescence output with 1 (2 is significantly less emissive),
as shown in Figure 3 and Table 3. The ion-induced absorption
spectral shifts allow the choice of excitation wavelength to


maximise the fluorescence switching action desired. A recent
example of this strategy can be seen in ref. [47]. A PASS 0 can
also be demonstrated by employing relatively long wave-
lengths. The multiplicity of clearly definable logic gate
configurations in the fluorescence mode is smaller than with
transmittance in this instance. Though we note that the
availability of two parameters for optimisation (excitation and
emission wavelengths) should allow easier demonstration of
higher multiplicities in adequately fluorescent cases. How-
ever, dissimilar fluorescence spectral variations with different
guest ions prohibits the demonstration of logic operations
involving multiple input channels (�F� 5� 10�4 with Ca2�,
3� 10�4 with Sr2�, 2� 10�4 with Ba2�) (see later, concerning
4). In spite of this use of 1 in a logic context, the detailed
understanding of ion-induced fluorescence intensity varia-
tions in ICT systems such as 1 is still at an embryonic stage.[48]


We note in passing that systems related to 1 have found use as
probes for microviscosity.[49]


Three-input logic with 1 ± 2 in transmittance mode : Using a
transmittance output and multiple ionic inputs yields the OR


Table 2. Truth tables showing simultaneous multiplicity of logic gate
configurations (YES, NOT, PASS 0, PASS 1) for 1 : transmittance output.[a]


Input Output
Ca2� YES462 nm NOT363 nm PASS 0401 nm PASS 1595 nm


0 0 (low, 1[b]) 1 (high, 35[b]) 0 (low, 5[b]) 1 (high, 100[b])
1 1 (high, 68[b]) 0 (low, 1[b]) 0 (low, 5[b]) 1 (high,100[b])


[a] 0 and 1 are digital representations of low and high signal levels
respectively throughout. The low and high input levels of Ca2� correspond
to �10�9� and 10�2.3�, respectively, in all discussions unless otherwise
noted. [b] % transmittance at the stated wavelengths for 10 cm optical path
length throughout.


Table 3. YES and NOT logic with 1 : fluorescence output.[a]


Input Output
Ca2� YES548 nm NOT591 nm


excited at 372 nm excited at 454 nm


0 0 (low, 7[b], 5� 10�5 [c]) 1 (high, 100[b], 3� 10�4 [c])
1 1 (high, 100[b], 5� 10�4 [c]) 0 (low, 25[b], 1� 10�4 [c])
[a] Output given as fluorescence emission at the stated wavelengths of
excitation and emission. [b] Intensity in arbitrary units. [c] Fluorescence
quantum yield.


Figure 3. Fluorescence spectra of 1 with varying pCa, showing a) YES
logic on exciting at 372 nm (pCa values in order of decreasing intensity at
548 nm; 2.3, 4.9, 5.7, 6.0, 6.5, 7.0, 7.5, � ) and b) NOT logic on exciting at
454 nm (pCa values in order of increasing intensity at 591 nm; 2.3, 6.0, 6.5,
7.0, 7.5, 8.0, � ). [Ionic strength (KCl)� 0.1].
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(one or more high inputs gives a high output) and NOR (one
or more high inputs gives a low output; analogous to a
particular integration of an OR and a NOT gate) logic
expressions, with the number of possible input channels
limited by the number of different guest species eliciting
similar responses. In the present instance, the spectral shifts
seen with Ca2�, Sr2� and Ba2� for 1 and 2 are sufficiently
similar. Examples of two- and three-input molecular logic
gates are obtained utilising different combinations of Group II
guest species. OR and NOR logic operations are demon-
strated with 1 in Figure 4 for the three-input case (the two-


Figure 4. OR and NOR logic with 1. Ionic inputs in order of increasing
absorbance at 363 nm; none, Ba2� (pBa 2.3), Sr2� (pSr 2.3), Ca2� (pCa 2.3).


input case being subsumed into it) whilst Table 4 shows
operational parameters. Thus the multiplicity of logic oper-
ations is also demonstrated for three-input photoionic sys-
tems.


XOR logic with 3 ± 5 in transmittance mode : A crucial point in
this paper is that molecules such as 1 and 2 can be developed
into other types of two-input logic systems with small
structural modifications. In addition to a metal-ion binding
site, 3 ± 5 also incorporate a second receptor site (a hetero-
cyclic nitrogen atom) located within the chromophore, which
can be selectively protonated. As shown schematically in
Figure 1b, binding Ca2� at receptor1 destabilises the excited
state (by 41 kJmol�1 for 4 relative to the free-species) due the


close proximity of the positively charged guest and the
developed �� charge. Conversely, binding a proton at
receptor2 stabilises the excited state (by 54 kJmol�1 relative
to the guest-free species) with a resulting spectral red-shift.
With molecule 4 hosting both guests, these effects are largely
equal and opposite. The two different receptors located at
opposite poles of the chromophore afford this unprecedented
combination of four distinct effects, which in turn can be used
to express the XOR logic operation (Table 5). Multiple
protonation of related push-pull chromophores provide
valuable lessons.[50]


The response of 4 to protons in the absence and presence of
calcium is shown in Figures 5 and 6, respectively. The values of
several parameters for this series (3 ± 5), in which an addi-
tional fused ring is introduced into the chromophore in


Figure 5. Absorption spectra of 4 with varying pH, in the absence of Ca2�.
pH values in order of increasing absorbance at 392 nm; 6.4, 6.6, 6.7, 6.9, 7.0,
7.2, 7.3, 7.4, 7.6, 7.8, 9.9.


successive species, is shown in Table 1. In each case the pKa


value (log�H�) is measurable with absorption and fluores-
cence experiments, at least when Ca2� is absent. Significant
changes of the pKa value can result upon excitation to an ICT
state[51] if proton transfer equilibrium is attainable within the
excited-state lifetime. The most delocalized system 5 evident-
ly satisfies this condition whereas 3 and 4 do not. In 3 ± 5 the
log�H� , value in the presence of a Ca2� guest is lowered by
about 0.6 pH units, as a result of a loss of electron density at
the proton receptor. Allosteric effects of this kind are well-
appreciated in supramolecular research.[52] The inverse case of
proton-induced changes of log�Ca2� values (Table 1) is also


Table 4. Truth tables for OR and NOR logic with 1 using three ionic
inputs: transmittance output.


Input1 Input2 Input3 Output
Ca2� Sr2� [a] Ba2� [a] OR462 nm NOR363 nm


0 0 0 0 (low, 1) 1 (high, 34)
0 0 1 1 (high, 48) 0 (low, 2)
0 1 0 1 (high, 44) 0 (low, 2)
1 0 0 1 (high, 46) 0 (low, 2)
0 1 1 1 (high, 47) 0 (low, 1)
1 0 1 1 (high, 47) 0 (low, 1)
1 1 0 1 (high, 46) 0 (low, 1)
1 1 1 1 (high, 46) 0 (low, 2)


[a] The low and high input levels of Sr2� and Ba2� correspond to �10�9�
and 10�2.3�, respectively, in all discussions unless otherwise noted.


Table 5. Truth tables for XOR logic with 3 ± 5 : transmittance output.


Input1 Input2 Output
Ca2� H� [a] 3 4 5


XOR361 nm XOR387 nm XOR425 nm


0 0 0 (low, 15) 0 (low, 16) 0 (low, 47)
0 1 1 (high, 53) 1 (high, 59) 1 (high, 67)
1 0 1 (high, 53) 1 (high, 58) 1 (high, 68)
1 1 0 (low, 17) 0 (low, 15) 0 (low, 47)


[a] The low and high input levels of H� correspond to pH values of 9.7 and
5.6, respectively, in all discussions unless otherwise noted.
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Figure 6. Absorption spectra of 4 with varying pH, in the presence of Ca2�


(10�2.3�). pH values in order of increasing absorbance at 392 nm; 9.7, 7.0,
6.8, 6.7, 6.6, 6.4, 6.2, 6.1, 5.8, 5.6.


best discussed at this point. Since protonation of the hetero-
cyclic nitrogens sets in only around pH 7.0 (Table 1) (the
protonation of the Ca2� receptor does not set in seriously until
around pH 6.4[27]) the log�Ca2� values at pH 9.5 and 7.2 are
similar in spite of the high ionic strength employed in the
latter case. However the log�Ca2� values begin to drop, though
by varying amounts in the cases 3 ± 5, upon going to pH 6.0
even though protonation is incomplete especially in the
presence of increasing amounts of Ca2�. pH 6.0 was chosen as
the high proton input condition for optimal logic behaviour of
3 ± 5 and the corresponding AND gates for half-adder
operation.[53] The log�Ca2� values are expected to fall when
the distal heterocyclic nitrogens become protonated because
the aniline nitrogens connected to the chromophore become
more strongly conjugated. The subsequent flattening of the
anilinic moiety alters the spatial position of the acetate arms
to give a poorer chelating unit towards a Ca2� guest.
Interestingly, 5 also has a pKa value (log�H� , Table 1) and
long absorption wavelength (�� 3300��1 cm�1 at 650 nm)
which are related to structures used in photodynamic therapy
of cancerous tissue.[54] We note that most of the properties of 4
illustrated here can also be discerned with 3 and 5.
An XOR gate is one in which the presence of only one high


input value registers a high output value. With neither (or
both) high inputs present, a low output signal results.
Demonstration of XOR logic has proved to be one of the
more difficult to implement at the molecular level, with the
first case provided by Balzani, Stoddart and co-workers[55]


utilising the threading/dethreading processes of a pseudo-
rotaxane.Whilst their system expressed the correct truth table
(shown in Table 5), it relied upon chemical inputs which
annihilate each other, that is acid and base. Therefore each
input cannot be recognised simultaneously, which in turn
hampers (but does not completely exclude[45]) incorporation
into a more advanced system, such as parallel operation with a
suitable AND gate to yield a molecular half-adder.[53] Pina
et al. report a more recent case of XOR logic.[56] A demon-
stration of the closely related XNOR logic operation, again
involving photoactive pseudorotaxanes,[57] required oxidation/
reduction potentials as inputs which also annihilate each
other.
The optimised situation for 4 is shown in Figure 7 with the


observation wavelength being set at 387 nm to extract the


Figure 7. XOR, INHIBIT (two types) and REVERSE IMPLICATION
logic with 4, transmittance observed at 387, 369, 430 and 511 nm.


XOR logic function (Table 5). The ionic inputs are bound at
the respective receptor sites giving four different states with
formal negative charges of different values �1 (4 ¥Ca2� ¥H�),
�2 (4 ¥Ca2�), �3 (4 ¥H�) or �4 (4 when free of H� and Ca2�).
As each member of this class (3 ± 5) demonstrated this
particular phenomenon to varying amounts, a certain degree
of tuning is clearly allowed by incorporation of additional
fused rings. In particular, the operational wavelength to
monitor output is adjustable. Other operations displayed by 4
and its cousins utilising a transmittance output, as demon-
strated for 1 and 2, upon choosing the correct restrictions and
coding with respect to Figures 5 and 6 are: YES, NOT,
PASS 1, PASS 0, OR, NOR. These are not detailed in order to
keep the length of the paper within reasonable bounds.


Additional logic types with 4 in transmittance mode : While
molecules 3 ± 5were designed principally to produce the XOR
logic function, the broadness of their absorption spectra
coupled with the relative complexity of their ion-induced
shifts permits the emergence of additional logic types at other
observation wavelengths. The simultaneous multiplicity of
logic configurations is thus seen to be a general phenomenon
which applies to two-input photoionic systems as well. The
INHIBIT logic function (as described by the truth table within
Table 6) occurs if the presence of one high (the disabling)


input nullifies the action of the other, with an overall output of
0. In the absence of this disabling input, the other input
imposes a YES logic function on the molecule. This can also
be profitably viewed as a two-input AND gate, one of whose


Table 6. Truth tables for more logic types with 4 : transmittance output.


Input1 Input2 Output
Ca2� H� INHIBIT369 nm[a] INHIBIT430 nm[b] REVERSE


IMPLICATION511 nm
[c]


0 0 0 (low, 24) 0 (low, 32) 1 (high, 100)
0 1 1 (high, 65) 0 (low, 32) 0 (low, 25)
1 0 0 (low, 25) 1 (high, 96) 1 (high, 100)
1 1 0 (low, 26) 0 (low, 32) 1 (high, 93)


[a] Disabling input: Ca2�. [b] Disabling input: H�. [c] Disabling input: H�.
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input lines contains an inverter. This logic type appears when
observations are made at 369 nm and 430 nm. The difference
at these two wavelengths is that the disabling input changes
over. Ca2� is the disabling input in the 369 nm result whereas
H� is the disabling input in the 430 nm case. Two-input
INHIBIT logic such as this was reported in 2000 by
Gunnlaugsson et al.[11] The more complex three-input case
appeared one year earlier.[57a] A more recent case is also
available.[12] The previously unreported REVERSE IMPLI-
CATION logic shows up when we observe at 511 nm. This
logic type, though being also one of the sixteen two-input logic
classes, can be represented combinationally as a two-input
OR gate, one of whose input lines (input2) contains an
inverter. Because of the non-commutative nature of this logic
operation, declaration of H� as input1 and Ca2� as input2
would have produced the IMPLICATION logic type instead.
Related situations have been recently described.[13] Again, it is
worth noting that all these logic types can be observed
simultaneously if required.


Integrated OR and XOR logic with 4 in transmittance mode :
Variation of the inputs such that two different metals are
employed, each of which produces a similar response, affords
the opportunity to demonstrate the integrated logic situation
shown in Figure 8. This is analogous to an integration of OR
and XOR gates, where the output of the OR gate serves as an
input for the XOR gate. A 2-gate, 3-input and 5-wire situation
is represented in Figure 8, with the corresponding truth table


Figure 8. Physical electronic representation of the integration of OR and
XOR logic functions within 3 ± 5 : transmittance output.


being shown in Table 7. Coding for Sr2� and Ba2� inputs (in
place of Ca2�) allows an unprecedented demonstration of this
operation at the molecular level. Deliberate integration of
logic functions within molecules only has a 3-year history.[58]


As mentioned previously under the OR logic properties of 1,
the �Abs differences between 4 ¥ Sr2� and 4 ¥Ba2� (although not
as convenient with 4 ¥Ca2�) are small enough to allow this use
of 4. Analysis of the truth table shows discernible XOR and


OR functions. This means that at a fixed pH value a YES/OR
function can be effected using one/different metal cation
input(s), in addition to demonstration of the XOR function.
Recent cases of integrated molecular logic systems are in
refs. [13 ± 15, 58].


YES/NOT logic with 4 in fluorescence mode : In addition to
the logic operations afforded through a transmittance output,
other logic operations can be demonstrated through a
fluorescence output. YES logic is obtained as Ca2� increases
the output fluorescence (at high pH values), whilst NOT logic
results from the diminished fluorescence quantum yield on
protonation of receptor2 (in the absence of Ca2�). Both these
one-input cases were demonstrated for 1 and 2, and therefore
for brevity, only two-input cases are discussed in the following
sections.


INHIBIT logic with 4 in fluorescence mode : Molecule 1 was
shown to demonstrate YES logic, however, with the addi-
tional H� input channel, species 4 has the ability to exhibit the
more complex INHIBIT function, via a fluorescence output.
This logic expression can be demonstrated with 4 when
monitoring the fluorescence output at 510 nm on exciting at
the 371 nm quasi-isosbestic point (Figure 6). The absorbances
at 371 nm are similarly high for three of the four input
conditions, whereas for the fourth [low (�10�9�) Ca2� and
high (10�5.7�) H�] it is greatly decreased. So a low fluores-
cence is expected for 4 ¥H� due to poor excitation. Figure 9


Figure 9. INHIBIT logic with 4 through fluorescence output (excitation at
371 nm and observation at 510 nm).


clearly shows a significant fluorescence band at 570 nm for 4
free of H� and Ca2�, but its intensity at the monitoring
wavelength of 510 nm is small. The fluorescence efficiency of
4 ¥H� and 4 ¥Ca2� ¥H� are likely to be low because of a
vibrational-loss mechanism of the protonated species in a
protic solvent.[59] For Ca2�-free species, the formation of a
non-emissive twisted internal charge transfer state (TICT)[60]


and a PET process from the discrete anilinic moiety appear
feasible but are evidently not dominant since 4 free of H� and
Ca2� is clearly emissive. The latter TICT and PET channels
would be blocked in the presence of Ca2� and so it is
reasonable that 4.Ca2� shows a strong emission centred at
540 nm with substantial intensity at the monitoring wave-
length. Implementation of this logic expression for 4 with the


Table 7. Truth table showing integrated OR and XOR logic with 4, as
shown in Figure 8.


Input1 Input2 Input3 Output
Ba2� Sr2� H� Integrated XOR and OR402 nm


0 0 0 0 (low, 3)
0 0 1 1 (high, 25)
0 1 0 1 (high, 56)
1 0 0 1 (high, 43)
0 1 1 0 (low, 5)
1 0 1 0 (low, 5)
1 1 0 1 (high, 48)
1 1 1 0 (low, 5)
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appropriate excitation and monitoring wavelengths is shown
in Figure 9 with a fluorescence enhancement of 11.5 between
high and essentially coincident low states. The corresponding
truth table can be found within Table 8.


NOR logic with 4 in fluorescence mode : Shifting the wave-
length conditions of excitation and observation allows us to
address NOR logic with 4. Previous examples of fluorescent
molecular NOR logic gates have utilised a PET mechanism
and other processes.[58] Molecule 4 also displays this type of
logic upon exciting at the 435 nm quasi-isosbestic point
(Figure 5), through a combination of effects. Of all four ionic
states, 4 ¥Ca2� alone has a diminished absorption at this
exciting wavelength and therefore a small fluorescence out-
put. As mentioned above, the protonated species (with or
without a Ca2� guest) is susceptible to non-radiative vibra-
tional deexcitation in water solvent.[59] With neither guest
present, we have the significant emission centred at 570 nm.
So the fluorescence output at the monitoring wavelength of
595 nm is substantially higher, thus the NOR logic gate is
produced. This specific monitoring wavelength produces a
coincidentally low emission for the species 4 ¥Ca2� ¥H�, 4 ¥
Ca2� and 4 ¥H�. Implementation of this logic expression (with
a fluorescence enhancement of 12.1 between high and
coincident low states) is shown in Figure 10, whilst Table 8
contains the corresponding truth table.


Figure 10. NOR logic with 4 through fluorescence output (excitation at
435 nm and observation at 595 nm).


Conclusion


Simple measurements with a UV/Vis spectrophotometer
unearth various logic functions within chromophores inte-
grated with one or two receptors. The versatility is increased
when the significant fluorescence of some of these compounds
is examined. Perhaps most importantly, the multiplicity or
superposition of logic configurations–the simultaneous ac-
cessibility of multiple logic functions–arises within photo-
active 1 ± 5 as a natural result of the multiplexing capability of
light.


Experimental Section


Aldehyde 6 was prepared as reported by Tsien,[29] 1,4-dimethylpyridinium
iodide,[31] 1,4-dimethylquinolinium iodide[31] and 9-methylacridine[33] were
prepared according to previously published procedures. 1H NMR spectra
were recorded on a General Electric GN-� 500 (500 MHz) instrument.
Absorption spectra were recorded on a Perkin ±Elmer Lambda 9 UV/Vis-
NIR spectrometer; fluorescence emission spectra were recorded on a
Perkin ±Elmer LS-5B luminescence spectrometer. Infrared spectra were
recorded on a Perkin ±Elmer model 983G instrument. Electrospray mass
spectra were recorded on a VG Quattro II Triple Quadrupole Mass
Spectrometer.


Methyl 2-{2-(2-{2-[di(2-methoxy-2-oxoethyl)amino]-5-methylphenoxy}-
ethoxy)(2-methoxy-2-oxoethyl)-4-[(E)-2-(1-methyl-4-pyridiniumyl)-1-
ethenyl]anilino} acetate iodide (1a): Compound 6 (0.50 g) and 1,4-
dimethylpyridinium iodide (0.16 g) were dissolved in dry methanol
(25 mL) and piperidine (8 drops) was added. After flushing the system
with nitrogen, the mixture was heated under reflux for 20 h. The solvents
were then removed under reduced pressure to give a red residue. This was
dissolved in chloroform (40 mL), washed with dilute hydrochloric acid (4�
25 mL) and water (25 mL), and then dried with sodium sulfate. Removal of
solvent gave the crude product which was recrystallised from ethanol to
give orange crystals (78%). M.p. 165.5 ± 166.0 �C; 1H NMR (500 MHz,
CDCl3, 25 �C, TMS): �� 8.51 (d, 3J(H,H)� 7 Hz, 2H; Pyr-H), 8.06 (d,
3J(H,H)� 7 Hz, 2H; Pyr-H), 7.69 (d, 3J(H,H)� 17 Hz, 1H; Pyr-CH�CH-),
7.23 (d, 3J(H,H)� 17 Hz, 1H; -CH�CH-Ar), 7.27 (s, 1H; Ar-H), 6.74 (s,
1H; Ar-H), 6.68 (d, 3J(H,H)� 8 Hz, 1H; Ar-H), 6.79 (d, 3J(H,H)� 8 Hz,
1H; Ar-H), 7.19 (d, 3J(H,H)� 8 Hz, 1H; Ar-H), 6.70 (d, 3J(H,H)� 8 Hz,
1H; Ar-H), 6.68 (d, 3J(H,H)� 8 Hz, 1H; Ar-H), 4.43 (t, 3J(H,H)� 5 Hz,
2H; -OCH2-), 4.32 (t, 3J(H,H)� 5 Hz, 2H; -OCH2-), 4.28 (s, 3H; N�-CH3),
4.23 (s, 4H; N-CH2-), 4.15 (s, 4H; N-CH2-), 3.62 (s, 6H;-OCH3), 3.60 (s, 6H;
-OCH3), 2.29 (s, 3H; Ar-CH3); IR (KBr): �� � 3003, 2950, 1743, 1643, 1518,
966, 881, 800, 768, 714 cm�1; ESMS: m/z (%): 664 (93) [M�], 344 (100)
[M��Na], 333 (22), 303 (25).
2-{(Carboxymethyl)-2-(2-{2-[di(carboxymethyl)amino]-5-methylphenoxy}
ethoxy)-4-[(E)-2-(1-methyl-4-pyridiniumyl)-1-ethenyl]anilino}acetic acid
iodide (1): Compound 1a (100 mg) was dissolved in a mixture of
concentrated hydrochloric acid-water (5:1 v/v) (2 mL) and refluxed for
2.5 h. After evaporating to dryness, the residue was dissolved in dilute base
and filtered. Acidification to pH 2, gave a precipitate which was filtered to
yield an orange solid. 1H NMR (500 MHz, D2O, 25 �C, TMS): �� 8.18 (br s,
2H; Pyr-H), 7.64 (br s, 2H; Pyr-H), 7.41 (d, 3J(H,H)� 17 Hz, 1H; Pyr-
CH�CH-), 7.10 ± 6.95 (m, 2H; Ar-H, Pyr-CH�CH-), 6.89 ± 6.68 (m, 5H; Ar-
H), 4.22 (br s, 8H; N-CH2-), 3.99 (s, 3H; N�-CH3), 3.78 (s, 2H; O-CH2-),
3.61 (s, 2H; O-CH2-), 2.18 (s, 3H; Ar-CH3).


Methyl 2-{2-(2-{2-[di(2-methoxy-2-oxoethyl)amino]-5-methylphenoxy}-
ethoxy)(2-methoxy-2-oxoethyl)-4-[(E)-2-(1-methyl-4-quinoliniumyl)-1-
ethenyl]anilino}acetate iodide (2a): Preparation of 2a was carried out
according to the synthesis of 1a, substituting 1,4-dimethylpyridinium iodide
with 1,4-dimethylquinolinium iodide. After removal of solvents a violet
residue was obtained, which was purified by flash silica column chroma-
tography, eluting with dichloromethane/methanol (9:1 v/v). Removal of
solvents gave a dark red powder (70% yield). M.p. 142.7 ± 144.9 �C;
1H NMR (500 MHz, CDCl3, 25 �C, TMS): �� 9.92 (d, 3J(H,H)� 7 Hz, 1H;
Quin-H), 8.29 (d, 3J(H,H)� 7 Hz, 1H; Quin-H), 8.86 (d, 3J(H,H)� 8 Hz,


Table 8. Truth tables for INHIBIT and NOR logic with 4 : fluorescence
output.[a]


Input1 Input2 Output
Ca2� H� INHIBIT510 nm[b] NOR595 nm


excited at 371 nm excited at 435 nm


0 0 0 (low, 9[c], 5� 10�4 [d]) 1 (high, 100[c], 7� 10�4 [d])
0 1 0 (low, 9[c], 2� 10�4 [d]) 0 (low, 9[c], 2� 10�4 [d])
1 0 1 (high, 100[c], 2� 10�3[d]) 0 (low, 9[c], 2� 10�4 [d])
1 1 0 (low, 7[c], 2� 10�4 [d]) 0 (low, 9[c], 2� 10�4 [d])
[a] Output given as fluorescence emission at the stated wavelengths of
excitation and emission. [b] Disabling input: H�. [c] Intensity in arbitrary
units. [d] Fluorescence quantum yield.
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1H; Quin-H), 7.95 (t, 3J(H,H)� 8 Hz, 1H; Quin-H), 8.09 (t, 3J(H,H)�
8 Hz, 1H; Quin-H), 8.07 (d, 3J(H,H)� 6 Hz, 1H; Quin-H), 7.29 (d,
3J(H,H)� 15 Hz, 1H; Quin-CH�CH-), 6.72 (d, 3J(H,H)� 15 Hz, 1H;
-CH�CH-Ar), 7.77 (s, 1H; Ar-H), 7.18 (d, 3J(H,H)� 8 Hz, 1H; Ar-H),
6.64 (d, 3J(H,H)� 8 Hz, 1H; Ar-H), 6.73 (s, 1H; Ar-H), 6.70 (d, 3J(H,H)�
8 Hz, 1H; Ar-H), 6.80 (d, 3J(H,H)� 8 Hz, 1H; Ar-H), 4.57 (s, 3H; N�-
CH3), 4.46 (t, 3J(H,H)� 5 Hz, 2H; O-CH2-), 4.32 (t, 3J(H,H)� 5 Hz, 2H;
O-CH2-), 4.23 (s, 4H; N-CH2-), 4.15 (s, 4H; N-CH2-), 3.64 (s, 6H; -OCH3),
3.59 (s, 6H; -OCH3), 2.25 (s, 3H; Ar-CH3); IR (KBr): �� � 3017, 2950, 1732,
1588, 1205, 1005, 896, 859, 760, 613 cm�1; ESMS: m/z (%): 714 (67) [M�],
369 (100) [M��Na], 358 (53).
2-{(Carboxymethyl)-2-(2-{2-[di(carboxymethyl)amino]-5-methylphenoxy}-
ethoxy)-4-[(E)-2-(1-methyl-4-quinoliniumyl)-1-ethenyl]anilino}acetic acid
iodide (2): Acid hydrolysis of 2a was carried out as described for the
preparation of 1 to yield a violet solid. 1H NMR (500 MHz, D2O, 25 �C,
TMS): �� 8.99 (br s, 1H; Quin-H), 8.65 (br s, 1H; Quin-H), 8.32 ± 8.00 (m,
4H; Quin-H or Ar-H), 7.46 (br s, 2H; Quin-H or Ar-H), 7.23 ± 6.95 (m, 6H;
Quin-H, -CH�CH-, Ar-H), 4.42 (s, 3H; N�-CH3), 4.09 (br s, 4H; -OCH2-),
3.89 (br s, 8H; -NCH2-), 2.53 (s, 3H; Ar-CH3).


Methyl 2-{2-(2-{2-[di(2-methoxy-2-oxoethyl)amino]-5-methylphenoxy}-
ethoxy)(2-methoxy-2-oxoethyl)-4-[(E)-2-(4-pyridyl)-1-ethenyl]anilino}a-
cetate (3a): Compound 3a was prepared using a procedure adapted from
Kost et al.[32] Benzoyl chloride (0.10 mL) was added dropwise to stirred,
ice-cold 4-methylpyridine (1.3 mL) under a nitrogen stream, whereupon a
precipitate of (4-methyl-1-pyridiniumyl)(phenyl)methanone chloride was
produced. This was then allowed to warm to ambient temperature and 6
(0.80 g) was added. After flushing with nitrogen, the mixture was heated to
140 �C and a homogeneous solution was obtained. The initially yellow
solution was seen to turn red quickly and was heated for a further 5 h. After
cooling, the solution was dissolved in dichloromethane (40 mL) and poured
onto crushed ice. The solute of the organic layer was adsorbed unto a
minimum quantity of flash silica gel, and added to a short column of flash
silica gel prepared with diethyl ether/petroleum ether (b.p. 40 ± 60 �C) (2:1
v/v). After washing with diethyl ether/petroleum ether (b.p. 40 ± 60 �C) (2:1
v/v) and then diethyl ether, the product was eluted with ethyl acetate to
give a yellow solid after removal of solvents. This was recrystallised from
isopropyl alcohol giving light yellow crystals (40% yield). M.p. 140.1 ±
140.5 �C; 1H NMR (500 MHz, CDCl3, 25 �C, TMS): �� 8.55 (d,
3J(H,H)� 6 Hz, 2H; Pyr-H), 7.33 (d, 3J(H,H)� 6 Hz, 2H; Pyr-H), 7.21 (d,
3J(H,H)� 17 Hz, 1H; Pyr-CH�CH-), 6.86 (d,� 17 Hz, 1H; 3J(H,H) Pyr-
CH�CH-), 6.79 (s, 1H; Ar-H), 7.07 (d, 3J(H,H)� 2 Hz, 1H; Ar-H), 6.77 (d,
3J(H,H)� 2 Hz, 1H; Ar-H), 6.76 (s, 1H; Ar-H), 4.34 (t, 3J(H,H)� 5 Hz,
2H; O-CH2-), 4.29 (t, 3J(H,H)� 5 Hz, 2H; O-CH2-), 4.19 (s, 4H; N-CH2-),
4.13 (s, 4H; N-CH2-), 3.59 (s, 6H; -OCH3), 3.55 (s, 6H; -OCH3), 2.27 (s, 3H;
Ar-CH3); IR (KBr): �� � 2998, 2951, 1748, 1589, 1518, 1416, 1254, 991, 817,
710, 668, 521 cm�1; ESMS:m/z (%): 650 (79) [M�], 673 (46) [M��Na], 337
(68), 326 (100).


2-{(Carboxymethyl)-2-(2-{2-[di(carboxymethyl)amino]-5-methylphenoxy}-
ethoxy)-4-[(E)-2-(4-pyridyl)-1-ethenyl]anilino}acetic acid (3): Compound
3a (50 mg) was dissolved in a minimum amount of THF, and potassium
hydroxide (5 equiv) was added in aqueous solution (0.3 mL). The mixture
was heated and methanol was added dropwise until a homogeneous
solution was obtained. After refluxing for 90 min, water (3 mL) was added
and the solution was heated under reflux for a further 20 min. The reaction
mixture was then evaporated to dryness, yielding a red gum, dissolved in
water and filtered. Concentrated hydrochloric acid was added slowly to the
filtrate to a pH 2. The precipitate formed was then filtered to give an
orange solid. 1H NMR (500 MHz, D2O, 25 �C, TMS): �� 8.37 (d, 3J(H,H)�
8 Hz, 2H; Pyr-H), 7.47 ± 7.38, 6.85 ± 6.64 (m, 10H; Pyr-H, -CH�CH-, Ar-H),
4.39 (s, 4H; O-CH2-), 4.34 (s, 8H; N-CH2-), 2.21 (s, 3H; Ar-CH3).


Methyl 2-{2-(2-{2-[di(2-methoxy-2-oxoethyl)amino]-5-methylphenoxy}-
ethoxy)(2-methoxy-2-oxoethyl)-4-[(E)-2-(4-quinolyl)-1-ethenyl]anilino}-
acetate (4a): Compound 4awas prepared by a procedure similar to that used
for 3a, replacing 4-methylpyridine with 4-methylquinoline. After heating at
150 �C for 4.5 h and cooling, the reaction mixture was dissolved in methanol
and similarly loaded onto a minimum quantity of flash silica gel. This was
added to a short column of flash silica gel prepared with diethyl ether. After
washing with diethyl ether, the product was eluted with ethyl acetate.
Removal of solvents gave a yellow solid, which was recrystallised from
isopropyl alcohol to give bright yellow crystals (62% yield). M.p. 177.1 ±
177.4 �C; 1H NMR (500 MHz, CDCl3, 25 �C, TMS): �� 8.88 (d, 3J(H,H)�


5 Hz, 1H; Quin-H), 7.58 (d, 3J(H,H)� 5 Hz, 1H; Quin-H), 8.22 (d,
3J(H,H)� 8 Hz, 1H; Quin-H), 7.60 (t, 3J(H,H)� 8 Hz, 1H; Quin-H), 7.72
(t, 3J(H,H)� 8 Hz, 1H; Quin-H), 8.12 (d, 3J(H,H)� 8 Hz, 1H; Quin-H),
7.68 (d, 3J(H,H)� 16 Hz, 1H; Quin-CH�CH-), 7.27 (d, 3J(H,H)� 16 Hz,
1H; Quin-CH�CH-), 7.17 (s, 1H; Ar-H), 7.15 (d, 3J(H,H)� 8 Hz, 1H; Ar-
H), 6.82 (d, 3J(H,H)� 8 Hz, 1H; Ar-H), 6.70 (s, 1H; Ar-H), 6.69 (d,
3J(H,H)� 8 Hz, 1H; Ar-H), 6.77 (d, 3J(H,H)� 8 Hz, 1H; Ar-H), 4.39 (t,
3J(H,H)� 6 Hz, 2H; O-CH2-), 4.31 (t, 3J(H,H)� 6 Hz, 2H; O-CH2-), 4.21
(s, 4H; N-CH2-), 4.14 (s, 4H; N-CH2-), 3.62 (s, 6H; -OCH3), 3.57 (s, 6H;
-OCH3), 2.27 (s, 3H; Ar-CH3); IR (KBr): �� � 951, 1748, 1601, 1575, 1518,
1434, 1201, 1170, 1148, 1010, 882, 846, 817, 760, 710, 578 cm�1; ESMS: m/z
(%): 700 (100) [M�], 723 (35) [M��Na], 362 (88), 351 (80).
2-{(Carboxymethyl)-2-(2-{2-[di(carboxymethyl)amino]-5-methylphenoxy}-
ethoxy)-4-[(E)-2-(4-quinolyl)-1-ethenyl]anilino}acetic acid (4): Alkaline
hydrolysis of 4a (similar to the hydrolysis of 3a) yielded 4. Employing a
similar work-up procedure, the product was obtained as a violet solid.
1H NMR (500 MHz, D2O, 25 �C, TMS): �� 8.56 (d, 3J(H,H)� 5 Hz, 1H;
Quin-H), 8.07 (d, 3J(H,H)� 8 Hz, 1H; Quin-H), 7.88 (d, 3J(H,H)� 8 Hz,
1H; Quin-H), 7.70 (t, 3J(H,H)� 8 Hz, 1H; Quin-H), 7.54 (t, 3J(H,H)�
8 Hz, 1H; Quin-H), 7.46 (d, 3J(H,H)� 5 Hz, 1H; Quin-H), 7.37 (d,
3J(H,H)� 16 Hz, 1H; Quin-CH�CH-), 7.07 (d, 3J(H,H)� 16 Hz, 1H;
-CH�CH-Quin), 7.04 (s, 1H; Ar-H), 6.80 ± 6.87 (m, 5H; Ar-H), 4.19 (br s,
2H; O-CH2-), 4.10 (br s, 2H; O-CH2-), 3.76 (s, 4H; N-CH2-), 3.67 (s, 4H;
N-CH2-), 2.29 (s, 3H; Ar-CH3).


Methyl 2-[4-[(E)-2-(9-acridinyl)-1-ethenyl]-2-(2-{2-[di(2-methoxy-2-oxo-
ethyl)amino]-5-methylphenoxy}ethoxy) (2-methoxy-2-oxoethyl)anilino]ace-
tate (5a): Compound 5a was prepared according to the procedure used for
3a ; using benzoyl chloride (0.05 mL), 9-methylacridine (0.07 g) and acetic
anhydride (1.5 mL). After cooling the reaction mixture it was dissolved in
dichloromethane (30 mL) and poured onto crushed ice. The solute of the
organic phase was then loaded onto a minimum quantity of flash silica gel
and added to a short column of flash silica gel prepared with diethyl ether/
petroleum ether (b.p. 40 ± 60 �C) (3:2 v/v). After washing with diethyl ether/
petroleum ether (b.p. 40 ± 60 �C) (3:2 v/v) and diethyl ether, the product was
eluted with diethyl ether/ethyl acetate (1:1 v/v). Removal of solvents gave a
bright yellow powder, which was recrystallised from ethanol to give orange
crystals (70% yield). M.p. 157.1 ± 159.8 �C; 1H NMR (500 MHz, CDCl3,
25 �C, TMS): �� 8.32 (d, 3J(H,H)� 9 Hz, 2H; Acr-H), 8.23 (d, 3J(H,H)�
9 Hz, 2H; Acr-H), 7.52 (t, 3J(H,H)� 8 Hz, 2H; Acr-H), 7.77 (t, 3J(H,H)�
8 Hz, 2H; Acr-H), 7.75 (d, 3J(H,H)� 16 Hz, 1H; Acr-CH�CH-), 6.97 (d,
3J(H,H)� 16 Hz, 1H; -CH�CH-Ar), 7.24 (s, 1H; Ar-H), 7.20 (d, 3J(H,H)�
8 Hz, 1H; Ar-H), 6.88 (d, 3J(H,H)� 8 Hz, 1H; Ar-H), 6.71 (s, 1H; Ar-H),
6.68 (d, 3J(H,H)� 8 Hz, 1H; Ar-H), 6.77 (d, 3J(H,H)� 8 Hz, 1H; Ar-H),
4.41 (t, 3J(H,H)�5 Hz, 2H; O-CH2-), 4.32 (t, 3J(H,H)�5 Hz, 2H; O-CH2-),
4.24 (s, 4H; N-CH2), 4.16 (s, 4H; N-CH2), 3.63 (s, 6H; -OCH3), 3.59 (s, 6H;
-OCH3), 2.27 (s, 3H; Ar-CH3); IR (KBr): �� � 2951, 1746, 1626, 1517, 1435,
1250, 1201, 1167, 1011, 810, 753, 713, 602 cm�1; ESMS: m/z (%): 750 (83)
[M�], 387 (100) [M��Na], 376 (48).
2-(4-((E)-2-(9-Acridinyl)-1-ethenyl)(carboxymethyl)-2-(2-(2-(dicarboxy-
methylamino)-5-methylphenoxy)ethoxy)anilino)acetic acid (5): Alkaline
hydrolysis of 5a (similar to the hydrolysis of 3a) yielded 5. Employing a
similar work-up procedure, the product was obtained as a red solid.
1H NMR (500 MHz, D2O, 25 �C, TMS): �� 7.84 (d, 3J(H,H)� 8 Hz, 2H;
Acr-H), 7.78 (d, 3J(H,H)� 8 Hz, 2H; Acr-H), 7.64 (t, 3J(H,H)� 8 Hz, 2H;
Acr-H), 7.28 (t, 3J(H,H)� 8 Hz, 2H; Acr-H), 7.00 (d, 3J(H,H)� 16 Hz, 1H;
Acr-CH�CH-), 6.87 (d, 3J(H,H)� 6 Hz, 1H; Ar-H), 6.67 ± 6.77 (m, 5H; Ar-
H), 6.46 (d, 3J(H,H)� 16 Hz, 1H; -CH�CH-Acr), 4.23 (br s, 2H; O-CH2-),
4.12 (br s, 2H; O-CH2-), 3.75 (s, 4H; N-CH2-), 3.65 (s, 4H; N-CH2-), 2.21 (s,
3H; Ar-CH3).
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Effect of Conformational Preorganization of a Three-Armed Host on Anion
Binding and Selectivity


Frank Hettche, Philipp Rei˚, and Reinhard W. Hoffmann*[a]


Abstract: A set of three-armed urea-containing anion receptors was prepared. The
receptors all have the same binding topology but differ in the level of conformational
preorganisation with respect to the arrangement of the side-arms relative to the
platform and within the side arms themselves. This is mirrored in a specific increase
(�2.5) in the binding constant for chloride and in a 12-fold increase in the chloride/
nitrate-selectivity.


Keywords: anion binding ¥ anions ¥
conformation analysis ¥ host ± guest
systems ¥ molecular recognition


Introduction


Molecular recognition describes the association between two
molecules to form a noncovalently bonded complex.[1] The
partners are frequently dubbed as host and guest. Specificity
in molecular recognition derives from differences in the free
binding energies with respect to the complexation of different
guests. Binding enthalpies depend on the kind of interaction
(hydrogen bridges, dipolar attractions, Coulomb attractions),
binding topology, and desolvation effects. These last factors
are reflected in the binding entropies, which also comprise
solvation changes and losses of internal motions on complex-
ation. Especially with regard to the latter one tends to use
rigid hosts, which suffer less from losses of internal motions on
complexation.


Molecular recognition is the key element in nature×s
binding of effectors to receptors in biology. It is quite evident
that nature uses rigid effectors (such as steroids) or rigid
receptors only in a few instances, and indeed flexible
molecules prevail. However, many biologically active mole-
cules, particularly those of polyketide biogenetic origin show
high levels of conformational preorganisation,[2] which may
directly augment the binding free energy to the respective
host. Conformational preorganisation has thus been recog-
nised as a feature in molecular recognition,[3] since the
pioneering studies of Cram.[4] The magnitude of these effects,
however, is not easily assessed, because on comparing guests
(or hosts) of different conformational preorganisation other
structure parameters are likewise changed. This situation, in
line with our interest in the benefits of conformational


preorganisation, led us to design a series of hosts that have
identical binding topology and binding groups, but different
degrees of conformational preorganisation. Thus, the idea is
to have a tripodal host 1 consisting of a platform and three
side arms with urea moieties as sticky groups,[5, 6] see
Scheme 1. These were chosen in order to complex spherically
symmetrical anions,[6] which do not require a specific coordi-
nation geometry.


FG


FG


FG


Cl
FG


FG


FG


Cl


1


Scheme 1. Schematic representation of the tripodal host 1 and the complex
formation with the spherically symmetrical chloride anion guest. FG�
urea.


The distance between the platform and the urea groups is
kept constant. The only feature to be changed is the
conformational preorganisation of the side arms relative to
the platform and within the side arms themselves. We hoped
that with a system such as 1 it would be possible to clearly
delineate the effects of conformational preorganisation on
binding energies and selectivities. Some of the results have
been communicated in preliminary form.[7] Here, we detail the
whole study.


Design of the receptors : As a central platform we chose a
triazine-trione unit,[8, 9] because the arrangement of the bond
dipoles should facilitate the positioning of a negatively
charged anion on top of the ring. Moreover, triazine-triones
are synthetically quite versatile. We envisioned the use of
four-carbon chains as side arms; these allow enough con-
formational diversity, but can in turn be easily conformation-
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ally controlled,[10] see Scheme 2. Thus, the most flexible host
would be compound 2, in which the side-arms may explore the
full conformational space available.
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Scheme 2. Different hosts discuused in this paper. FG�NH-CO-NH-
pC6H4-nC4H9.


The first restriction we wanted to introduce is illustrated in
host 3. Here, the methyl branches at C-1 cause a folding such
that the lateral chains arrange themselves orthogonal to the
platform to avoid A1,3-strain.[11] This system can explore the
conformations illustrated as 9a and 9b, see Scheme 3, with the
former being statistically favoured by 3:1.
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Scheme 3. Different conformations to avoid A1,3 strain. FG� urea.


As the next stage of conformational preorganisation we
envisioned the receptor 4, in which the side chains should now
each adopt an extended conformation as a result of the
additional methyl group at C-3.[10] This set of three com-
pounds should therefore have an identical binding topology
towards anions such as chloride, but with various degrees of
conformational preorganisation. In the realisation of this
plan, it turned out that the solubility of host 2 in CDCl3, as the
medium of choice for the binding studies, was very low.
Because of this, host 2 was replaced by host 5 ; these are
equivalent in terms of conformational preorganisation.


The design of the receptors implied that all three arms
would simultaneously be involved in the binding of the anion.
To verify this premise, a two-armed (6) and a mono-armed (7)
™receptor∫ were included in the study. Since compound 7 was
accessible only in small quantities (see below) we chose the
simple phthaloyl derivative 8 as a substitute.


Synthesis of the receptors : The three-fold symmetry of the
receptor invited a divergent synthesis from a central triazine-
trione unit, as exemplified in the synthesis of the receptors 2
and 5, cf. Schemes 4 ± 6. To this end, cyanuric acid (10) was
alkylated[8] to give the tris-chloro compound 11.


NN


N OHHO


OH


Cl
NN


N OO


O


Cl


Cl


NaH,
BrC4H8Cl NaN3


DMF


N3
NN


N OO


O


N3


N3


FG


FG


NN


FG


N OO


O


NaI, DMSO


10
11 (53%)


1) Pd(OH)2/C,
    H2, MeOH


2) ArNCO, THF


12 (91%)
2 (9%)


Scheme 4. Synthesis of host 2. FG�NH-CO-NH-pC6H4-nC4H9.


Nucleophilic displacement of the chloride by azide fur-
nished the tris-azide 12, which was reduced by hydrogenation
and converted into the tris-urea 2. The last reaction was not
optimised, once the poor solubility of 2 in CDCl3 had become
apparent.


Instead, we focussed on the methyl-branched compound 5.
The methyl branches constitute stereogenic centres in each
chain. To have a constitutionally homogenous receptor, which
is necessary for the binding studies by NMR titration, the side
chains in 5 have to be homochiral. Therefore, an enantiomeri-
cally pure alkylating agent 18 was required to convert 10 into
19, see Scheme 6.


The synthesis of the alkylating agent 18 emanated from a
Myers alkylation of the chiral propionamide 13 to give 14
(Scheme 5).[12] Reductive cleavage of the chiral auxiliary
furnished the alcohol 15. At this stage the azido group was
introduced by a Mitsunobu reaction.[13] Finally, removal of the
silyl protecting group in 16 gave the alcohol 17, which was then
converted to the alkylating agent 18 by iodination.
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1) LDA, LiCl


13 14 (92%)
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15 (75%) 16 (80%)


17 (92%) 18 (96%)


Scheme 5. Synthesis of alkylating agent 18.
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Alkylation of 10 by iodide 18 provided tris-azide 19, see
Scheme 6. Instead of hydrogenation, which had been prob-
lematic with the tris-azide 12, we reduced the azide 19 through
a Staudinger procedure[14] using trimethylphosphine. This
resulted in 63% of the tris-urea 5.


NN


N OHHO


OH


NaH, 18
N3


N3


NN


N3


N OO


O


DMSO


FG


FG


NN


FG


N OO


O


THF


10
19 (60%)


1) PMe3
2) H2O


3) ArNCO
5 (63%)


Scheme 6. Synthesis of host 5. Ar� nC4H9-pC6H4-; FG�NH-CO-NH-
pC6H4-nC4H9.


The anion receptors 3 and 4 have stereogenic centres at C-1
of the side chain, that is the attachment point to the platform.
One way to create such structures would be by Mitsunobu
inversion using cyanuric acid (10) as the nucleophile. We had
doubts whether substantial yields could be attained in such a
three-fold alkylation reaction. For this reason we envisioned a
convergent route to compounds 3 and 4 by relying on the
cyclotrimerisation of isocyanates,[15] such as 24, see Scheme 7.
The isocyanate 24 was prepared by using an Evans alkyla-
tion[16] starting from the chloroacyl-oxazolidinone 20. First,
the azido function was introduced to give 21. Methylation of
21 could be attained with a 13:1 diastereoselectivity to furnish
22, from which the chiral auxiliary was removed by a standard
method.[16] The resulting acid 23 was then subjected to a
Curtius degradation to give the isocyanate 24, which was
immediately subjected to a KOtBu-catalysed cyclotrimerisa-
tion.[17]


This afforded the tris-azide 25 in 66% yield. The latter was
then converted to the receptor ent-3 as before, albeit in only
moderate yield.


Since the cyclotrimerisation of the isocyanate 24 to 25 was
readily achieved, we chose the same route for the preparation
of the receptor 4. The required isocyanate 29 was obtained
from 26 as summarized in Scheme 8.


Thus, borane reduction of the half-ester 26 gave a �-
hydroxyester, which was immediately converted to the azido-
ester 27 to prevent lactonisation. The ester 27 was saponified
to afford the acid 28. Curtius degradation of the latter
furnished the desired isocyanate 29.


The enantiomerically pure half-ester 26 itself was obtained
in a two-step sequence. First, the corresponding meso-diester
was transformed into enantio-enriched 26[18] by a chymotryp-
sin-catalysed hydrolysis.[19] The reaction was performed for six
weeks at room temperature to reach an ee of 70%. The
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Scheme 7. Synthesis of host ent-3. Ar� nC4H9-pC6H4-; FG�NH-CO-NH-
pC6H4-nC4H9.
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aq. MeOH
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29
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Scheme 8. Synthesis of enantiomerically pure isocyanate 29.


enantiomeric purity of the resulting half-ester was then
upgraded to 98% by recrystallisation of the R-(�)-phenyl-
ethylammonium salts.[20]


During the optimisation of the synthesis of receptor 4 with
racemic starting material, we discovered information, that we
could not have gained on cyclotrimerisation of the enantio-
merically pure isocyanate 29 : We obtained first experimental
indications of the conformational preorganisation within our
tailor-made side arms of the receptors of type 4. The
cyclotrimerisation of rac-29 generates a statistical 3:1 mixture
of the asymmetric (rac-30) and the C3-symmetric (rac-31)
trimer, see Scheme 9.


The presence of a 3:1 product mixture can be deduced from
the 13C NMR spectrum (Figure 1), in which several of the
signals appear to be split into ™triplets∫.


The ™triplet multiplicity∫ of the individual signals can be
rationalised as a combination of a single signal for the
homochiral trimer rac-31 and two signals for the heterochiral
trimer rac-30, because in rac-30 the side chains are diaste-
reotopic to one another. The stereochemically distinct side-
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Scheme 9. Cyclotrimerization of rac-29.


Figure 1. 13C NMR spectrum of the mixture of rac-30 and rac-31.


chains in rac-30 are present in a 2:1 ratio. Thus, a 1:2:1
intensity ratio within each ™triplet∫ will arise when the
isomers rac-30 and rac-31 are present in approximately 3:1
ratio. As the homochiral trimer 31 is available from the
cyclotrimerisation of the enantiomerically pure isocyanate 29,
the signals of the former could readily be identified.


The point to be made about the observed splitting in the
13C NMR spectrum of rac-30 and rac-31 in regards to
conformational preorganisation is the following: common
experience does not suggest that symmetry-related methyl
groups at stereogenic centres separated by four or eight
intervening bonds should have detectable differences in
chemical shift. Hence, if this is the case, a special situation
must prevail in which these stereogenic centres are so close to
one another in space that they ™talk∫ to one another. The
observed splitting of the 13C NMR signals within the side
chains of rac-30 and the differences between the signal
positions of rac-30 and rac-31 indicate that a particular folding
of these molecules prevails as anticipated in the generalised
structure 9.


The key to the conformational preorganisation within the
compounds rac-30 and rac-31 are the methyl groups at C-1 of
the side chains. There are no such methyl groups in the tris-
azide 19. Just as a control, we synthesised rac-19 admixed with
its epimer 36 by a cyclotrimerisation of the isocyanate rac-35,
see Scheme 10.


The 13C NMR spectrum of the resulting mixture has only a
single set of lines, in contrast to the rac-30/rac-31mixture. This
indicates that the splitting observed with the rac-30/rac-31
mixture is genuinely a consequence of the conformational
preorganisation prevalent in that system.
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Scheme 10. Synthesis of rac-36 and rac-19.


To conclude the synthesis of 4, enantiomerically pure tris-
azide 31 obtained from enantiomerically pure half-ester 26
was converted to the tris-urea 4 as before, see Scheme 11.
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THF
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2) H2O
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Scheme 11. Assembly of the side chains. Ar�nC4H9-pC6H4-; FG�NH-
CO-NH-pC6H4-nC4H9.


The synthesis of the dipodal receptor 6 and the monopodal
™receptor∫ 8 (cf. Scheme 2) both originated from isocyanate
29, see Scheme 12. Co-trimerisation of 29 with 10 equivalents
of tert-butyl isocyanate furnished the bis-azide 37 and mono-
azide 38 in a 13:1 ratio. Compound 37 then was converted into
the two-armed receptor 6.


Since only a very small quantitty of the mono-armed azide
38 was obtained, we turned our attention to the phthaloyl-
derivative 8 as a model for the mono-armed system. The
precursor compound, azide 40, was obtained by phthaloyla-
tion of the trimethylsilylethyl carbamate 39 derived from 29 in
60% yield. The azide 40 was in this case reduced with
polymethylhydrosiloxane in the presence of the p-butylphe-
nylisocyanate to give the receptor ent-8 in 74% yield.


Conformational analysis of the side chains in the host
molecules : The 1,3-dimethylbutyl chains in the azides 31
and 37 ± 40 are derivatives of 2,4-di-substituted pentanes and
hence have just two low energy conformations, namely 41a
and 41b as shown in Scheme 13. Such a system can readily be
analysed on the basis of 3J(H,H) coupling constants.[21]
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Scheme 12. Side chain modifications. Ar� nC4H9-pC6H4-.
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Scheme 13. Conformational equilibrium of 41.


If one of the conformers is favoured in the conformer
equilibrium a large alternation in the magnitude of the
coupling constants J(H2a,H1), J(H2a,H3), and J(H2b,H1),
J(H2b,H3) should result. The data compiled in Table 1 show
that this is indeed the case.[22]


For compound 31 the 3J(C,H) coupling constants (H2a,Me1:
2.6� 0.2; H2a,Me3: 6.8� 0.1; H2b,Me3: 3.6� 0.2 Hz) reveal[23]


that conformation 41a is the major conformer populated. The
observation of a large and a small coupling to Me3 is uniquely
consistent with the prevalence of conformation 41a in
compound 31.


For the other azido compounds 37, 38 and 40 we only have
soft arguments to support the notion that conformer 41a is the
favoured one: the ™slim∫ imido moieties should prefer the
position lateral to the chain, rather than the more bulky C-4
methylene group, in line with previous studies.[10] The large
(1 ppm) difference in chemical shift between the two diaste-
reotopic protons H2a and H2b (see Table 1) is a telltale sign of


their different disposition relative to the phthalimido group as
prevails in conformation 41a, whereas in conformation 41b
they should be symmetrically disposed.


For the tris-urea 4, solid evidence for the prevalence of
conformation 41a again comes from determination of the
3J(C,H) coupling constants. For conformational analysis we
had to rely on the latter exclusively, because the 1H NMR
signals of 4 are too broad to determine 3J(H,H) coupling
constants. The following 3J(C,H) coupling constants were
obtained: J(H2a,Me1)� 2.8� 0.2 Hz; J(H2a,Me3)� 6.1�
0.1 Hz, J(H2b,Me3)� 4.6� 0.2 Hz; J(H2b,Me1)� 2.0� 0.1 Hz.
As before, the observation of a large and a small coupling to
Me3 indicates the prevalence of conformation 41a in com-
pound 4. In line with this, H2b should show two small 3J(C,H)
coupling constants in conformation 41a of 4. However, one of
the values (4.6 Hz) is intermediate magnitude.[23] This indi-
cates that the conformational homogeneity of the tris-urea 4 is
not as high as in the azido compounds studied before. This
could be caused by intra- and intermolecular interactions
between the urea end-groups which can be seen in the crystal
structure of 4 (cf. Figure 2).


Figure 2. Crystal structure of 4, butyl groups omitted for clarity.


This X-ray crystal structure confirms our above consider-
ations, as it illustrates nicely the predicted details about the
spatial arrangement of the side-chains (in the solid state):
thus, they are arranged orthogonal to the platform, and at
least one pair of side-chains is so close in space that they may
™talk∫ to one another, as seen in the NMR-spectra of rac-30
and rac-31. The X-ray structure further shows that each of the
side chains adopts an extended conformation.


Complexation studies : The complexation of three represen-
tative anions (Cl�, Br� and NO3


� as tetrabutylammonium salts
in CDCl3) by the receptors was followed by NMR titration.
The complexation was monitored by following the changes in
the chemical shifts of the NH protons. In some instances
changes in the chemical shifts of the ortho-protons on the
phenylene units were also used. The resulting curves were
simulated with SigmaPlot 2000.[24] The prevalence of 1:1
complexes was secured in all cases by Job plots, again fitted
with SigmaPlot 2000. Self-association is quite common for
urea containing compounds.[25] (cf. also Figure 2) We there-
fore determined the self-association constants for some of the


Table 1. Characteristic coupling constants [Hz,� 0.1 Hz] for the confor-
mation of the 1,3-dimethylbutyl side chains.


Signal 3J(H,H) 40 38 37 31


H2a: �� �2.35 ppm (H2a,H1) 10.9 9.9 10.1 10.3
(H2a,H3) 4.3 4.0 3.9 3.7


H2b: ��� 1.35 ppm (H2b,H3) 10.1 9.3 9.3 9.6
(H2b,H1) 4.3 5.2 5.0 4.9
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receptors by dilution experiments, and we fitted the data with
HOSTEST.[26] In this way, the following self-association
constants were determined: 4 : 16� 4��1; 5 : 17� 6��1; 6 :
22� 4��1. As the complexation constants for the anions (see
Table 3) are at least one order of magnitude larger, self-
association of the receptors is not a matter of concern.


The receptor design relied on the notion, that each of the
tripodal ligands 3 (binding studies were in fact carried out
with ent-3), 4 and 5 uses all three arms cooperatively when
complexing an anion, while in principle, each arm could
interact with the guest independently. To rule out the latter
possibility, we compared the complexing ability of the mono-
armed 8, the bis-armed receptor 6 and the tris-armed receptor
4. The data are compiled in Table 2.


If the side arms were functioning completely independently
of one another, one would expect an increase in the binding
constants in a sequence 1:2:3. The data in Table 2 show that
the increase surpasses these values and is, in addition, not
uniform for all anions. This indicates a substantial coopera-
tivity of the side arms in forming 1:1 complexes (Job plots)
with those anions.


After establishing that the three-armed receptors employ
their binding groups in a cooperative manner, we can now
identify the effects of conformational preorganisation on the
binding constants and selectivities for different anions. These
results are compiled in Table 3.


The data in Table 3 show that the binding energies increase
in going from bromide to chloride, a feature commonly seen
for the binding of different halide ions to urea receptors.[6, 27]


The binding constants react in a diverse manner to the
changes in the conformational preorganisation of the hosts.
Chloride binding increases by a factor of 2.5 on going from the
non-preorganised receptor 5 to the host 3 with a controlled


arrangement of the side chains relative to the platform.
However, an additional conformational preorganisation with-
in the side chains, that is going from receptor 3 to receptor 4, is
without a pronounced effect on chloride binding. This is not
the case for the binding of bromide or nitrate; the latter
change results in a significant decrease of the binding
constant. It appears that chloride fits quite well into the
detailed binding pocket provided by receptor 4, whereas
accommodation of the larger anions (bromide or nitrate),
requires some conformational adjustments in the side-arms.
These are readily possible in the unorganised receptor 5, to
some extent in 3, but are opposed by the conformational
preferences of the side arms in the most evolved receptor 4.


Thus, conformational preorganisation may lead to an
increase in binding constants (e.g. for chloride), no changes
(bromide), or to a decrease (on binding nitrate). Obviously
then, the most pronounced effect of conformational preorga-
nisation is on binding selectivities: the chloride/nitrate
selectivity increases from two in the case of receptor 5 to 16
for receptor 3 and on to 24 for receptor 4, which has the
strongest conformational preorganisation.[28] One referee
raised a question regarding the influence of adventitious
amounts of water on binding selectivities. While we did not
study this in depth, the chloride/bromide selectivity for host 4
was found to be 5.1 in water-saturated deuterochloroform,
compared with 8.6 (cf. Table 3) in commercial deuterochloro-
form. For host 5 the corresponding values are 2.3 versus 3.7.
This indicates that binding selectivities were not over-
sensitive to changes in the water content even when binding
constants were lower in the more aqueous solvent system.


Conclusion


In summary, we have synthesised a set of receptors with the
same bond connectivity and the same backbone. They just
differ in the level of conformational preorganisation. Detailed
binding studies of simple anions revealed a cooperative
binding mode and demonstrated that conformational preor-
ganisation leads to strong changes in binding selectivities
despite only moderate changes in binding strength. The
principles outlined in this study should be applicable to the
rational design of a broad range of advanced, conformation-
ally flexible receptor molecules.


Experimental Section


General remarks : All temperatures quoted are uncorrected. 1H NMR,
13C NMR: Bruker ARX-200, AC-300, WH-400, AMX-500. Boiling range of
petroleum ether: 40 ± 60 �C. Flash chromatography: Silica gel SI 60, E.
Merck KGaA, Darmstadt, 40 ± 63 �m. pH 7 buffer was prepared dissolving
: NaH2PO4� 2H2O (56.2 g) and Na2HPO4� 4H2O (213.6 g) in water to a
final volume of 1 L.


1,3,5-Tris(4-chlorobutyl)-1,3,5-triazine-2,4,6-trione (11): A suspension of
sodium hydride in white oil (80%, 1.33 g, 44.3 mmol) was washed with
pentane (4� 50 mL) and a solution of cyanuric acid (10) (1.52 g,
11.8 mmol) in DMSO (115 mL) was added at 0 �C. After stirring for
30 min at 0 �C, 1-bromo-4-chlorobutane (5.11 mL, 44.4 mmol) and sodium
iodide (340 mg, 2.27 mmol) were added. After stirring for 1 d at room
temperature, saturated aqueous NaHCO3 solution (40 mL) and water


Table 2. Complexation constants [��1] for tetrabutylammonium salts in
CDCl3 at 300 K.[a]


Guest/Host ent-8 6 4


Bu4N� Cl� 621� 40 2610� 50 19500� 2100
Bu4N� Br� 79� 5 646� 5 2260� 100
Bu4N� NO3


� 103� 5 528� 7 800� 10


[a] The error limits given are standard deviations from nonlinear regression
analysis.


Table 3. Effects of conformational preorganisation on the binding energies
[kcalmol�1] and binding constants [��1] for tetrabutylammonium salts in
CDCl3 at 300 K.[a]


Guest/Host 5 ent-3 4


Bu4N� Cl� � 5.27� 0.02 � 5.80� 0.07 � 5.84� 0.06
7400 � 280 18300 � 2270 19500 � 2100


Bu4N� Br� � 4.56� 0.02 � 4.76� 0.03 � 4.57� 0.03
1990 � 50 3100 � 160 2260 � 100


Bu4N� NO3
� � 4.45� 0.02 � 4.17� 0.02 � 3.95� 0.02


1840 � 40 1150 � 13 800 � 10


[a] The error limits given are standard deviations from nonlinear regression
analysis.
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(60 mL) were added dropwise. The resulting solution was extracted with
ethyl acetate (450 mL). The combined organic layers were washed with
water (4� 50 mL), brine (10 mL), dried (MgSO4) and concentrated. Flash
chromatography of the residue with pentane/tert-butyl methyl ether 3:1 �
1:1 furnished compound 11 (2.76 g, 58%) as a slightly yellowish oil.
1H NMR (300 MHz, CDCl3): �� 1.74 ± 1.88 (m, 12H), 3.50 ± 3.60 (m, 6H),
3.84 ± 3.94 (m, 6H); 13C NMR (75 MHz, CDCl3): �� 25.3 (3C), 29.6 (3C),
42.2 (3C), 44.2 (3C), 148.8 (3C); HRMS (EI): calcd for C15H24Cl3N3O3:
399.0883; found: 399.0884.


1,3,5-Tris(4-azidobutyl)-1,3,5-triazine-2,4,6-trione (12): Sodium azide
(4.31 g, 66.3 mmol) was added into a solution of the tris-chloride 11
(1.30 g, 3.24 mmol) in DMF (60 mL). After stirring for 4 d at 65 �C,
saturated aqueous NaHCO3 solution (100 mL), water (100 mL) and tert-
butyl methyl ether (100 mL) were added. The layers were separated and
the aqueous layer was extracted with tert-butyl methyl ether (5� 50 mL)
The combined organic layers were washed with brine (100 mL), dried
(MgSO4), and concentrated. Flash chromatography of the residue with
pentane/tert-butyl methyl ether 1.5:1� 1:1 furnished compound 12 (1.25 g,
91%) as a slightly yellowish oil. 1H NMR (300 MHz, CDCl3): �� 1.52 ± 1.80
(m, 12H), 3.30 (t, J� 6.5 Hz, 6H), 3.88 (t, J� 6.5 Hz, 6H); 13C NMR
(75 MHz, CDCl3): �� 25.1 (3C), 26.0 (3C), 42.3 (3C), 50.8 (3C), 148.8
(3C); elemental analysis calcd (%) for C15H24N12O3 (420.4): C 42.85, H
5.75, N 39.98; found: C 43.10, H 6.03, N 40.00.


1,3,5-Tris{4-[3-(4-butylphenyl)ureido]-butyl}-1,3,5-triazine-2,4,6-trione (2):
Palladium hydroxide (20% on carbon, 39 mg, 56 �mol) was added to a
solution of the tris-azide 12 (67 mg, 0.16 mmol) in methanol (11 mL). The
suspension was stirred for 3 h under an atmosphere of hydrogen. The
catalyst was removed by filtration through a cellulose acetate membrane
(Fa. Sartorius), and the filtrate was concentrated. The residue was taken up
in THF (4 mL), p-(n-butyl)-phenylisocyanate (166 mg, 946 �mol) was
added and the mixture was stirred for 7 d. Methanol (82 �L) was added to
the suspension and stirring was continued for 4 d. The solution was
concentrated in vacuo and subsequent flash chromatography of the residue
with tert-butyl methyl ether/ethyl acetate 2:1 furnished compound 2
(13 mg, 9%) as a slightly yellowish solid. M.p. 94 ± 95 �C; 1H NMR
(500 MHz, [D6]DMSO): �� 0.86 (t, J� 7.5 Hz, 9H), 1.25 (sex, J� 7.5 Hz,
6H), 1.40 (quin, J� 7.5 Hz, 6H), 1.47 (t, J� 7.5 Hz, 6H), 1.50 ± 1.59 (m, 6H),
2.45 (t, J� 7.6 Hz, 6H), 3.05 (quin, J� 6.1 Hz, 6H), 3.73 (t, J� 7.2 Hz, 6H),
6.04 (t, J� 5.7 Hz, 3H), 6.99 (d, J� 8.4Hz, 6H), 7.23 (d, J� 8.4 Hz, 6H),
8.26 (s, 3H); 13C NMR (125 MHz, [D6]DMSO): �� 13.8 (3C), 21.7 (3C),
24.8 (3C), 27.2 (3C), 33.3 (3C), 34.1 (3C), 38.7 (3C), 42.1 (3C), 117.7 (6C),
128.3 (6C), 134.8 (3C), 138.1 (3C), 149.0 (3C), 155.3 (3C); HRMS (ESI):
calcd for C48H69N9O6�H: 868.5449; found: 868.5451.


(3S)-4-Azido-1-tert-butyldimethylsilyloxy-3-methylbutane (16): A solution
of n-butyllithium (1.66� in hexane, 66.7 mL, 111 mmol) was added
dropwise at �70 �C to a solution of diisopropylamine (16.8 mL, 119 mmol)
in THF (140 mL). After stirring for 10 min at 0 �C themixture was cooled to
�70 �C and H3B ¥NH3 (90% by weight, 4.29 g, 125 mmol) was added. The
mixture was stirred for 20 min at 0 �C, 20 min at room temperature and then
cooled to �10 �C. A solution of (2S)-4-tert-butyldimethylsilyloxy-N-
[(1R,2R)-2-hydroxy-1-methyl-phenylethyl]-N,2-dimethylbutanoic amide[12]


(14) (10.8 g, 28.4 mmol) in THF (150 mL) was added dropwise. After
stirring for 75 min at room temperature. The reaction was quenched at 0 �C
by the addition of saturated aqueous NH4Cl (150 mL). After stirring for
20 min the layers were separated. The aqueous layer was extracted with
diethyl ether (5� 20 mL). The combined organic layers were washed with
saturated aqueous NH4Cl (2� 40 mL), brine (2� 20 mL), dried (MgSO4)
and concentrated. Flash chromatography of the residue with pentane/tert-
butyl methyl ether 5:1 furnished compound 15 (4.67 g, 75%) as a colourless
oil. [�]20D ��7.19 (c� 1.39, Et2O); 1H NMR (500 MHz, CDCl3): �� 0.05 (s,
6H), 0.88 (s, 9H), 0.89 (d, J� 6.9 Hz, 3H), 1.47 ± 1.58 (m, 2H), 1.72 ± 1.82
(m, 1H), 3.05 (br s, 1H), 3.39 (dd, J� 10.9, 6.9 Hz, 1H), 3.47 (dd, J� 10.9,
4.8 Hz, 1H), 3.63 (ddd, J� 10.5, 7.5, 4.9 Hz, 1H), 3.70 ± 3.76 (m, 1H);
13C NMR (50 MHz, CDCl3): ���5.5 (2C), 17.3, 18.2, 25.8 (3C), 34.3, 37.4,
61.7, 68.1. The NMR data correspond to those given in ref. [29].
Diisopropyl azodicarboxylate (DIAD, 5.40 g, 26.7 mmol) was added at 0 �C
into a solution of triphenylphosphane (7.09 g, 27.0 mmol) in THF (160 mL).
After stirring for 15 min a solution of the alcohol 15 (4.52 g, 20.7 mmol) in
THF (10 mL) and diphenoxyphosphoryl azide (DPPA, 6.83 g, 24.8 mmol)
were added. Stirring was continued for 1 d at room temperature and the
solution was concentrated. Flash chromatography of the residue with


pentane/ether 30:1 followed by bulb-to-bulb distillation (10�1 Torr,
�50 �C) furnished compound 16 (4.03 g, 80%) as a colourless oil. [�]20D �
�2.72 (c� 1.47, Et2O); 1H NMR (200 MHz, CDCl3): �� 0.04 (s, 6H), 0.88
(s, 9H), 0.96 (d, J� 6.8 Hz, 3H), 1.28 ± 1.46 (m, 1H), 1.52 ± 1.73 (m, 1H),
1.80 ± 2.00 (m, 1H), 3.12 (dd, J� 11.9, 6.9 Hz, 1H), 3.26 (dd, J� 11.9, 5.6 Hz,
1H), 3.55 ± 3.75 (m, 2H); 13C NMR (50 MHz, CDCl3): ���5.5 (2C), 17.6,
18.2, 25.9 (3C), 30.5, 36.9, 57.8, 60.7; elemental analysis calcd (%) for
C11H25N3OSi (243.4): C 54.28, H 10.35, N 17.26; found: C 54.06, H 10.45, N
17.10.


(3S)-4-Azido-3-methyl-1-butanol (17): A solution of hydrofluoric acid (5%
in acetonitrile, 30 mL) was added to the TBDMS-ether 16 (3.86 g,
15.9 mmol) and the resulting emulsion was stirred for 2.5 h. Solid NaHCO3


was added slowly to saturation, followed by addition of saturated aqueous
NaHCO3 (20 mL) and diethyl ether (50 mL). The layers were separated
and the aqueous layer was extracted with ether (5� 50 mL). The combined
organic layers were washed with brine (20 mL), dried (MgSO4) and
concentrated. Flash chromatography of the residue with pentane/diethyl
ether 1:1 furnished compound 17 (1.88 g, 92%) as a colourless oil. [�]20D �
�11.03 (c� 1.36, diethyl ether); 1H NMR (200 MHz, CDCl3): �� 0.98 (d,
J� 6.6 Hz, 3H), 1.32 ± 1.55 (m, 2H), 1.57 ± 1.76 (m, 1H), 1.78 ± 1.98 (m, 1H),
3.18 (dd, J� 12.0, 6.3 Hz, 1H), 3.26 (dd, J� 12.0, 6.2 Hz, 1H), 3.60 ± 3.80
(m, 2H); 13C NMR (50 MHz, CDCl3):�� 17.7, 30.5, 36.9, 57.8, 60.5;
elemental analysis calcd (%) for C5H11N3O (129.2): C 46.50, H 8.58, N
32.53; found: C 46.28, H 8.30, N 32.50.


1,3,5-Tris[(3S)-4-azido-3-methylbutyl]-1,3,5-triazine-2,4,6-trione (19): Imi-
dazole (2.49 g, 36.6 mmol) and iodine (5.18 g, 20.4 mmol) were added at
0 �C into a solution of triphenylphosphane (4.77 g, 18.2 mmol) in an ether/
acetonitrile solvent mixture (3:1, 90 mL). A solution of the alcohol 17
(1.81 g, 14.0 mmol) in the same solvent mixture (4 mL) was added followed
by flask rinsings (3� 8 mL). After stirring for 2 h at room temperature, the
solution was concentrated. Flash chromatography of the residue with
pentane/diethyl ether 40:1 was followed by bulb-to-bulb distillation
(10�1 Torr, �40 �C) to furnish compound 18 (3.21 g, 96%) as a colourless
oil, which was stored over copper turnings. 1H NMR (300 MHz, CDCl3):
�� 0.96 (d, J� 6.8 Hz, 3H), 1.59 ± 1.76 (m, 1H), 1.78 ± 2.04 (m, 2H), 3.08 ±
3.31 (m, 4H); 13C NMR (75 MHz, CDCl3): �� 4.2, 17.2, 34.8, 38.1, 57.2.


A suspension of sodium hydride in white oil (60%, containing 217 mg,
9.05 mmol NaH) was washed with pentane (4� 5 mL) and diluted with
DMSO (15 mL). A solution of cyanuric acid (10) (323 mg, 2.50 mmol) in
DMSO (5 mL) was added at 0 �C. After stirring for 40 min at room
temperature, iodide 18 (2.20 g, 9.18 mmol) was added. After stirring for 3 d
at room temperature, saturated aqueous NaHCO3 (15 mL) was added
dropwise at 0 �C. The resulting solution was extracted with diethyl ether
(250 mL). The combined organic layers were washed with water (3�
10 mL), brine (10 mL), dried (Na2SO4) and concentrated. Flash chroma-
tography of the residue with pentane/tert-butyl methyl ether 20:1 � 3:1
furnished compound 19 (846 mg, 60%) as a colourless oil. [�]20D ��10.1
(c� 1.29, CHCl3); 1H NMR (500 MHz, CDCl3): �� 1.03 (d, J� 6.4 Hz,
9H), 1.44 ± 1.55 (m, 3H), 1.67 ± 1.80 (m, 6H), 3.18 (dd, J� 12.1, 6.2 Hz, 3H),
3.26 (dd, J� 12.1, 5.5 Hz, 3H), 3.84 ± 3.97 (m, 6H); 13C NMR (125 MHz,
CDCl3): �� 17.5 (3C), 31.5 (3C), 32.1 (3C), 41.0 (3C), 57.3 (3C), 148.8
(3C); elemental analysis calcd (%) for C18H30N12O3 (462.5): C 46.74, H
6.54, N 36.34; found: C 46.80, H 6.63, N 36.25.


1,3,5-Tris{(3S)-4-[3-(4-butylphenyl)-ureido]-3-methylbutyl}-1,3,5-triazine-
2,4,6-trione (5): A solution of trimethylphosphine (1.0� in THF,1.34 mL,
1.34 mmol) was added at 0 �C into a solution of the tris-azide 19 (173 mg,
374 �mol) in THF (4 mL). After stirring for 2.5 h, water (38 �L, 2.1 mmol)
was added and stirring was continued for 12 h at 45 �C. p-(n-Butyl)-
phenylisocyanate (520 mg, 2.97 mmol) was added and the mixture was
heated to 80 �C for 6 h. Ethanol (300 �L) was added dropwise and stirring
was continued for 14 h at room temp. Pentane (3 mL) was added and the
solution was added to a column with silica gel (�5 cm, height 13 cm) and
eluted with tert-butyl methyl ether/ethyl acetate 5:1 � tert-butyl methyl
ether/chloroform 2:1 � chloroform. The crude product was re-chromato-
graphed to give the tris-urea 5 (215 mg, 63%) as a colourless solid. M.p.
92 ± 93 �C; [�]20D ��37 (c� 0.19, CHCl3); 1H NMR (500 MHz, CDCl3): ��
0.85 (d, J� 6.6 Hz, 9H), 0.90 (t, J� 7.4 Hz, 9H), 1.08 ± 1.19 (m, 3H), 1.32
(sex, J� 7.4 Hz, 6H), 1.33 ± 1.43 (m, 3H), 1.53 (quin, J� 7.6 Hz, 6H), 1.71 ±
1.81 (m, 3H), 2.52 (t, J� 7.6 Hz, 6H), 2.84 (dd, J� 13.3, 9.1 Hz, 3H), 2.98
(dd, J� 13.3, 4.7 Hz, 3H), 3.81 ± 3.96 (m, 6H), 5.62 (br s, 3H), 7.05 (d, J�
8.2 Hz, 6H), 7.89 (d, J� 8.4 Hz, 6H), 7.47 (br s, 3H); 13C NMR (125 MHz,
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CDCl3): �� 13.9 (3C), 17.4 (3C), 22.3 (3C), 31.9 (3C), 32.0 (3C), 33.7 (3C),
35.0 (3C), 40.8 (3C), 46.0 (3C), 120.7 (6C), 128.9 (6C), 136.4 (3C), 137.9
(3C), 148.9 (3C), 156.8 (3C); HRMS (FAB): calcd for C51H75N9O6�H:
910.5919; found: 910.5892.


(4S)-3-(5-Chloropentanoyl)-4-isopropyl-oxazolidin-2-one (20): A solution
of n-butyllithium (1.47� in hexane, 55.0 mL, 80.9 mmol) was added
dropwise at�78 �C into a solution of the (4S)-4-isopropyl-oxazolidinone[30]


(9.65 g, 75.3 mmol) in THF (300 mL). After stirring for 1 h a solution of
5-chloro-pentanoyl chloride (12.8 g, 82.9 mmol) in THF (100 mL) was
added dropwise. Stirring was continued for 30 min at �78 �C and 3 h at
room temperature. Saturated aqueous NaHCO3 (500 mL) and tert-butyl
methyl ether (100 mL) were added, the layers were separated and the
aqueous layer was extracted with tert-butyl methyl ether (4� 150 mL). The
combined organic layers were washed with brine (100 mL), dried (Na2SO4),
and concentrated. Flash chromatography of the residue with pentane/tert-
butyl methyl ether 3:1 furnished compound 20 (14.2 g, 76%) as a colourless
oil. [�]20D ��59.4 (c� 4.31, CHCl3); 1H NMR (300 MHz, CDCl3): �� 0.85
(d, J� 6.8 Hz, 3H), 0.89 (d, J� 7.1 Hz, 3H), 1.72 ± 1.90 (m, 4H), 2.26 ± 2.44
(m, 1H), 2.80 ± 3.08 (m, 2H), 3.54 (t, J� 5.9 Hz, 2H), 4.15 ± 4.32 (m, 2H),
4.36 ± 4.47 (m, 1H); 13C NMR (500 MHz, CDCl3): �� 14.6, 17.9, 21.7, 28.4,
31.8, 34.7, 44.5, 58.4, 63.4, 154.1, 172.7; elemental analysis calcd (%) for
C11H18ClNO3 (247.7): C 53.33, H 7.32, N 5.65; found: C 53.25, H 7.37, N 5.46.


(4S)-3-(5-Azido-pentanoyl)-4-isopropyl-oxazolidin-2-one (21): Chloro-
compound 20 (14.9 g, 57.3 mmol) was converted into azido-compound 21
as described for the preparation of 11. Flash chromatography of the residue
with pentane/tert-butyl methyl ether 2:1 furnished compound 21 (11.6 g,
80%) as a slightly yellowish oil. [�]20D ��74.5 (c� 1.06, CHCl3); 1H NMR
(200 MHz, CDCl3): �� 0.85 (d, J� 7.0 Hz, 3H), 0.89 (d, J� 7.0 Hz, 3H),
1.52 ± 1.84 (m, 4H), 2.20 ± 2.48 (m, 1H), 2.77 ± 3.09 (m, 2H), 3.29 (t, J�
5.9 Hz, 2H), 4.13 ± 4.31 (m, 2H), 4.35 ± 4.47 (m, 1H); 13C NMR (50 MHz,
CDCl3): �� 14.6, 17.9, 21.5, 28.2, 28.3, 34.9, 51.1, 58.3, 63.4, 154.0, 172.5;
elemental analysis calcd (%) for C11H18N4O3 (254.3): C 51.96, H 7.13, N
22.03; found: C 51.85, H 6.91, N 21.87.


(4S)-3-[(2S)-5-Azido-2-methylpentanoyl)-4-isopropyl-oxazolidin-2-one
(22): A solution of sodium hexamethyldisilazide (2.0� in THF, 20.5 mL,
41.0 mmol) was added dropwise at �78 �C into a solution of the azido-
compound 21 (8.71 g, 34.2 mmol) in THF (250 mL). After stirring for
30 min at �78 �C, methyl iodide (6.60 mL, 106 mmol) was added dropwise.
After stirring was continued for 1 h at �78 �C, saturated aqueous NH4Cl
(40 mL) was added. After reaching room temperature further saturated
aqueous NH4Cl (40 mL), tert-butyl methyl ether (100 mL), and water
(100 mL) were added. The layers were separated and the aqueous layer was
extracted with tert-butyl methyl ether (6� 50 mL). The combined organic
layers were washed with brine (50 mL), dried (Na2SO4), and concentrated.
Flash chromatography of the residue with pentane/tert-butyl methyl ether
5:1 furnished compound 22 (7.08 g, 77%) as a 13:1 diastereomer mixture.
Repeated flash chromatography furnished eventually pure 22 (2.93 g,
32%) as a colourless oil. [�]20D ��94.8 (c� 1.91, CHCl3); 1H NMR
(500 MHz, CDCl3): �� 0.86 (d, J� 6.9 Hz, 3H), 0.90 (d, J� 7.0 Hz, 3H),
1.22 (d, J� 6.9 Hz, 3H), 1.41 ± 1.50 (m, 1H), 1.53 ± 1.63 (m, 2H), 1.75 ± 1.85
(m, 1H), 2.28 ± 2.29 (m, 1H), 3.20 ± 3.37 (m, 2H), 3.75 (�sex, J� 6.9 Hz,
1H), 4.19 (dd, J� 9.1, 3.0 Hz, 1H), 4.24 ± 4.29 (m, 1H), 4.42 ± 4.48 (m, 1H);
13C NMR (125 MHz, CDCl3): �� 14.6, 17.8, 17.9, 26.6, 28.4, 30.0, 37.4, 51.3,
58.3, 63.2, 153.6, 176.5; elemental analysis calcd (%) for C12H20N4O3


(268.3): C 53.72, H 7.51, N 20.88; found: C 53.47, H 7.56, N 20.99.


(2S)-5-Azido-2-methylpentanoic acid (23): Aqueous hydrogen peroxide
(30%, 5.80 mL, 51.2 mmol) and lithium hydroxide monohydrate (621 mg,
14.8 mmol) were added at 0 �C to a solution of the oxazolidinone 22 (2.08 g,
7.75 mmol) in a THF/water mixture (3:1, 200 mL). After stirring for 1 h at
0 �C, a solution of Na2SO3 (6.92 g, 54.9 mmol) in water (44 mL) was added
dropwise. The pH of the solution was adjusted to 10 by addition of Na2CO3


(2 g). The volume of the solution was reduced in vacuo in order to remove
most of the THF. The solution was extracted with dichloromethane (4�
50 mL). The aqueous layer was acidified with hydrochloric acid to pH 2 and
was extracted with ethyl acetate (5� 50 mL). The combined extracts were
dried (Na2SO4), and concentrated. Bulb-to-bulb distillation of the residue
(10�1 Torr, �85 �C) furnished compound 23 (1.12 g, 92%) as a colourless
oil. [�]20D ��18.1 (c� 1.93, CHCl3); 1H NMR (500 MHz, CDCl3): �� 1.23
(d, J� 7.0 Hz, 3H), 1.52 ± 1.61 (m, 1H), 1.66 (quin, J� 7.0 Hz, 2H), 1.73 ±
1.82 (m, 1H), 2.55 (sex, J� 6.9 Hz, 1H), 3.29 (t, J� 6.8 Hz, 2H), 9.40 (br s,


1H); 13C NMR (125 MHz, CDCl3) �� 16.9, 26.7, 30.7, 38.7, 51.4, 179.6.
Compare the data given in ref. [31].


1,3,5-Tris[(1S)-4-azido-1-methylbutyl]-1,3,5-triazine-2,4,6-trione (25): Tri-
ethylamine (552 �L, 3.98 mmol) and diphenoxyphosphoryl azide (DPPA,
933 �L, 4.32 mmol) were added at 0 �C to a solution of the acid 23 (580 mg,
3.69 mmol) in pentane (20 mL). The mixture was stirred for 30 min at 0 �C
and for 15 h at 40 �C. The supernatant liquid was removed with a cannula
and the residue was extracted with pentane (5� 5 mL). The combined
extracts were concentrated in vacuo and the residue was bulb-to-bulb
distilled (10�1 Torr, �45 �C). The obtained oily isocyanate 24 (410 mg,
2.66 mmol) was taken up immediately in THF (2 mL) and potassium tert-
butoxide (16.0 mg, 143 �mol) was added. After stirring for 12 h the
suspension was concentrated. Flash chromatography of the residue with
pentane/tert-butyl methyl ether 7.5:1 � 4:1 furnished compound 25
(374 mg, 66%) as a colourless oil. [�]20D ��16.7 (c� 1.20, CHCl3); 1H NMR
(500 MHz, CDCl3): �� 1.44 (d, J� 7.02 Hz, 9H), 1.39 ± 1.50 (m, 3H), 1.51 ±
1.61 (m, 3H), 1.74 ± 1.85 (m, 3H), 2.04 ± 2.17 (m, 3H), 3.22 ± 3.34 (m, 6H),
4.78 ± 4.88 (m, 3H); 13C NMR (125 MHz, CDCl3): �� 18.0 (3C), 25.6 (3C),
30.4 (3C), 51.0 (3C), 51.6 (3C), 148.8 (3C); elemental analysis calcd (%)
for C18H30N12O3 (462.5): C 46.74, H 6.54, N 36.34; found: C 46.72, H 6.69, N
36.53.


1,3,5-Tris{(1S)-4-[3-(4-butylphenyl)-ureido]-1-methylbutyl}-1,3,5-triazine-
2,4,6-trione (ent-3): Tris-azide 25 (300 mg, 649 �mol) was converted into
tris-urea ent-3 as described for the preapration of 5. Flash chromatography
of the crude product with pentane/tert-butyl methyl ether 1:4 � tert-butyl
methyl ether/chloroform 3:1 furnished compound ent-3 (130 mg, 22%) as a
colourless solid. M.p. 90 ± 92 �C; [�]20D ��9.1 (c� 1.1, CHCl3); 1H NMR
(500 MHz, CDCl3): �� 0.89 (t, J� 7.4 Hz, 9H), 1.19 ± 1.29 (m, 3H), 1.31
(sex, J� 7.4 Hz, 6H), 1.34 ± 1.48 (m, 6H), 1.42 (d, J� 6.9 Hz, 9H), 1.51
(quin, J� 7.6 Hz, 6H), 2.11 ± 2.23 (m, 3H), 2.49 (t, J� 7.6 Hz, 6H), 2.95 ±
3.06 (m, 3H), 3.18 ± 3.28 (m, 3H), 4.78 ± 4.92 (m, 3H), 5.82 (br s, 3H), 7.00
(d, J� 8.3 Hz, 6H), 7.14 (d, J� 8.3 Hz, 6H), 7.54 (br s, 3H); 13C NMR
(125 MHz, CDCl3): �� 13.9 (3C), 18.5 (3C), 22.3 (3C), 27.7 (3C), 30.3
(3C), 33.7 (3C), 34.9 (3C), 39.8 (3C), 51.3 (3C), 120.6 (6C), 128.9 (6C),
136.4 (3C), 137.8 (3C), 148.9 (3C), 156.8 (3C); HRMS (ESI): calcd for
C51H75N9O6�H: 910.5919; found: 910.5890.


Methyl (2R,4S)-5-azido-2,4-dimethylpentanoate (27): BH3 ¥ SMe2
(1.60 mL, 16.6 mmol) was added at 0 �C to a solution of the 1-methyl-5-
hydrogen (2R,4S)-2,4-dimethyl-pentanedioate 26 (2.04 g, 11.7 mmol) in
diethyl ether (15 mL). The mixture was stirred for 20 min at 0 �C and 1 h at
room temperature. NaHCO3 (ca. 10 mg) was added at 0 �C followed by a
glycerol/water mixture (3:1, 8 mL). NaCl was added to saturate the
aqueous layer. After stirring for 15 min, the layers were separated and the
aqueous layer was extracted with diethyl ether (4� 10 mL). The combined
extracts were washed with brine (10 mL), dried (MgSO4), and concen-
trated. The residue was taken up in THF (5 mL). This solution was added at
0 �C to a freshly prepared mixture of triphenylphosphane (3.80 g,
14.5 mmol), diisopropyl azodicaboxylate (DIAD, 2.80 mL, 14.4 mmol) in
THF (80 mL). Finally, diphenoxyphosphoryl azide (3.03 mL, 14.1 mmol)
was added and the mixture was stirred for 1 d at room temperature. The
mixture was concentrated. Two-fold flash chromatography of the residue
with pentane/tert-butyl methyl ether 5:1 and pentane/tert-butyl methyl
ether 20:1 followed by bulb-to-bulb distillation (10�1 Torr, �40 �C)
furnished the azido-ester 27 (1.53 g, 71%) as a colourless oil. [�]20D �
�26.7 (c� 3.64, CHCl3); 1H NMR (300 MHz, CDCl3): �� 0.96 (d, J�
6.6 Hz, 3H), 1.15 ± 1.25 (m, 1H), 1.16 (d, J� 6.9 Hz, 3H), 1.62 ± 1.79 (m,
2H), 2.49 ± 2.58 (m, 1H), 3.11 (dd, J� 12.0, 6.4 Hz, 1H), 3.18 (dd, J� 12.0,
5.7 Hz, 1H), 3.67 (s, 3H); 13C NMR (75 MHz, CDCl3): �� 17.5, 18.1, 31.7,
37.1, 38.4, 51.6, 57.8, 176.8; elemental analysis calcd (%) for C8H15N3O2


(185.2): C 51.88, H 8.16, N 22.69; found: C 51.74, H 7.95, N 22.90.


(2R,4S)-5-Azido-2,4-dimethylpentanoic acid (28): Aqueous NaOH (1�,
25.8 mL, 25.8 mmol) was added to a solution of the ester 27 (3.77 g,
20.4 mmol) in methanol (25 mL). After stirring for 41 h, the mixture was
concentrated and the residue was washed with tert-butyl methyl ether (2�
10 mL). Hydrochloric acid (2�) was added to the residue until the pH
reached 2. The solution was extracted with diethyl ether (6� 10 mL). The
combined extracts were washed with brine (10 mL), dried (MgSO4), and
concentrated. Bulb-to bulb-distillation at (10�1 Torr, �100 �C) furnished
the acid 28 (3.19 g, 91%) as a colourless oil. [�]20D ��25.4 (c� 3.62,
CHCl3); 1H NMR (300 MHz, CDCl3): �� 0.98 (d, J� 6.7 Hz, 3H), 1.17 ±
1.27 (m, 1H), 1.15 (d, J� 7.0 Hz, 3H), 1.73 ± 1.85 (m, 2H), 2.49 ± 2.59 (m,
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1H), 3.12 (dd, J� 12.0, 6.3 Hz, 1H), 3.20 (dd, J� 12.0, 5.7 Hz, 1H), 11.18
(br s, 1H); 13C NMR (75 MHz, CDCl3): �� 17.4, 17.9, 31.5, 37.1, 38.1, 57.7,
183.0; elemental analysis calcd (%) for C7H13N3O2 (171.1): C 49.11, H 7.65,
N 24.54; found: C 49.39, H 7.64, N 24.73.


1,3,5-Tris[(1R,3S)-4-azido-1,3-dimethylbutyl]-1,3,5-triazine-2,4,6-trione
(31): The carboxylic acid 28 (782 mg, 4.57 mmol) was converted into the
isocyanate and then the triazine-trione as described for the preparation of
25. Flash chromatography of the residue with pentane/tert-butyl methyl
ether 10:1� 4:1 furnished compound 31 (601 mg, 78%) as a colourless oil.
[�]20D ��22.9 (c� 4.28, CHCl3); 1H NMR (500 MHz, CDCl3): �� 0.96 (d,
J� 6.6 Hz, 9H), 1.35 (ddd, J� 13.8, 9.6, 4.9 Hz, 3H), 1.39 ± 1.49 (m, 3H),
1.43 (d, J� 6.9 Hz, 9H), 2.35 (ddd, J� 13.8, 10.3, 3.7 Hz, 3H), 3.12 (dd, J�
14.3, 6.3 Hz, 3H), 3.14 (dd, J� 14.3, 6.3 Hz, 3H), 4.90 ± 4.99 (m, 3H);
13C NMR (125 MHz, CDCl3): �� 17.4 (3C), 18.6 (3C), 31.4 (3C), 37.6 (3C),
49.6 (3C), 57.7 (3C), 148.7 (3C); elemental analysis calcd (%) for
C21H36N12O3 (504.6): C 49.99, H 7.19, N 33.31; found: C 49.87, H 7.05, N
33.37.


1,3,5-Tris{(1R,3S)-4-[3-(4-butylphenyl)-ureido]-1,3-dimethylbutyl}-1,3,5-
triazine-2,4,6-trione (4): Tris-azide 31 (219 mg, 430 �mol) was converted
into the tris-urea as described for the preparation of 5. Flash chromatog-
raphy of the crude product with pentane/tert-butyl methyl ether 1:1 � 1:3
furnished compound 4 (250 mg, 61%) as a colourless solid. M.p. 99 ±
100 �C; [�]20D ��16.9 (c� 1.36, CHCl3); 1H NMR (500 MHz, CDCl3): ��
0.79 (d, J� 6.3 Hz, 9H), 0.89 (t, J� 7.3 Hz, 9H), 1.06 ± 1.14 (m, 3H), 1.14 ±
1.22 (m, 3H), 1.30 (sex, J� 7.5 Hz, 6H), 1.39 (d, J� 6.9 Hz, 9H), 1.50 (quin,
J� 7.6 Hz, 6H), 2.02 ± 2.14 (m, 3H), 2.48 (t, J� 7.9 Hz, 6H), 2.68 ± 2.77 (m,
3H), 3.06 ± 3.15 (m, 3H), 4.88 ± 4.99 (m, 3H), 6.08 (br s, 3H), 6.98 (d, J�
8.2 Hz, 6H), 7.14 (d, J� 8.2 Hz, 6H), 7.66 (br s, 3H); 13C NMR (125 MHz,
CDCl3): �� 13.9 (3C), 17.9 (3C), 18.4 (3C), 22.3 (3C), 32.3 (3C), 33.7 (3C),
34.9 (3C), 38.0 (3C), 46.4 (3C), 49.6 (3C), 120.2 (6C), 128.6 (6C), 136.7
(3C), 137.2 (3C), 148.5 (3C), 157.1 (3C); HRMS (FAB): calcd for
C54H81N9O6�Na: 974.6207; found: 974.6207.


Crystallographic data, see also ref. [7] (excluding structure factors) have
been deposited with the Cambridge Crystallographic Data Centre as no.
CCDC-178240. Copies of the data can be obtained free of charge via
www.cdcc.cam.ac.uk/conts/retrieving.html or on application to CCDC, 12
Union Road, Cambridge CB21EZ, UK (fax:(�44)1233-336033 or e-mail :
deposit@ccdc.cam.ac.uk).


1,3-Bis[(1R*,3S*)-4-azido-1,3-dimethylbutyl]-5-[(1S*,3R*)-4-azido-1,3-
dimethylbutyl]-1,3,5-triazine-2,4,6-trione (rac-30) and 1,3,5-
tris[(1R*,3S*)-4-azido-1,3-dimethylbutyl]-1,3,5-triazine-2,4,6-trione (rac-
31): The racemic acid rac-28 (820 mg, 4.79 mmol) was converted into the
isocyanate and the triazine-trione as described for the preparation of
enantiomerically pure material under 31. Flash chromatography of the
crude product with pentane/tert-butyl methyl ether 10:1 furnished a 3:1
mixture of the compounds rac-30 and rac-31 (586 mg, 73%) as a colourless
oil. This allowed us to record the following spectral data of rac-30 : 1H NMR
(500 MHz, CDCl3): �� 0.95 (d, J� 6.5 Hz, 3H), 0.95 (d, J� 6.5 Hz, 6H),
1.31 ± 1.39 (m, 3H), 1.39 ± 1.49 (m, 3H), 1.42 (d, J� 6.8 Hz, 3H), 1.42 (d, J�
6.9 Hz, 6H), 2.35 (�ddd, J� 13.6, 10.4, 3.5 Hz, 3H), 3.11 ± 3.15 (m, 6H),
4.90 ± 4.99 (m, 3H); 13C NMR (125 MHz, CDCl3): �� 17.3, 17.4 (2C), 18.5,
18.6 (2C), 31.3, 31.3 (2C), 37.6 (3C), 49.6 (3C), 57.6, 57.6 (2C), 148.7 (3C).


Diethyl 2-(3-chloro-2-methylpropyl)-malonate (rac-32): Diethyl malonate
(11.4 mL, 75.0 mmol) was added slowly to a suspension of sodium hydride
(60% in white oil, 3.11 g, 77.8 mmol) in THF (220 mL) followed by the
addition of 1-bromo-3-chloro-2-methyl-propane (9.24 mL, 79.0 mmol).
After stirring for 18 h at 80 �C, saturated aqueous NaHCO3 (100 mL),
water (100 mL) and tert-butyl methyl ether (300 mL) were added. The
layers were separated and the aqueous layer was extracted with tert-butyl
methyl ether (4� 50 mL). The combined organic layers were washed with
brine (100 mL), dried (MgSO4), and concentrated. Distillation of the
residue (10�1 Torr, 69 ± 73 �C) furnished compound rac-32 (10.0 g, 53%) as
a colourless oil. 1H NMR (300 MHz, CDCl3): �� 1.02 (d, J� 6.4 Hz, 3H),
1.24 (d, J� 7.4 Hz, 6H), 1.73 ± 1.94 (m, 3H), 2.04 ± 2.15 (m, 1H), 3.37 ± 3.52
(m, 2H), 4.13 ± 4.27 (m, 4H); 13C NMR (75 MHz, CDCl3): �� 14.0 (2C),
17.4, 32.8, 33.3, 49.8, 50.3, 61.4 (2C), 169.1, 169.3; elemental analysis calcd
(%) for C11H19ClO4 (250.7): C 52.70, H 7.64; found: C 52.69, H 7.58.


Diethyl 2-(3-azido-2-methylpropyl)-malonate (rac-33): Chloro-compound
rac-32 (2.66 g, 10.6 mmol) was converted into the azide as described for the
preparation of compound 11. Flash chromatography of the crude product


with pentane/tert-butyl methyl ether� 10:1 � 1:4 furnished compound
rac-33 (2.48 g, 91%) as a colourless oil. 1H NMR (300 MHz, CDCl3): ��
0.96 (d, J� 6.4 Hz, 3H), 1.19 ± 1.29 (m, 6H), 1.65 ± 1.81 (m, 2H), 1.94 ± 2.08
(m, 1H), 3.16 (dd, J� 12.1, 6.0 Hz, 1H), 3.22 (dd, J� 12.1, 5.6 Hz, 1H), 3.41
(dd, J� 8.5, 6.3 Hz, 1H), 4.12 ± 4.24 (m, 4H); 13C NMR (75 MHz, CDCl3):
�� 14.0 (2C), 17.3, 31.6, 32.9, 49.8, 57.3, 61.4 (2C), 169.1, 169.3; elemental
analysis calcd (%) for C11H19N3O4 (257.3): C 51.35, H 7.44, N 16.33; found:
C 51.10, H 7.48, N 16.16.


5-Azido-4-methylpentanoic acid (rac-34): Aqueous KOH (5�, 4.20 mL,
21.0 mmol) was added to a solution of the malonate rac-33 (1.95 g,
7.56 mmol) in ethanol (4.2 mL). The solution was heated for 18 h to 75 �C.
After evaporation to dryness the residue was taken up in water (30 mL).
The resulting solution was washed with ether (2� 20 mL). The aqueous
layer was acidified with hydrochloric acid to pH 2, saturated with NaCl and
extracted with diethyl ether (7� 20 mL). The combined extracts were dried
(Na2SO4) and concentrated. The residue was taken up in o-xylene (10 mL)
and heated for 30 min to 130 �C and 60 min to 150 �C. After evaporation of
the solvent flash chromatography with pentane/tert-butyl methyl ether 5:1
� 2:1 furnished acid rac-34 (833 mg, 70%) as a slightly yellowish oil.
1H NMR (300 MHz, CDCl3): �� 0.96 (d, J� 6.6 Hz, 3H), 1.43 ± 1.61 (m,
1H), 1.67 ± 1.87 (m, 2H), 2.29 ± 2.51 (m, 2H), 3.16 (dd, J� 12.1, 6.1 Hz, 1H),
3.21 (dd, J� 12.1, 5.9 Hz, 1H), 11.19 (br s, 1H); 13C NMR (75 MHz, CDCl3):
�� 17.3, 28.8, 31.4, 32.9, 57.4, 179.4; elemental analysis calcd (%) for
C6H11N3O2 (157.2): C 45.85, H 7.05, N 26.74; found: C 45.69, H 6.80, N 26.65.


1,3-Bis[(3R*)-4-azido-3-methylbutyl]-5-[(3S*)-4-azido-3-methylbutyl]-
1,3,5-triazine-2,4,6-trione (rac-36) and 1,3,5-tris[(3R*)-4-azido-3-methyl-
butyl]-1,3,5-triazine-2,4,6-trione (rac-19): Acid rac-34 (1.97 g, 12.5 mmol)
was converted to the isocyanate 35 and to the triazinetrione as described for
the preparation of compound 25. Flash chromatography of the crude
product with pentane/tert-butyl methyl ether 4:1 furnished the compounds
rac-36 and rac-19 (1.14 g, 59%) as a colourless oil, which showed NMR
spectra identical to those recorded for 19.


1,3-Bis[(1R,3S)-4-azido-1,3-dimethylbutyl]-5-(tert-butyl)-1,3,5-triazine-
2,4,6-trione (37): Potassium tert-butoxide (74 mg; 655 �mol) was added into
a solution of the isocyanate 29 (233 mg, 1.39 mmol) and tert-butyl
isocyanate (1.303 g, 13.10 mmol) in THF (10 mL). After stirring for 16 h
the mixture was concentrated. Flash chromatography of the residue with
pentane/tert-butyl methyl ether 20:1 � 5:1 furnished the bis-azide 37
(153 mg, 51%) as a colourless solid, the tris-azide 31 (53 mg, 23%) as
colourless oil, and the mono-azide 38 (22 mg, 4%) as a colourless resin. Bis-
azide 37: m.p. 66 ± 67 �C; [�]20D ��7.59 (c� 1.58, CHCl3); 1H NMR
(500 MHz, CDCl3): �� 0.97 (d, J� 6.7 Hz, 6H), 1.34 (ddd, J� 14.1, 9.3,
5.0 Hz, 2H), 1.40 (d, J� 6.9 Hz, 6H), 1.43 ± 1.52 (m, 2H), 1.62 (s, 9H), 2.32
(ddd, J� 14.1, 10.1, 3.9 Hz, 2H), 3.13 (dd, J� 13.7, 6.3 Hz, 2H), 3.15 (dd,
J� 13.7, 6.3 Hz, 2H), 4.88 (dqd, J� 10.1, 6.9, 5.0 Hz, 2H); 13C NMR
(125 MHz, CDCl3): �� 17.5 (2C), 18.7 (2C), 29.4 (3C), 31.4 (2C), 37.8
(2C), 49.5 (2C), 57.8 (2C), 62.7, 149.1 (3C); elemental analysis calcd (%)
for C19H33N9O3 (435.5): C 52.40, H 7.64, N 28.94; found: C 52.33, H 7.67, N
28.64.


Mono-azide 38 : [�]20D ��8.91 (c� 2.02, CHCl3); 1H NMR (500 MHz,
CDCl3): �� 0.96 (d, J� 6.6 Hz, 3H), 1.35 (ddd, J� 14.2, 9.3, 5.2 Hz, 1H),
1.38 (d, J� 6.9 Hz, 3H), 1.44 ± 1.54 (m, 1H), 1.60 (s, 18H), 2.28 (ddd, J�
14.2, 9.9, 4.0 Hz, 1H), 3.11 (dd, J� 11.9, 6.6 Hz, 1H), 3.17 (dd, J� 11.9,
6.1 Hz, 1H), 4.88 (m, 1H); 13C NMR (125 MHz, CDCl3): �� 17.5, 18.8, 29.4
(6C), 31.4, 38.0, 49.0, 57.9, 62.1 (2C), 149.0, 150.6 (2C); elemental analysis
calcd (%) for C17H30N6O3 (366.5): C 55.72, H 8.25, N 22.93; found: C 55.95,
H 8.55, N 22.72.


1,3-Bis{(1R,3S)-4-[3-(4-butylphenyl)-ureido]-1,3-dimethylbutyl}-5-(tert-
butyl)-1,3,5-triazine-2,4,6-trione (6): Bis-azide 37 (109 mg, 250 �mol) was
converted in to the bis-urea 6 as described for the preparation of compound
5. Flash chromatography of the crude product with pentane/tert-butyl
methyl ether 1:1 � 1:4 furnished compound 6 (115 mg, 63%) as a
colourless solid. M.p. 160 ± 161 �C; [�]20D ��32.1 (c� 1.34, CHCl3);
1H NMR (500 MHz, CDCl3): �� 0.85 ± 0.95 (m, 12H), 1.10 ± 1.21 (m,
2H), 1.22 ± 1.32 (m, 2H), 1.31 (t, J� 7.4 Hz, 4H), 1.42 (d, J� 6.9 Hz, 6H),
1.52 (quin, J� 7.7 Hz, 4H), 1.58 (s, 9H), 2.24 ± 2.38 (m, 2H), 2.50 (t, J�
7.7 Hz, 4H), 2.86 (br s, 2H), 3.15 (br s, 2H), 4.86 ± 4.97 (m, 2H), 5.81 (br s,
2H), 7.02 (d, J� 8.2 Hz, 4H), 7.14 (d, J� 8.2 Hz, 4H), 7.22 (br s, 2H);
13C NMR (125 MHz, CDCl3): �� 13.9 (2C), 17.6 (2C), 18.8 (2C), 22.3 (2C),
29.5 (3C), 32.0 (2C), 33.7 (2C), 35.0 (2C), 38.1 (2C), 46.4 (2C), 49.4 (2C),
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62.8, 120.6 (4C), 128.9 (4C), 136.4 (2C), 137.9 (2C), 149.1 (3C), 156.7 (2C);
HRMS (ESI): calcd for C41H63N7O5�Na: 756.4788; found 756.4819.


N-[(1R,3S)-4-Azido-1,3-dimethylbutyl]-O-[2-trimethylsilylethyl] carba-
mate (39): Triethylamine (845 mg, 0.835 mmol) and diphenoxyphosphoryl
azide (DPPA, 2.30 g, 0.835 mmol) were added to a solution of the acid 28
(1.43 g, 0.835 mmol) in toluene (6 mL). After heating for 2 h to 80 �C,
2-trimethylsilylethanol (1.98 g, 1.67 mmol) was added dropwise. After
stirring at 80 �C for 6 h, the mixture was concentrated. Flash chromatog-
raphy of the residue with pentane/diethyl ether 7:1 furnished the
carbamate 39 (2.03 g, 90%) as a colourless liquid. [�]20D ��0.54 (c� 7.4,
CHCl3); 1H NMR (200 MHz, CDCl3): �� 0.02 (s, 9H), 0.92 ± 1.02 (m, 2H),
0.99 (d, J� 6.6 Hz, 3H), 1.17 (d, J� 6.6 Hz, 3H), 1.17 ± 1.26 (m, 1H), 1.44 ±
1.55 (m, 1H), 1.78 ± 1.90 (m, 1H), 3.17 (d, J� 6.4 Hz, 2H), 3.47 (br s, 1H),
4.12 (brd, J� 7.0 Hz, 2H), 4.37 (brd, J� 6.5 Hz, 1H); 13C NMR (50 MHz,
CDCl3): ���1.5 (3C), 17.5, 17.7, 22.5, 30.7, 42.0, 44.6, 58.0, 62.8, 156.3;
elemental analysis calcd (%) for C12H26N4O2Si (286.5): C 50.32, H 9.15, N
19.56; found: C 50.25, H 9.10, N 19.82.


N-[(1R,3S)-4-Azido-1,3-dimethylbutyl]-phthalimide (40): Phthalic anhy-
dride (148 mg, 1.00 mmol), the carbamate 39 (286 mg, 1.00 mmol), acetic
acid (3 mL), and acetic anhydride (1 mL) were heated for 12 h to reflux.
After cooling saturated aqueous Na2CO3 was carefully added until the pH
of the solution was 9. The mixture was extracted with dichloromethane
(3� 15 mL). The combined organic layers were washed with brine (10 mL),
dried (MgSO4), and concentrated. Flash chromatography of the residue
with pentane/diethyl ether 3:1 furnished compound 40 (163 mg, 60%) as a
colourless oil. [�]20D ��6.3 (c� 1.1, CHCl3); 1H NMR (500 MHz, CDCl3):
�� 0.98 (d, J� 6.6 Hz, 3H), 1.40 (ddd, J� 14.0, 10.1, 4.3 Hz, 1H), 1.47 (d,
J� 6.9 Hz, 3H), 1.53 (m, 1H), 2.38 (ddd, J� 14.0, 10.9, 4.3 Hz, 1H), 3.11
(dd, J� 12.0, 6.6 Hz, 1H), 3.17 (dd, J� 12.0, 5.9 Hz, 1H), 4.45 ± 4.50 (m,
1H), 7.69 ± 7.73 (m, 2H), 7.80 ± 7.84 (m, 2H); 13C NMR (125 MHz, CDCl3):
�� 17.0, 19.3, 31.0, 37.8, 44.7, 57.9, 123.1 (2C), 131.8 (2C), 133.9 (2C), 168.4
(2C); elemental analysis calcd (%) for C14H16N4O2 (272.3): C 61.75, H 5.92,
N 20.58; found: C 61.77, H 5.96, N 19.66.


N-[(1R,3S)-4-Phthalimido-1,3-dimethylbutyl]-N�-(4-butyl-phenyl)urea (8):
Palladium on carbon (5%, 20 mg), 4-butylphenylisocyanate (634 mg,
3.67 mmol), and poly(methylhydrosiloxane) (87 mg, 1.5 mmol) were added
sequentially to a solution of the azide 40 (200 mg, 0.734 mmol) in ethanol
(2 mL). The mixture was stirred for 12 h and was then filtered through a
membrane filter. The filter was washed with methanol (25 mL) and the
combined filtrates were concentrated. Flash chromatography of the residue
with pentane/diethyl ether 1:1� 0:1 furnished compound 8 (224 mg, 74%)
as a colourless oil, which solidified on standing. M.p. 85 ± 87 �C; [�]20D �
�31.6 (c� 0.73, CHCl3); 1H NMR (500 MHz, CDCl3): �� 0.90 ± 0.94 (m,
7H), 1.29 ± 1.37 (m, 2H), 1.45 (d, J� 6.5 Hz, 3H), 1.44 ± 1.50 (m, 1H), 1.52 ±
1.59 (m, 2H), 2.43 (ddd, J� 13.8, 11.3, 2.7 Hz, 1H), 2.57 (t, J� 7.9 Hz, 2H),
3.00 ± 3.07 (m, 1H), 3.10 ± 3.16 (m, 1H), 4.47 ± 4.51 (m, 1H), 4.64 (s, 1H;
NH), 6.03 (s, 1H; NH), 7.12 (d, J� 6.6 Hz, 2H), 7.16 (d, J� 6.7 Hz, 2H),
7.66 ± 7.68 (m, 2H), 7.76 ± 7.78 (m, 2H); 13C NMR (50 MHz, CDCl3): ��
13.9, 17.4, 22.3, 22.6, 30.0, 33.6, 34.9, 41.8, 43.5, 44.2, 121.2 (2C), 123.2 (2C),
128.8 (2C), 131.9 (2C), 133.9 (2C), 136.5, 137.7, 155.9, 168.7 (2C);
elemental analysis calcd (%) for C25H31N3O3 (421.5): C 71.23, H 7.41, N
9.97; found: C 71.11, H 7.12, N 9.95.


Complexation studies : 15 Incremental amounts of the solution of the
tetrabutylammonium salt (26 m� in CDCl3, 100 �L in total) were added
with syringe to a solution of the host (1 m�, in CDCl3 Aldrich, 99.6% D,
600 �L). 1H NMR spectra were recorded at 500 MHz. The signals of the
host did not sharpen upon addition of the guest, but instead broadened
further (nitrate � bromide 	 chloride).
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Helical (Isotactic) and Syndiotactic Silver(�) Metallo-Supramolecular
Coordination Polymers Assembled from a Readily Prepared Bis-Pyridylimine
Ligand Containing a 1,5-Naphthalene Spacer


Floriana Tuna, Jacqueline Hamblin, Guy Clarkson, William Errington,
Nathaniel W. Alcock, and Michael J. Hannon*[a]


Abstract: A ligand in which two pyr-
idylimine binding units are linked by a
1,5-naphthalene spacer is prepared and
its silver(�) coordination chemistry inves-
tigated. In the solid state, a pair of
C�H ¥ ¥ ¥N interactions between pyridyl-
imine units link the free ligands into
chain structures, with further C�H ¥ ¥ ¥N
and some �-stacking interactions linking
these chains into a three-dimensional
structure. The spacer constrains the
ligand to dinucleate, and with silver(�)


the metal coordinates to two pyridyl-
imine units from two separate ligands
and this leads to the formation of
coordination polymers with a range of
different anions. Different twisting mo-
tifs within the ligand control the tacticity
of these coordination polymers and both


isotactic, helical polymers and syndio-
tactic (achiral) polymers result. The core
of the isotactic polymer strands contains
two metallo-vectors and results in long-
range ordering of the metal centres into
a 2� n grid arrangement. The solution
behaviour indicates that exchange be-
tween the diastereomeric forms occurs.
Since this must involve inversion at the
metal centres, atactic species may also
form a component of the solution li-
brary.


Keywords: helical structures ¥
N ligands ¥ polymers ¥ silver ¥
supramolecular chemistry


Introduction


Supramolecular synthesis is a powerful tool for design of
complex molecular architectures[1] and metal ± ligand inter-
actions have played a key role in the development of suitable
synthetic routes.[2] Control of molecular shape or architecture
may potentially be used to encode the molecular function in
such systems. Indeed we have recently demonstrated this
through design of cylindrical agents that recognise the major
groove of DNA.[3] We are interested in synthetic routes that
will allow sophisticated metallo-supramolecular architectures
to be constructed rapidly through simple mixing of commer-
cial reagents. To this end we have employed simple imine
systems and have demonstrated that they may be used to
assemble discrete cyclophanes, double and triple helicates,
dimers, trimers and grids.[3±8] We have shown that ligand
design can address the challenge not only of defining the
supramolecular architecture or superstructure but also of
defining the precise topography, conformation or chirality of
this superstructure.[5, 6] Moreover, the architecture and top-


ography may be used to control the subsequent aggregation of
the metallo-supramolecular unit into a larger array.[7] To
probe such effects further, we have been systematically
exploring a range of pyridylimine ligands and herein report
the synthesis and coordination chemistry of a bis-pyridylimine
ligand based on a 1,5-naphthalene spacer (L, Scheme 1).


Scheme 1. Ligand L.


We were attracted to this spacer unit as it should sterically
disfavour the formation of simple dinuclear dimeric structures
and consequently might afford (cyclic or linear) arrays of
higher nuclearity. The spacer imposes a parallel (but offset)
orientation of the two sets of donor atoms in the two binding
units and, with a metal ion of tetrahedral coordination
geometry, cannot sustain a dinuclear double helix or cyclo-
phane. Ligands in which binding sites are rigidly locked into
such a parallel orientation can support grid structures as
illustrated by Osborn and Youinou[9] with the 3,6-di(2�-
pyridyl)pyridazine (DPPN) system (which forms 2� 2 grid
arrays with tetrahedral metal ions) and further elaborated by
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Lehn to create higher orderN�N grid arrays.[10] In the DPPN
grid systems the ligand design results in grids in which the
ligands lie uniquely above or uniquely below the plane of the
metals. Interwoven grids (in which ligands wrap about the
metal ±metal axis) have also been reported but require the
two metal binding sites to be twisted such that they point in
opposite directions.[11] Such interwoven grids represent tetra-
nuclear circular helicates[12] and (with labile metal ions)
flexibility introduced between the binding sites can lead to a
library of such structures in solution.[8, 12] While cyclic arrays
of varying nuclearity are often favoured for such systems in
solution, in the solid state the formation of an infinite polymer
(helical or nonhelical) represents an alternative structural
motif in which the metal and ligand requirements may be
mutually satisfied and which may compete energetically with
cyclic structures even in apparently simple systems.[13]


There have been two previous reports of supramolecular
arrays generated from ligands containing 1,5-naphthyl
spacers. Raymond has employed this spacer to separate
catechol binding units.[14] The spacer prevents the triple-helix
formation (observed with octahedral ions when a phenyl
spacer is employed) and instead tetrahedral cluster architec-
tures are accessed when appropriate noncovalent guest
templates are present. von Zelewsky has used the spacer to
separate chiral pinene ± bipyridine units.[15] With tetrahedral
metal ions an infinite helical polymer is formed (rather than
the circular helicate observed for the phenyl spacer). Each
polymeric strand intertwines about another creating a higher
order double-helical structure.


Results and Discussion


Free ligand : The ligand L was prepared by simply mixing two
equivalents of pyridine-2-carboxaldehyde and one of 1,5-
diaminonaphthalene in ethanol. Recrystallisation of the
product from solution in chloroform afforded yellow crystals,
the partial microanalytical data, 1H NMR spectrum and mass
spectrum of which were consistent with the expected ligand
formulation (C22H16N4). The structure of the ligand has been
confirmed by X-ray crystallography and is shown in Figure 1.
In the solid state the pyridylimine units are approximately
coplanar (dihedral angle 6�)[16] with the pyridyl and imine
nitrogen atoms oriented trans to each other. Such an
orientation is typical for pyridylimine ligands[17] and mini-
mises proton ± proton interactions while maintaining conju-
gation. The trans configuration creates a donor ± acceptor
hydrogen-bond motif (analogous to a carboxylic acid, cis -
amide or pyridone) utilising the weakly acidic imine hydrogen
atom and the pyridine nitrogen atom. These motifs form
dimeric N ¥ ¥ ¥H�C interactions (N ¥ ¥ ¥H 2.83 ä; N ¥ ¥ ¥H�C
angle 168�)[19] which link the ligands into a chain (Figure 1a).
The imine nitrogens point out from the back of these motifs
and form short interactions with pyridyl protons on ligands in
adjacent chains (N ¥ ¥ ¥H 2.76 ä; N ¥ ¥ ¥H�C angle 161�). These
interactions link the chains and give rise to a herringbone-type
packing motif (Figure 1b). Some short contacts implying weak
C�H ¥ ¥ ¥� interactions (face ± edge �-stacking interactions)
are also observed between the chains. Perpendicular to this
hydrogen-bonding plane, the ligands stack together forming


Figure 1. The X-ray crystal structure for L illustrating the H-bonded chains (a), the network of chains (b) and the stacking perpendicular (c) to the plane of b.
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columns (Figure 1c; interligand separations�3.5 ä; the imine
units are face ± face �-stacked with a pyridyl ligand on one
side and a naphthyl unit on the other, but there are no
naphthyl ± naphthyl, pyridyl ± naphthyl or pyridyl ± pyridyl
face ± face interactions). The pyridylimine units are twisted
with respect to the naphthyl spacers (dihedral angle 42�).[16]


This twisting minimises proton ± proton interactions and also
removes the naphthyl unit from the plane of the hydrogen-
bonding motif, facilitating the formation of the hydrogen
bonds.


Silver(�) complex : Coordination to silver(�) was achieved by
stirring one equivalent of L with one equivalent of silver(�)
acetate in methanol with the exclusion of light for 30 minutes.
Treatment with ammonium hexafluorophosphate afforded a
yellow precipitate. Partial microanalytical data for this com-
pound are consistent with a formulation [(AgL)n][PF6]n.
X-ray quality, pale yellow crystals were obtained by the


slow diffusion of diethyl ether into a solution of the complex
in acetonitrile. As anticipated each silver(�) centre binds to
two pyridylimine units from two separate ligands to give a
pseudotetrahedral coordination environment. Rather than
giving rise to a cyclic oligomer, an infinite linear polymeric
chain is formed (Figure 2). The pyridylimine units are
approximately planar (dihedral angle 11�) while the imine
unit is twisted through 54� with
respect to the naphthyl
spacer.[16] In contrast to the free
ligand, in which the pyridyl-
imine units are disposed on
opposite faces of the naphthyl
units, in this complex both met-
al-binding sites are oriented
towards the same face of the
naphthyl group (Figure 2a).
The twistings of the pyridyl-
imine units with respect to the
naphthyl spacer confer a pro-
peller-like twist along the
length of the ligand, rendering
the ligand chiral. Each ligand in
the polymer chain has the same
chirality. Similarly, within the
chain all the silver(�) centres
have the same configuration
leading to a chiral, isotactic
polymer structure.[18] Within
the chain, the silver(�) centres
are positioned along two paral-
lel vectors (Figure 2b). The sil-
ver(�) centres within the chain
are separated by 8.44 ä (be-
tween the vectors) and 9.68 ä
(along the vectors).
The structure contains planes


in which all the chains are of
the same chirality and these
alternate with planes of the
opposite chirality leading to an


achiral overall structure. The anions are located within
channels between the chains and make a number of short
contacts to the chains, most notably to the acidic imine proton
(F ¥ ¥ ¥H�C 2.47 ä, bond angle 176�) and to H3 of the pyridine
ring (F ¥ ¥ ¥H�C 2.53 ä, bond angle 168�).[19] Remarkably for a
system with so many aromatic residues, the structure does not
display extensive face ± face �-stacking interactions. Within
the chains, the naphthyl groups are coplanar with an inter-
plane separation of �3.5 ä, however the overlap is poor and
only occurs at the edges of the rings. However, within the
chain the naphthyl ring does form a C�H ¥ ¥ ¥� interaction with
the face of a pyridine from an adjacent ligand (C�H ¥ ¥ ¥ cen-
troid 3.08 ä; centroid ¥ ¥ ¥ centroid 5.24 ä).
Coordination polymers prepared from bis-monodentate


ligands give single-stranded polymers which may have (non-
helical) linear or zigzag structures or alternatively may be
coiled up to give a helical array.[20] Such helicity arises from
the coiling, which in turn is controlled by the metal
coordination geometry, ligand structure and potential for
intrastrand interactions. Coordination polymers prepared
from bis-didentate AB-type ligands (such as the one described
herein) are different in that the metal centres have intrinsic
helicity (just as octahedral metal tris-didentates) which arises
from the propeller-type orientation of the didentate binding
units about the metal. Thus such coordination polymers are


Figure 2. The X-ray crystal structure for the silver(�) hexafluorophosphate chiral isotactic complex of L. The
structure of the polymeric strand (a). A view down a strand revealing the two metallo-vectors (b). Hydrogen
atoms are omitted for clarity. The structures of the cationic chains in the corresponding perchlorate and
trifluoromethanesulfonate salts are almost identical.
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afforded an inherent helicity when all the metal centres in the
chain are of the same configuration. Indeed, examples have
previously been described in which flexible bis-didentate
ligands wrap about metal centres (which define a helical axis)
and afford infinite helical arrays.[21] These are polymeric
analogues of discrete double- and triple-helical arrays (in
which, similarly, ligands usually wrap around metal centres
which define a helical axis). Recently, Lehn et al. have
described the structure of a discrete helicate, in which there
are two metallo-chains within the core of the helix and which
is thus distinct from conventional helical structures.[22] This
structure arises from coordination of silver(�) to a ligand in
which the binding sites are oriented in a colinear fashion. The
ligand therefore does not wrap significantly about the helical
axis,[23] but instead primarily lies across it coordinating to
metal centres in both metallo-chains. A propeller-like twist
runs along the length of the ligand.
The isotactic helical polymer described herein also contains


two metallo-chains at its core which are bridged by ligands
with a propeller-like twist which lie across the helical axis. The
structure thus represents a polymeric analogue of this
alternate type of discrete helicate structure described by
Lehn. Lehn comments that his discrete structure represents
an ™organised pattern of ion dots∫.[22] Such ability to position
metals or components within an ordered array is an important
feature of supramolecular assembly, yet applications in the
field of materials will require control of order and position at
nanoscale dimensions and beyond. This may be achieved
either through higher level ordering of discrete supramolec-
ular structures[7, 25] or through extending the desired structural
motif into an oligomeric or polymeric array. The isotactic
helical polymer structure described herein leads to an ordered
positioning of the metals in a series of 2� n rhomboid grid
arrangements, with order imposed across the nanoscale and
beyond.
We have observed in other silver(�) metallo-supramolecular


systems that the anion can play a vital role in determining the
solid-state structure adopted[24] and so to investigate whether
this isotactic helical polymer was a robust, recurring structure
or merely one of a library of possible solid-state structures, we
have prepared the analogous perchlorate and trifluorometh-
anesulfonate salts. Pale yellow crystals of the perchlorate
salt were obtained from solution in acetonitrile by the
slow diffusion of benzene. All crystals examined proved to
be severely twinned. However the best data obtained
clearly revealed the cation to have an isotactic helical
coordination polymer structure identical to that in the
hexafluorophosphate salt, although the twinning prevented
a complete refinement. Just as in the hexafluorophosphate
salt, the anions reside within channels between the chains
and make short contacts most notably to the acidic imine
proton.
Pale yellow rods of the trifluoromethanesulfonate salt were


similarly obtained from solution in acetonitrile by the slow
diffusion of diethyl ether. The structure is again an isotactic
helical coordination polymer of almost identical structure to
that of the hexafluorophosphate and perchlorate salts. The
pyridylimine units are again approximately planar (dihedral
angles 10 and 12�) and the propeller-like twisting between the


pyridylimine units and the naphthyl spacer (44 and 58�)
imparts chirality to the ligand. Within each polymer strand the
ligands possess the same chirality and the metal centres all
have the same configuration. The silver(�) centres are again
located along two parallel vectors with intermetallic distances
of 8.53 ä between vectors and 9.48 ä along the vectors. The
anions reside between the chains and make short contacts to
the acidic imine protons. One imine proton forms H bonds
with only the O of an anion (C�H ¥ ¥ ¥O 2.53 ä, bond angle
171�) while the other interacts with both O and F in a
didentate-type fashion (C�H ¥ ¥ ¥O 2.63, bond angle 147� ;
C�H ¥ ¥ ¥F 2.74, bond angle 120�).
While growing crystals, we observed some discrepancies in


the colour of the complex. While pale yellow material most
frequently crystallised, sometimes a deeper orange coloured
material was obtained either exclusively or mixed in with pale
yellow crystals. In addition, solutions of the complex in
nitromethane appeared to be more orange than those in other
solvents and to darken on standing or warming.
We were eventually able to obtain suitable crystals of


orange material: while diffusing diethyl ether into a solution
in acetonitrile of the trifluoromethanesulfonate salt, orange
semicrystalline material was observed to grow towards the top
of the vial, while pale yellow crystals grew on the base. These
two sets of crystals were separated and each was redissolved in
acetonitrile and then subjected to diethyl ether diffusion.
From the solution prepared from the pale yellow crystals, only
pale yellow blocks were observed to grow. Similarly the
solution prepared from the orange material afforded only
orange leaflike crystals.[26] These orange crystals have also
been examined by X-ray diffraction.
The structure is again a coordination polymer (Figure 3).


However in this polymer structure, the metal-binding sites are
oriented towards opposite faces of the naphthyl rings, as in the
free ligand. This mode of twisting does not confer chirality to
the ligand. The silver(�) centres alternate in configuration
down the chain and an achiral syndiotactic polymer structure
results.[18] The pyridylimine units are approximately planar
(dihedral angles 7 and 4�) and the ligand twisting occurs
between the pyridylimine units and the naphthyl spacer (33
and 38�) and is less dramatic than in the isotactic polymers.
The syndiotactic polymer has a zigzag structure with inter-
metallic separations of 9.05 ä. The zigzag chains pack
together in planes with multiple C�H ¥ ¥ ¥� contacts between
the chains, primarily from pyridyl protons to the naphthyl
rings on adjacent chains. The anions (which are partially
disordered) reside between the planes and, as in the isotactic
polymers, form short contacts to the imine protons (C�H ¥ ¥ ¥O
2.51 ± 2.60 ä; C�H ¥ ¥ ¥F 2.70 ± 2.83).
The samples do not fly consistently well in electrospray


mass spectrometry and this would be consistent with an
oligomer/polymer solution structure. The positive ion electro-
spray mass spectrum for the silver(�) hexafluorophosphate
complex shows weak peaks corresponding to a trimeric array
at m/z 1625 ([Ag3L3(PF6)2�]) and at m/z 738 ([Ag3L3(PF6)2�])
along with evidence of dimeric species at m/z 1033
([Ag2L2(PF6)�]) and mononuclear species at m/z 781
([AgL2�]) and m/z 486 ([AgL(CH3CN)�]). While this may
indicate the presence of some small linear or cyclic oligomers
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in solution, the peaks may be fragments of a high mass
polymeric species.[15]


Despite the polymeric solid-state structures, the com-
pounds do exhibit adequate solubility in acetonitrile for
investigation by NMR spectroscopy. The 1H NMR spectrum
of the hexafluorophosphate complex in deuterated acetoni-
trile (Figure 4a) is sharp at room temperature and shows that
in the complex the ligand is symmetrical on the NMR
timescale. As the temperature is lowered some of the
resonances (particularly those for the naphthyl unit) start to
broaden but, within the temperature range of this solvent, no
new peaks appear (Figure 4b). This may indicate the presence
of multiple rapidly exchanging solution species (e.g. different


length linear or cyclic oligomers) or an intramolecular
process, such as rotation between the pyridylimine and
naphthyl units, or inversion at the metal centres, which is
slowed as the temperature is decreased. No Ag�Hi coupling is
observed, but this is not uncommon for silver pyridylimine
complexes in solution in acetonitrile[5±7] and again indicates
that the fluxional process(es) may involve changes at the
metal centres. On dilution, some small shifts in the positions
of the peaks are observed, which probably reflects a change in
average aggregation number on dilution. 1H NMR nuclear
overhauser enhancements (NOEs) are observed from the
imine proton (Hi) to H3 on the pyridine ring (as would be
anticipated if the pyridylimine unit is coordinated to a metal


Figure 3. The X-ray crystal structure for the silver(�) trifluoromethanesulfonate achiral syndiotactic complex of L. The structure of the polymeric strand (a).
A space-filling representation emphasising the achiral syndiotactic nature of the array (b). Hydrogen atoms are omitted for clarity.


Figure 4. 500 MHz 1H NMR spectra for the silver complex in deuterated acetonitrile at 283 K (a) and at 253 K (b).







FULL PAPER M. J. Hannon et al.


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0821-4962 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 214962


centre) and also to the naphthyl resonance at �� 6.9 ppm
which we ascribe to H12. By contrast, only a weak NOE is
observed between Hi and the peak at �� 7.9 ppm, corre-
sponding to H10. This is consistent with the twisting between
the naphthyl group and the pyridylimine unit being such that,
on average, the imine proton lies closer to this naphthyl
proton; a situation which is observed in both the isotactic and
syndiotactic crystal structures.
We have previously observed, in related silver(�) supra-


molecular systems, that fluxional processes are frequently
frozen out more readily in solution in nitromethane than in
acetonitrile.[24] Moreover the observation of the deeper
orange colouration in this solution implies that there might
be more of the syndiotactic species present in this solution.
Consequently we have also recorded NMR spectra in this
solvent. In solution in nitromethane at room temperature, the
naphthyl resonances are broadened and the spectrum resem-
bles that in acetonitrile at 253 K. As the temperature is
lowered all the peaks broaden and some additional broad
peaks appear. However within the temperature range of this
solvent, the peaks remain broad, preventing further elabo-
ration of the fluxional process. The spectra of the analogous
perchlorate, tetrafluoroborate and trifluoromethanesulfonate
salts have also been recorded and are all very similar to that of
the hexafluorophosphate salt, implying similar solution spe-
cies. The spectra of solutions in acetonitrile prepared from
both the orange and yellow crystals are identical. It seems
probable that the exchange process observed is interconver-
sion between the syndiotactic and isotactic forms, which
requires twisting within the ligand (which in solution would be
expected to be associated with low energy barriers) and
inversion at the metal centres (in a coordinating solvent
like acetonitrile this also be expected to be rapid,
but, consistent with the data, would be less so in nitro-
methane). Such exchange, unless concerted in an alternate
fashion along the chain, implies the presence of atactic species
in solution.[27]


Conclusion


The work described herein demonstrates how readily pre-
pared pyridylimine ligands can be used to support the
formation of polymeric arrays of defined structure. The
twisting within the ligand, and the associated metal chirality,
control the tacticity of these coordination polymers. Such
polymeric arrays have structural analogies with the topologies
of discrete supramolecular arrays, yet extend that topology to
larger dimensions. Indeed the three isotactic helical polymers
described herein contain two metallo-chains at their core and
this leads to an ordered positioning of the metals in a series of
2� n grid arrangements. The ability to design polymeric
structures of defined architecture in which order and position
are controlled at the nanoscale range (and indeed beyond) has
implications for design of new supramolecular materials with
new and controlled functions and we are currently pursuing
this further.


Experimental Section


General : All starting materials were purchased from Aldrich and used
without further purification. NMR spectra were recorded on Bruker
ACF250, DPX300 and 400 instruments by using standard Bruker software.
ESI mass spectra were recorded by the EPSRC National Mass Spectrom-
etry Service Centre, Swansea, on a Micromass Quatro(II) (low-resolution
triple quadrupole mass spectrometer) at 20 V cone voltage. Microanalyses
were conducted on a Leeman LabsCE44CHN analyser by the University
of Warwick Analytical service. Infrared spectra were recorded on a
Perkin ±Elmer Paragon1000 instrument with the sample compressed in
KBr discs.


Preparation of L : Pyridine-2-carboxaldehyde (1.2 cm3, 12.64 mmol) and
1,5-diaminonaphthalene (1 g, 6.32 mmol) were stirred in ethanol (100 cm3)
for 24 hours. The mixture was filtered and concentrated in vacuo to a
yellow solid. Recrystallisation from chloroform afforded yellow crystals
(0.86 g, 41%; see Scheme 2).


MS (EI�): m/z (%): 336 [M�] (100%); elemental analysis calcd (%) for
C22H16N4: C 78.5, H 4.8, N 16.7; found: C 78.2, H 4.8, N 16.9; 1H NMR
(300 MHz, CDCl3, 298 K): �� 8.75 (ddd, 3J(H,H)� 4.9, 4J(H,H)� 1.5,
0.9 Hz, 2H; H6), 8.71 (s, 2H; Hi), 8.40 (dt, 3J(H,H)� 7.9, 4J(H,H)� 0.9 Hz,
2H; H3), 8.30 (d, 3J(H,H)� 7.3 Hz, 2H; H10/12), 7.88 (td, 3J(H,H)� 7.9,
4J(H,H)� 1.5 Hz, 2H; H4), 7.52 (t, 3J(H,H)� 7.3 Hz, 2H; H11), 7.42 (ddd,
3J(H,H)� 7.6, 4.9, 4J(H,H)� 1.2 Hz, 2H; H5), 7.20 (d, 3J(H,H)� 7.3 Hz,
2H; H12/10) (assignments confirmed by using COSY. NOE measurements
did not allow unambiguous assignment of H10 and H12 due to free rotation
in solution. However spectral simulation (ACD/HNMR Predictor) indi-
cated H10 to be the peak at 8.30 ppm and H12 that at 7.20 ppm); 13C NMR
(75.6 MHz, CDCl3, 298 K): �� 161.3 (C7), 155.2 (C2/8/9), 150.1 (C6), 148.4
(C2/8/9), 137.1 (C4), 129.8 (C2/8/9), 126.7 (C11), 125.7 (C5), 123.0 (C10/12), 122.4
(C3), 114.0 (C12/10) (assignments made using 1H-13C correlation expts); IR
(KBr): �� � 2890 ± 3060 (w), 1622 (s), 1583 (m), 1566 (m), 1502 (w), 1466 (m),
1438 (m), 1402 (m), 1352 (w), 1288 (w), 1258 (w), 1224 (w), 1207 (w), 1149
(w), 1043 (w), 993 (m), 927 (m), 913 (w), 864 (w), 798 (s), 780 (s), 743 (m),
666 (w), 622 (m), 544 (w), 493 cm�1 (m).


Coordination of L to silver(�): Care was taken to exclude light during the
following procedure. L (0.03 g, 0.09 mmol) and silver(�) acetate (0.015 g,
0.09 mmol) were stirred in methanol for 30 minutes and the solution was
then treated with methanolic ammonium hexafluorophosphate. Following
stirring at room temperature for 78 hours, the yellow precipitate was
collected by vacuum filtration and recrystallised from hot chloroform
(0.025 g, 47%).


MS (ESI�): m/z (%): 1625 [Ag3L3(PF6)2�], 1033 [Ag2L2(PF6)�], 781
[AgL2�], 738 [Ag3L3(PF6)2�], 486 [AgL(CH3CN)�], 444 [(AgL)nn�], 337
[LH�]; elemental analysis calcd (%) for [Agn(C22H16N4)n][PF6]n ¥H2O: C
43.5, H 3.0, N 9.2; found: C 43.8, H 2.7, N 9.2; 1H NMR (250 MHz, CD3CN,
298 K): �� 8.95 (d, 3J(H,H)� 4.6 Hz, 2H; H6), 8.60 (s, 2H; Hi), 8.15 (td,
3J(H,H)� 7.6, 4J(H,H)� 1.5 Hz, 2H; H4), 7.90 (m, 4H; H10/12 and H3), 7.78
(ddd, 3J(H,H)� 7.6, 4.6, 4J(H,H)� 1.2 Hz, 2H; H5), 7.22 (t, 3J(H,H)�
7.3 Hz, 2H; H11), 7.00 (d, 3J(H,H)� 7.3 Hz, 2H; H12/10) (assignments
confirmed using COSY); 13C NMR (75.6 MHz, CDCl3, 298 K): �� 161.4
(C7), 151.0 (C6), 138.9 (C4), 128.5 (C3), 127.8 (C5), 125.9 (C11), 121.3 (C10/12),
115.6 (C10/12) (assignments made using 1H-13C correlation expts; pendant
sequence used and 4� carbons not observed); IR (KBr): �� � 3000 ± 3050 (w),
1622 (s), 1592 (m), 1567 (m), 1504 (m), 1468 (m), 1438 (m), 1402 (m), 1352
(m), 1289 (w), 1265 (m), 1228 (w), 1208 (w), 1161 (w), 1105 (w), 1044 (w),
1014 (w), 994 (m), 928 (m), 840 (s), 779 (s), 782 (s), 741 (m), 666 (w), 623
(m), 559 (s), 493 cm�1 (m).


Scheme 2. Numbering scheme used in NMR data assignments.
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The perchlorate, tetrafluoroborate and trifluoromethanesulfonate salts
were prepared in an analogous manner by precipitating with appropriate
ammonium or sodium salts of the required anion.


X-ray crystallographic structural characterisations : For all crystals, data
were collected with a Siemens SMART three-circle system with a CCD
area detector,[28] with crystals held at 180 K or 200 K with the Oxford
Cryosystem Cryostream Cooler.[29] Refinements used SHELXTL.[30] Sys-
tematic absences indicated the appropriate space group. The structure was
solved by direct methods with additional light atoms found by Fourier
methods. Hydrogen atoms were added at calculated positions and refined
using a riding model. Anisotropic displacement parameters were used for
all non-H atoms; H atoms were given isotropic displacement parameters
equal to 1.2 times the equivalent isotropic displacement parameter of the
atom to which the H atom was attached. Specific details of the crystal-
lisations and refinements were as follows (see Table 1 for selected bond
lengths and angles for the silver polymers and also Table 2).


L : Yellow crystals of the free ligand were obtained from a solution in
chloroform. The ligand lay on a crystallographic centre of inversion and the
asymmetric unit contained only half a molecule as it had a centre of
symmetry.


[(AgL)n][PF6]n : Pale yellow crystals of the hexafluorophosphate anion
were obtained from the slow diffusion of diethyl ether into a solution of the
complex in acetonitrile. The silver and phosphorus atoms lie on twofold
axes (positions 4c, 4d).


[(AgL)n][ClO4]n : Pale yellow crystals of the perchlorate anion were
obtained from the slow diffusion of benzene into a solution of the complex
in acetonitrile. All crystals examined proved to be severely twinned and this
prevented a complete refinement. Space group P21/n ; a� 13.452(1) ä,
b� 9.688(1) ä, c� 17.162(2) ä; �� 92.554(5)�.
[(AgL)n][CF3SO3]n isotactic polymer : Pale yellow rods of the trifluorome-
thanesulfonate anion were obtained from the slow diffusion of diethyl ether
into a solution of the complex in acetonitrile.


[(AgL)n][CF3SO3]n syndiotactic polymer : Orange leaflike crystals of the
trifluoromethanesulfonate anion were obtained from the slow diffusion of
diethyl ether into a solution of the complex in acetonitrile. The
trifluoromethanesulfonate counter ion was very disordered. It was
modelled over two positions but in both, the thermal parameters for
carbon and sulfur showed that end-for-end disorder was also present. This
was modelled by a 1:1 occupation of each site by carbon and sulfur.
Although for oxygen and fluorine which also exchange their positions, this
aspect of the disorder was not modelled.


CCDC-186143 ± 186146 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via www.ccdc.
cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB21EZ (UK); fax: (�44)1223-
336-033; or e-mail : deposit@ccdc.cam.ac.uk).
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Light-Emitting Molecular Machines: pH-Induced Intramolecular Motions
in a Fluorescent Nickel(��) Scorpionate Complex


Luigi Fabbrizzi,*[a] Francesco Foti,[a] Maurizio Licchelli,[a] Paola M. Maccarini,[a]
Donatella Sacchi,[a] and Michele Zema[b]


Abstract: A cyclam-like macrocycle has
been synthesized with a pendant arm
containing a dansylamide group. In the
corresponding nickel(��) complex, bind-
ing of the pendant arm to the metal is
pH controlled. In particular, at pH 4.3,
the sulfonamide group deprotonates and
coordinates the NiII center, giving rise to
a complex of trigonal bipyramidal ster-
eochemistry, as shown by X-ray diffrac-


tion studies performed on the crystalline
complex salt. At pH 7.5, an OH� ion
binds the metal and a six-coordinate
species forms. The binding-detachment
of the pendant arm to/from the NiII


center is signaled by changes in the


emission properties of the dansyl sub-
unit in the side chain; the fluorescence
of this side chain is high when the
pendant arm is not coordinated and
low when the sulfonamide group is
bound to the metal. The system inves-
tigated represents the prototype of a
light-emitting molecular machine, driv-
en by a pH change.


Keywords: fluorescence ¥ macro-
cycles ¥ molecular devices ¥ nickel


Introduction


Molecular motions are observed when, in a system containing
two easily distinguishable components, one component under-
goes a relative displacement with respect to the other.[1] For
convenience, it is assumed that one component represents the
mobile part, and the other the stationary moiety. For instance,
in two-station rotaxanes,[2] a wheel (the mobile part) prefer-
entially interacts, through non-covalent and labile interac-
tions, with one of the two stations (for example A, see
Scheme 1a), located along the axle (the stationary part).


If the affinity for A is drastically reduced by means of an
external input, the wheel moves to the other station, B, thus
giving rise to an oriented motion. On the other hand, if,
following an opposite input, the affinity for A is re-estab-
lished, the wheel moves back from B to A. In order to
guarantee reversible and fast motion, the interaction of the
wheel with A and B has to be non-covalent. Examples have
been reported of rotaxanes where the wheel and axle are held
together by �-donor ± acceptor,[3] and metal ± ligand interac-
tions.[4] Similar behavior is observed if the axle is covalently


Scheme 1. Representation of the mobile and stationary parts of molecular
machines. a) Wheel on an axle. b) Pendant arm permanently attaches the
two parts.


closed to give a system of two interlocked rings (a 2-cate-
nane).[2] In this case, one of the rings can undergo a half-turn
rotation, following an appropriate chemical or electrochem-
ical input.[5]


Following a different approach, the mobile and stationary
parts can be permanently held together by a covalent bond.
This is the case illustrated in Scheme 1b, in which a side chain
(mobile component) is appended to a ring (stationary
component). In particular, the pendant arm must possess
some affinity for the ring cavity: if this affinity is altered
(destroyed ± restored through consecutive inputs of opposite
nature), the arm is made to oscillate from inside the ring to
outside. Again, the ring-arm interaction has to be labile, thus
noncovalent. In a reported example, the side chain has at its
end a �-donor group, whereas the ring is �-acceptor in
nature.[6] Destruction of the donor tendencies of the appended
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group through one- or two-electron oxidation makes the side-
chain dethread from the ring and move far away, in order to
minimize steric repulsions.


If coordinative interactions are to be considered instead,
the following conditions must be met: i) a transition metal
must be inserted into the ring, which is a multidentate ligand,
and ii) the pendant arm must be provided with a donor atom.
For instance, in the system 1, the ring is that of the 14-
membered tetramine macrocycle cyclam, while the pendant
arm is a -CH2CH2NH2 chain, covalently linked to a nitrogen
atom of the ring.[7] Thus, the pendant arm can interact from
the top with a metal (such as NiII), already encircled by the
macrocycle. However, if acid is added, the apically coordi-
nated -NH2 group is protonated. As a consequence, the
pendant arm moves away from the ring to position the
ammonium group as far as possible from the ring in order to
minimize the electrostatic repulsions with the metal cation.
The process is illustrated in Scheme 2.


Scheme 2. System 1: Pendant armmechanism of interaction with the metal
ion.


It should be noted that, in spite of the labile nature of the
metal ± amine interaction, the four amine groups of the ring
do not protonate (and the metal is not extruded from the
macrocycle), due to the rigidity of the ligand framework. As
an example, the [NiII(cyclam)]2� prototype complex persists in
1� HClO4 with a half-life of 30 years.[8]


Moreover, if base is added in order to neutralize the acidic
solution, the ammonium group deprotonates and the amine
which forms coordinates the metal center. Thus, consecutive
addition of standard acid and base makes the pendant arm
oscillate between two defined positions, as shown schemati-
cally in Scheme 2. Ligands like 1, in which an aggressive tail
can bite off the top of an already chelated ion (the metal),
have been named scorpionands.[7] The first example of a
scorpionand is attributed to Kaden, who investigated spec-
trophotometrically the stereochemical changes of the NiII


complex of a ligating system in which a �CH2CH2N(C2H5)2
side chain was appended to an unsaturated tetraazamacro-
cycle.[9] In particular, the binding detachment of the pendant


arm to the metal was monitored through the pH-induced
variation of the d ± d spectra. More recently, in order to
amplify the signal, a powerful fluorophore (anthracene) was
covalently bound to an ethylamine chain linked to the cyclam
framework, 2.[10] In such circumstances, the binding detach-
ment of the pendant arm to/from the metal was signaled by
the switching on/off of the fluorescent emission. In particular,
at pH� 3, the side chain was in the ammonium form and was
located far away from the metal (fluorescence on). At pH� 3,
the pendant arm was in the amine form and was coordinated
to the metal (fluorescence off). Thus, consecutive addition of
standard acid and base, to make pH lower/higher than 3,
turned fluorescence on/off, providing an example of mechan-
ically operated molecular switch of fluorescence.


Here, we describe a new example of a fluorescent
scorpionand, 3, in which the pendant arm contains a
secondary sulfonamide group belonging to the dansyl fluo-
rophore. The sulfonamide group itself does not display
coordinating properties and is a very weak acid in aqueous
solution. However, in the presence of divalent late transition
metal ions, it can deprotonate and coordinate the metal. This
event is expected to take place at a relatively high pH,
certainly higher than 3. The deprotonation of aromatic
sulfonamides promoted by coordination to a metal ion has
been reported in the past.[11] For instance, Kimura described
the behavior of macrocyclic ligands bearing a tosylamide or a
dansylamide moiety on a side arm: at neutral pH, they form
zinc(��) complexes in which the deprotonated nitrogen of the
sulfonamide is bound to the metal ion.[11a,b]


Very interestingly, the NiII complex of 3 with the deproton-
ated sulphonamide group was isolated in the crystalline form
and its molecular structure was determined. This is the first
reported structure of a nickel(��) scorpionate complex in which
the nitrogen atom of the pendant arm is coordinated to the
metal, and discloses some unexpected geometrical features. In
particular, it shows a distorted trigonal bipyramidal arrange-
ment of the five amine nitrogen atoms.


Results and Discussion


Synthesis of scorpionand 3 : The dansyl-tetraazamacrocycle
conjugate 3 was prepared according to a three-step synthesis
(see Scheme 3) involving i) triprotection of cyclam, ii) func-
tionalization of the macrocyclic framework and iii) deprotec-
tion.


The protection of three secondary amino groups of cyclam
by tert-butoxycarbonyl (Boc) groups, which was carried out by
a modified literature method,[12] was performed in order to
obtain the mono-functionalized macrocyclic ligand with
satisfactory purity. Any attempt to obtain the dansylderivative
3 by direct reaction of unprotected cyclam (five-fold excess)
with dansylaziridine afforded mixtures of the mono- and
disubstituted products which could not be efficiently sepa-
rated by common chromathographic methods. The final
deprotection step, carried out in trifluoroacetic acid, afforded
compound 3 with an overall yield of about 38% (referred to
cyclam).
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Scheme 3. Preparation of dansyltetraazamacrocycle 3.


Acid ± base equilibria involving the NiII scorpionate complex :
The acid ± base properties of the NiII complex of scorpionand
3 were investigated through titration experiments. In partic-
ular, a solution of [NiII(3)](ClO4)2 in EtOH/H2O 4:1, for which
the pH had been adjusted to 2.5 with perchloric acid, was
titrated with standard sodium hydroxide. Non-linear least-
squares fitting of the titration curve (pH vs. equivalents of
NaOH) showed that the investigated complex behaves as a
diprotic acid, with pKA1� 4.30� 0.08 and pKA2� 7.49� 0.04
(at 25 �C, ionic strength adjusted to 0.1� with NaClO4). Thus,
for LH indicating the amide scorpionand 3, the following
three species are present in
solution, moving from pH 2.5
upwards: [NiII(LH)]2�,
[NiII(LH�1)]� , [NiII(LH�2)].
The �n subscript notation in-
dicates that n hydrogen ions
have been released from the
complex: accordingly, the
[NiII(LH�1)]� species has lost
one proton, while the
NiII(LH�2)] neutral complex
has lost two.


The variation of the percent
abundance of the three species
at equilibrium with increasing
pH is plotted in the distribution diagram shown in Figure 1. It
may be seen that the doubly positively-charged complex
[NiII(LH)]2� is present at 100% for pH� 3, the neutral species
[NiII(LH�2)] is present at 100% at pH� 9, whereas the
intermediate monopositive complex [NiII(LH�1)]� reaches its
maximum concentration (90%) at pH 6.


[NiII(LH)]2� complex : The solution at pH� 3, which contains
100% of the [NiII(LH)]2� complex, exhibits a pale yellow
color. The color is a result of the tail in the visible region of the
absorption band of the dansyl chromophore, centered at
�max� 334 nm (molar absorbance �� 4150��1 cm�1). The
spectrum also shows very weak d ± d bands at 572 nm (��
6��1 cm�1) and 965 nm (8��1 cm�1). The latter spectral


features are typical of an octahedral high-spin NiII complex
(the highest energy d ± d band, expected in the 340 ± 350 nm
range, is obscured by the dansylamide band).[13] In the
[NiII(LH)]2� complex, the pendant arm is in the sulphonamide
form and, since the amide nitrogen atom does not possess any
coordinating tendency, the side chain is expected to point
outwards from the ring. Under these circumstances, the NiII


ion should be chelated in a coplanar fashion by the tetramine
ring, a geometrical situation typically observed with nickel(��)
complexes of cyclam. Moreover, two solvent molecules (such
as H2O) should occupy the two axial positions of the
elongated octahedron, to complete the six-coordination. The
hypothesized structure of the [NiII(LH)]2� complex is picto-
rially sketched in Scheme 4a.


No band is observed at 450 nm, where low-spin NiII


tetramine complexes of square-planar geometry typically
absorb.[13] Thus, the presence of a high-spin (octahedral)/low-
spin (square planar) equilibrium mixture, which is observed
with the reference complex [NiII(cyclam)]2�, has to be ruled
out.


[NiII(LH�1)]� complex : In the course of the titration, it was
observed that the pale yellow solution, on increasing pH, took
on a rather intense blue color. Spectrophotometric investiga-
tion showed that the appearance of the blue color corre-
sponded to the development of a spectrum whose major band
was centered at �max� 582 nm, with a molar absorbance ��
67��1 cm�1. The variation with pH of the absorbance of such a


Figure 1. Left vertical axis, distribution curves of the species present at
equilibrium for the NiII complex of scorpionand 3 in EtOH/H2O 4:1 (v/v)
solution at 25�C. Right vertical axis (�), molar absorbance measured at
580 nm.


Scheme 4. Complexes [NiII(LH)]2�, [NiII(LH�1)]� and [NiII(LH�1)(OH)].
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band is superimposed on the distribution diagram displayed in
Figure 1. It is observed that the absorbance (black triangles)
begins to increase at pH 3 and superimposes well on the
ascending arm of the concentration profile of [NiII(LH�1)]� .
Thus, the development of the d ± d absorption band at 582 nm
(and appearance of the blue color) corresponds to the
formation of the [NiII(LH�1)]� complex. In particular, the
absorbance reaches a limiting value at around pH 6, corre-
sponding to highest concentration of the [NiII(LH�1)]� com-
plex. Variations of the d ± d spectra of transition metal
complexes are typically associated with geometrical changes.
The observed spectral features suggest that the deprotonation
process involves the sulphonamide group and that, following
the simultaneous folding of the pendant arm, the deproto-
nated nitrogen atom goes on to coordinate the NiII center.
This hypothesis is also supported by spectral changes in the
300 ± 350 nm interval, where the intramolecular charge-trans-
fer transition of the dansylamide fragment is typically
observed. In particular, when moving from pH 2.5 ([NiII-
(LH)]2� complex) to pH 6 ([NiII(LH�1)]� complex), the
charge-transfer band moves from 334 to 312 nm and becomes
distinctly more intense (� increases from 4150 to 6450��1


cm�1).
These drastic variations (see spectra in Figure 2) are


consistent with sulphonamide deprotonation, an event that
significantly alters the charge distribution in the dansylamide
moiety, thus modifying energy and feasibility of the charge-
transfer transition.


Figure 2. Absorption (solid lines) and emission spectra (dashed) of
[NiII(3)]ClO4 dissolved in EtOH/H2O 4:1 (v/v) at different pH. Numbers
close to each spectrum indicate the corresponding pH values.


Most interestingly, slow diffusion of diethyl ether into an
ethanol/water solution (4:1, v/v, adjusted to pH 7) of the
complex afforded blue crystals of a salt of formula
[NiII(LH�1)]ClO4, suitable for X-ray diffraction studies. The
crystal structure consists of one [NiII(LH�1)]� molecular
cation, one perchlorate anion and one water molecule, which
do not interact with the metal center. The Ortep plot of the
complex [NiII(LH�1)]� is shown in Figure 3.


Two important features are evident: i) the nitrogen atom of
the deprotonated sulphonamide group is coordinated to the
metal; ii) the metal center is not chelated in a coplanar
manner by the macrocycle, but is coordinated according to a
rather distorted trigonal bipyramidal geometry. In particular,
the two axial sites of the distorted trigonal bipyramid are


Figure 3. Ortep view of [NiII(LH�1)]ClO4 with thermal ellipsoids drawn at
20% probability level. Perchlorate anions were omitted for clarity. Selected
bond lengths: Ni1�N1 2.112(3), Ni1�N2 2.047(4), Ni1�N3 2.085(4),
Ni1�N4 2.057(4), Ni1�N5 2.008(3). Selected bond angles: N1-Ni1-N2
94.26(17), N1-Ni1-N3 175.69(16), N1-Ni1-N4 84.83(16), N1-Ni1-N5
82.89(14), N2-Ni1-N3 84.97(19), N2-Ni1-N4 103.14(16), N2-Ni1-N5
124.21(17), N3-Ni1-N4 91.20(17), N3-Ni1-N5 101.07(15), N4-Ni1-N5
131.70(16).


occupied by two non-consecutive nitrogen atoms of the
macrocycle: N1, to which the pendant arm is linked, and
N3. Notice that the N1-NiII-N3 angle is 176.2�, only slightly
lower than the regular value of 180�. On the other hand, the
atoms N2, N4 and N5 occupy the three equatorial sites of the
trigonal bipyramid [Ni1 is 0.113(1) ä out of the N2�N4�N5
mean-plane], even if the angles between the equatorial bonds
deviate substantially from the normal value of 120� : in
particular, N5-NiII-N2 124.5�, N5-NiII-N4 132.2�, N2-NiII-
N4 102.3�. The NiII�N bond lengths involving the amine
groups of the macrocycle range from 2.05 to 2.11 ä, which are
the values expected for a NiII (high-spin)�sp3 nitrogen atom.
On the other hand, the bond to the deprotonated sulphon-
amide is remarkably short, 2.01 ä. This may be due to the fact
that this nitrogen atom is planar and is sp2 hybridized [in fact,
the Ni1-N5-S1-C12 group is almost planar, as revealed by a
calculation of the best plane using all the four atoms. The
mean deviation is 0.032 ä, while the maximum deviation is
0.074(4) ä for N5]. Thus, the release of one hydrogen ion
from the sulphonamide group, which takes place at pH�
pKA1� 4.30, induces a drastic geometrical change. The side
chain folds on the macrocyclic ring and the deprotonated
sulphonamide group binds the metal center (see structural
sketches a and b in Scheme 4). At the same time, in order to
favor the interaction with the deprotonated amide nitrogen
atom, the metal moves out of the plane of the four macro-
cyclic donor atoms and expels the two water molecules, while
the five nitrogen atoms rearrange to give a distorted trigonal
bipyramidal coordination geometry. This geometrical rear-
rangement accounts for the spectral changes and appearance
of a relatively intense blue color occurring at pH 4.30. In fact,
the starting complex, the trans-octahedral [NiII(LH)
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(H2O)2]2�, is centrosymmetric and its d ± d transitions are
intrinsically Laporte forbidden. This explains the very low
intensity of the absorption bands (�� 1 ± 5��1 cm�1). On
deprotonation, the complex rearranges to the trigonal bipyr-
amidal stereochemistry with all the nitrogen atoms coordi-
nated. On changing from an octahedron to a trigonal
bipyramid, the center of symmetry is lost and d ± d transitions
become Laporte allowed. This explains the higher intensity of
absorption bands in the visible region and appearance of a
relatively intense color.


[NiII(LH�2)] complex : As the concentration of [NiII(LH�1)]�


decreases and the complex [NiII(LH�2)] begins to form,
following an increase in pH, the intensity of the band at
580 nm (filled triangles in Figure 1) increases very slightly and
reaches a plateau with the formation of 100% of the neutral
complex. The second deprotonation process, occurring at
pH� pKA2� 7.5, cannot involve any of the amine nitrogen
atoms of the macrocycle. It is therefore suggested that it is a
water molecule that deprotonates and the OH� ion which
forms goes to bind the NiII center, giving rise to a neutral six-
coordinate complex. Thus, the formula of the [NiII(LH�2)]
species should be more accurately written: [NiII(LH�1)(OH)].
In the absence of X-ray diffraction data, it is not possible to
say whether six-coordination corresponds to the formation of
a regular octahedron (with the NiII ion chelated in a coplanar
fashion by the tetramine macrocycle) or to a distorded
arrangement in which, for instance, the OH� ion has
approached the metal in the middle of NiII�N4 and NiII�N5
bonds, which form a rather large angle (132.2�). A tentative
structural sketch of the [NiII(LH�1)(OH)] complex, which
refers to the distorted octahedral stereochemistry, is picto-
rially illustrated in Scheme 3c. It is of note that the geo-
metrical rearrangement, when moving from [NiII(LH�1)]� to
[NiII(LH�1)(OH)], does not alter the d ± d spectrum, which
simply increases in intensity, reaching a limiting value at pH 9.
Also the charge-transfer band does not change substantially,
when moving from pH 6 to 10 (see spectra in Figure 2). In
particular, �max remains the same and the molar absorbance
increases slightly (from 6450 to 6850��1 cm�1). In fact, binding
of a hydroxide ion to the metal center is not expected to
significantly alter the nature of the dipole located in the
deprotonated dansylamide fragment and responsible for the
intramolecular charge transfer transition.


If standard acid is added to the basic solution, the intensity
of the band at 580 nm progressively decreases and the blue
color vanishes. In particular, the absorbance profile measured
with decreasing pH superimposes well on the profile meas-
ured with increasing pH (filled triangles in Figure 1). This
demonstrates that the stereochemical rearrangements accom-
panying the two acid-base steps are fast, reversible and
kinetically uncomplicated.


Motion of the pendant arm signaled by light emission : The
acid ± base behavior of the NiII complex of 3, which involves
the swinging of the pendant arm (a � b in Scheme 4), could
also be followed by looking at the emission features of the
dansyl fluorogenic fragment. In fact, the dansyl group, when
irradiated at 332 nm (absorption of the charge-transfer


complex), shows a rather broad and unstructured emission
band with �max� 510 nm (see Figure 2). Such an emission band
is present in the fluorescence spectrum of an acidic solution of
the NiII complex of 3, that is a solution of the [NiII(LH)
(H2O)2]2� species.


The intensity of the emission band at �max� 510 nm, IF, is
plotted against pH in Figure 4 (filled triangles), in a diagram
which reports also the percentage abundance of the three
complexes present at the equilibrium: [NiII(LH)(H2O)2]2�,
[NiII(LH�1)]� , and [NiII(LH�1)(OH)]. It is observed that, in
the pH interval 2.5 ± 3.5, IF keeps its maximum value. Then, on
raising the pH, as the concentration of [NiII(LH)(H2O)2]2�


decreases and that of [NiII(LH�1)]� increases, IF diminishes, to
reach its minimum value at pH 6, coinciding with the highest
concentration of [NiII(LH�1)]� . On further increasing the pH,
with the decrease of the concentration of [NiII(LH�1)]� and
the increase of the concentration of [NiII(LH�1)(OH)], IF
grows again to reach a plateau at a higher pH, when the
[NiII(LH�1)(OH)] species is formed at 100%. This limiting
value corresponds at about 50% of the original fluorescence
intensity. Summing up, we observe full emission of the dansyl
fragment in the complex [NiII(LH)(H2O)2]2� (structure a in
Scheme 4); then, fluorescence is quenched substantially in the
complex [NiII(LH�1)]� (b); finally, dansyl emission is partially
restored in the complex [NiII(LH�1)(OH)] (c).


Such behavior has to be related to different effects exerted
by the metal center on the fluorogenic fragment. In
[NiII(LH)(H2O)2]2� (a), the dansyl subunit is far away from
the metal and there is no way of establishing through-bond
interactions between the NiII center and the fluorophore,
especially in view of the presence in the chain of an insulating
�CH2CH2� spacer. On the other hand, in [NiII(LH�1)]� (b),
the NiII center can communicate with the aromatic subunit
through the coordinative bond and the �NS(O2)� group and
can quench the excited fluorophore through either an electron
transfer (eT) or an electronic energy transfer (ET) process.
Such a communication effect is partially reduced in
[NiII(LH�1)(OH)] (c), when the coordination geometry rear-
ranges from trigonal bipyramidal to (distorted) octahedral
and the coordination number changes from 5 to 6. The
emissive response was found to be quickly reversible, as, on
back titration from pH 11.5 to 2.5, an IF profile was obtained,
which was perfectly superimposable on the profile obtained in
the direct titration. This is shown in Figure 4 (filled triangles).


Figure 4. Left vertical axis, distribution curves of the species present at
equilibrium for the NiII complex of scorpionand 3 in EtOH/H2O 4:1
solution at 25 �C. Right vertical axis (full triangles), fluorescence intensity
measured at 510 nm.
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In regard to the quenching process taking place in the
complex [NiII(LH�1)]� , we are inclined to believe that it has to
be ascribed to an ET mechanism (Dexter type). We measured
emission spectra on an EtOH solution of [Ni(LH�1)]ClO4,
both at room temperature and at 77 K (glassy matrix) and we
observed that freezing of the solution at liquid nitrogen
temperature did not cause any fluorescence revival. This
behavior would suggest that an ET process is active.[14]


Exceptions refer to sufficiently exoergonic and ultra-fast eT
processes, which take place both at room temperature and in a
glassified matrix.[15] It should also be considered that the
occurrence of an eT process in the [NiII(LH�1)]� complex is
unfavored from a thermodynamic point of view. In particular,
the free energy change associated with the NiII-to-excited
fluorophore eT process (Dns*�NiII�Dns��NiIII) is dis-
tinctly positive: �G 0


eT � 1.3 eV. Such a quantity can be
estimated through the appropriate combination of photo-
physical and electrochemical data: E0�0(Dns)� 2.4 eV;
E0(NiIII/NiII)� 0.70 V versus Fc�/Fc in MeCN; E0(Dns/
Dns�)�� 3.0 V versus Fc�/Fc in MeCN.[16]


Conclusion


The aim of this work was the design of a metal scorpionate
complex, in which the movement of the tail could be
controlled from outside and signaled through a change in
the light emission. We have observed that the NiII complex of
the functionalized macrocycle 3 does this job well, as the
sulphonamide group present in the pendant arm deprotonates
and the arm folds to coordinate the metal in a slightly acidic
solution. The process is fast and reversible and can be
repeated in principle indefinitely, without any fatigue, by
varying the pH back and forth between 2 and 6. Swinging of
the pendant arm can be monitored by a color change and,
most efficiently, by quenching-revival of the emission of a
fluorogenic fragment which had been appended to the side-
chain. In particular, fluorescence is high when the pendant
arm is not coordinated and the fluorophore remains far away
from the metal center. Fluorescence is low when the side
chain is coordinated to the metal, which can communicate
electronically with the photo-excited fluorophore. A second
acid/base event takes place at higher pH, but this does not
involve the pendant arm, which remains coordinated to the
metal.


Multicomponent systems able to undergo controllable
motions convert (chemical) energy into mechanical work in
a repeatable way and are therefore considered molecular
machines. Rotaxanes and catenanes were the first deliberately
designed machines, operating at the molecular level. Metal
scorpionates, like the NiII complexes of 2 and 3, constitute a
second class of machines, where the activity is accompanied
by variations of light emission. In analogy to the machines of
the macroscopic world, [NiII(2)]2� and [NiII(3)]2� are consti-
tuted by fixed and interchangeable components. For instance,
the cyclam-like tetramine ring is a common piece, and is
required to keep the metal in place, even in strongly acidic
conditions. The pendant arm must contain both an acid/base
site and a light-emitting fragment. In system 2, the acid is an


ammonium group, with pKA 3. Thus, the dangling motion of
the side chain takes place in rather acidic conditions. In system
3, the acid (a sulphonamide group) is distinctly weaker, so that
deprotonation and concurring intramolecular motion take
place in a solution closer to neutrality. Another component
that can be replaced is the luminescent subunit. In the systems
being considered here, 2 possesses an anthracene fragment,
which emits UV light, whereas the dansylamide subunit of 3
fluoresces in the full visible region. This work has demon-
strated that an appropriate choice of the components of the
pendant arm allows tuning of the behavior of light-emitting
molecular machines.


Experimental Section


General remarks : Unless otherwise stated, commercially available reagent
grade chemicals (Sigma-Aldrich) were used as received. 1,4,8,11-Tetraaza-
cyclotetradecane (cyclam) was prepared according to the literature
method.[17] Column chromatography was carried out on silica gel 60
(Merck 9385). Spectrophotometric or fluorimetric grade solvents were
used for spectroscopic measurements.


UV/Vis spectra were recorded on a Hewlett ± Packard 8452A diode array
spectrophotometer; emission spectra were recorded on a Perkin ±Elmer
LS-50B luminescence spectrometer. Emission spectra at 77 K were
measured in ethanol (10�5�), using quartz sample tubes and the same
luminescence spectrometer equipped with a Perkin ±Elmer low-temper-
ature luminescence accessory.


NMR spectra were recorded on a Bruker AMX400 spectrometer. Mass
spectra were obtained using an LCQ DECA ion-trap mass spectrometer
equipped with electrospray ionization (ESI) ion source and controlled by
Xcalibur software 1.1 (Thermo-Finnigan).


Potentiometric determinations were performed in a thermostated cell on
ethanol/water (4:1 v/v) solutions (25 mL, made to 0.1� in NaClO4, 25 �C)
containing [NiII(LH�1)]ClO4 (8.5� 10�4�) and an excess of standard
HClO4, by addition of standard aqueous NaOH (a Radiometer automatic
titration apparatus was used). The pH scale was calibrated prior to each
experiment according to the Gran method.[18] Refinement of the potentio-
metric data was made through the Hyperquad package.[19]


Spectrophotometric and spectrofluorimetric titrations were performed on
ethanol/water (4:1 v/v) solutions (25 mL, made to 0.1� in NaClO4, 25 �C) of
[NiII(LH�1)]ClO4 (10�3 ± 10�5�) adjusted at pH	 2.5 by adding small
amounts of a standard solution of HClO4. Additions of standard solutions
of 0.1� NaOH were then made until a basic pH (	11.5) was obtained.
Absorption or emission spectra (�exc� 368 nm) were taken after each
addition of base. Excitation was performed at 368 nm as absorbance
undergoes only negligible variations at this wavelength in the course of the
titration experiment.


Safety note : Perchlorate salts of metal complexes are potentially explosive
and should be handled with care. In particular, they should never be heated
as solids.[20]


1,4,8-Tris(tert-butoxycarbonyl)-1,4,8,11-tetraazacyclotetradecane (4): Cy-
clam (1.0 g, 5 mmol) was dissolved in dried dichloromethane (200 mL) and
triethylamine was added (25 mmol) under a dinitrogen atmosphere. The
reaction mixture was stirred and a solution of di-tert-butyl-dicarbonate
(1.96 g, 9 mmol) in dried dichloromethane (60 mL) was added dropwise.
After cooling the reaction mixture to �15 �C, another portion of tert-
butoxy-dicarbonate (6 mmol) was added, and the mixture was stirred at
room temperature overnight. The solution was treated with 0.5� Na2CO3


and the organic solution dried over Na2SO4. The solvent and the excess of
triethylamine were removed in vacuo and the residue was purified by liquid
chromatography (silica gel, ethyl acetate/methanol 9:1, Rf� 0.5); yield
70.5%. 1H NMR (400 MHz, CDCl3): �� 3.10 (m, 12H; CH2), 2.70 (t, 2H;
CH2), 2.55 (t, 2H; CH2), 1.86 (q, 2H; CH2), 1.63 (q, 2H; CH2), 1.38 (s, 27H;
C(CH3)3); MS (ESI): m/z : 501.2 [M�H]� .


1-Dansylamidoethyl-1,4,8-tris(tert-butoxycarbonyl)-1,4,8,11-tetraazacyclo-
tetradecane (5): Compound 4 (0.5 g, 1 mmol) was dissolved in dry







Scorpionate Complexes 4965±4972


Chem. Eur. J. 2002, 8, No. 21 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0821-4971 $ 20.00+.50/0 4971


acetonitrile (30 mL), and a solution of dansylaziridine (276 mg, 0.9 mmol)
in dry acetonitrile (15 mL) was added dropwise. The reaction mixture was
refluxed overnight under a dinitrogen atmosphere. Solvent was removed
with a rotary evaporator and the crude yellow oil was purified by liquid
chromatography (silica gel, hexane/ethyl acetate 1:1, Rf� 0.25); yield
54.7%. MS (ESI): m/z : 774.1 [M�H]� ; elemental analysis calcd (%) for
C39H64N6SO8 (773.0): C 60.28, H 8.30, N 10.82; found: C 60.13, H 8.49, N
11.10.


1-Dansylamidoethyl-1,4,8,11-tetraazacyclo-tetradecane (3; LH): Com-
pound 5 (0.42 g, 0.62 mmol) was dissolved in trifluoroacetic acid (30 mL)
and the solution was stirred at room temperature under a dinitrogen
athmosphere for 24 h. Solvent was removed with a rotary evaporator and
the crude product was dissolved in aqueous HCl 10% (30 mL) and
extracted with dichloromethane (2� 25 mL). Water solution was then
adjusted to pH 10 with aqueous 3� NaOH and extracted with dichloro-
methane (3� 25 mL); the combined organic layers were dried over NaSO4


and the solvent evaporated in vacuo, giving compound 3 (232.1 mg,
78.6%). 1H NMR (400 MHz, CDCl3): �� 8.48 (d, 1H; ArH), 8.46 (d, 2H;
ArH) 8.21 (d, 1H; ArH), 7.50 (m, 2H; ArH), 7.15 (d, 1H; ArH), 3.02 (t,
2H; CH2), 2.86 (s, 6H; CH3), 2.83 (t, 2H; CH2), 2.74 ± 2.78 (m, 6H; CH2),
2.69 (t, 2H; CH2), 2.61 (t, 2H; CH2), 2.47 ± 2.51 (m, 4H; CH2), 1.73 (m, 2H;
CH2), 1.67 (m, 2H; CH2); MS (ESI): m/z : 477.4 [M�H]� .


[NiII(LH�1)]ClO4 : Ligand 3 (0.128 mmol, 61 mg) was dissolved in ethanol/
water 4:1 (1 mL), and the solution was adjusted to pH 7. A solution of
0.13� nickel(��) perchlorate in ethanol (1 mL, 1 equiv) was added and the
mixture heated at 50 �C for 30 min. The complex precipitated as a blue
powder, which was collected by filtration (54.6 mg, 67.3%). MS (ESI): m/z :
534.5 [M�ClO4]� ; elemental analysis calcd (%) for C24H39ClN6O6SNi
(633.8): C 45.48, H 6.20, N 13.26; found: C 45.13, H 6.12, N 13.33. Diffusion
of diethyl ether into the mother liquor gave crystals suitable for X-ray
crystallography.


[NiII(LH)](ClO4)2 : Complex salt [NiII(LH�1)]ClO4 (0.08 mmol, 50 mg) was
dissolved in ethanol/water 4:1 (2 mL) and aqueous 1� perchloric acid
(about 0.1 mL) was added until the blue solution turned yellow. The
complex salt precipitated as yellow-orange powder after volume reduction
and was collected by filtration (34.2 mg, 58.2%). MS (ESI): m/z : 635.3
[M�ClO4]� ; elemental analysis calcd (%) for C24H40Cl2N6NiO10S (734.3):
C 39.26, H 5.49, N 11.45; found: C 39.54, H 5.62, N 11.25.


X-ray Crystallographic studies : Crystal data for complex [NiII(LH�1)]-
(ClO4) ¥ (H2O) are reported in Table 1 while selected bond lengths and
angles are reported in Figure 3. Unit cell parameters and intensity data
were obtained on a Bruker AXS CCD four-circle diffractometer at room
temperature using graphite-monochromatized MoK� radiation (��
0.71073 ä). Parameters of CCD data collection and of subsequent structure
refinement are also summarized in Table 1. The SMART system of
programs was used for crystal lattice determination and X-ray data
collection, SAINT� for the data reduction including intensity integration,
background and Lorentz polarization corrections. A semiempirical ab-
sorption correction based on the determination of transmission factors for
equivalent reflections was applied using the program SADABS (SMART,
SAINT� and SADABS are all Bruker products). The structure was solved
by direct methods using SIR-92[21] and refined by full-matrix least squares
using SHELX-97.[22] Atomic scattering factors were taken from Interna-
tional Tables for X-ray Crystallography.[23] Diagrams of the molecular
structure were produced by the ORTEP-3 program.[22] The final refinement
was performed with anisotropic displacement parameters for all the non-
hydrogen atoms; hydrogen atoms were inserted in the calculated positions
and refined with isotropic displacement parameters proportional to those
of the neighboring atoms. Hydrogen atoms of the water molecule were not
located in the difference-Fourier maps and were then disregarded.


Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-184562.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge, CB2 1EZ, UK (fax: (�44)1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).
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Strategies to Stabilize New Members of the (A3A�BO6)� (A3B3O9)�
Homologous series in the Sr-Rh-O System: Structure of the One-Dimensional
(�� 3, �� 2) [Sr10(Sr0.5Rh1.5)TP(Rh6)Oh]O24 Oxide


Khalid Boulahya,[a] MarÌa Hernando,[a] Aurea Varela,[a] Jose¬ M. Gonza¬ lez-Calbet,*[a]
Marina Parras,[a] and Ulises Amador[b]


Abstract: The (�� 3, �� 2) member of the (A3A�BO6)� (A3B3O9)� homologous
series has been stabilised in the Sr-Rh-O system for a [Sr10(Sr0.5Rh1.5)TP(Rh6)Oh]O24


composition. The structural characterisation has been performed by powder X-ray
and electron diffraction measurements and high-resolution electron microscopy. In
this structure, three face-sharing [RhO6] octahedra linked by one [Rh/SrO6] trigonal
prism comprise the infinite one-dimensional chain that runs parallel to the c axis of a
trigonal unit cell (P3≈c1), with parameters a� 9.6411(1) and c� 21.2440(4) ä.


Keywords: electron diffraction ¥
rhodium ¥ scanning probe
microscopy ¥ strontium


Introduction


A large number of one-dimensional oxides adopt structures
formed by the ordered intergrowth between the 2H-BaNiO3


[1]


and the K4CdCl6[2] structural types. The former, with the
general formula 2H-ABO3, is built up of isolated chains of
[BO6] face-sharing octahedra running along the c axis and
separated by columns of A atoms. The latter, also formulated
as A3(A�B)O6, shows similar features but the chains are now
formed by alternating octahedral (Oh) and trigonal prismatic
(TP) units linked by common faces in a stacking sequence 1:1.
Intermediate phases reported in several systems[3±6] can be
defined by the general formula (A3A�BO6)� (A3B3O9)� in
which B stands for cations in Oh coordination and A� refers to
cations in TP environment.


When A��B both polyhedra sites are occupied by the same
metal; in this case the metal adopts different oxidation states.
This is the case of the A-Co-O system (A�Ca, Sr, Ba) for
which a lot of oxides have been reported between the limiting
phases Ca3Co2O6 and 2H-BaCoO3.[7±9] A similar situation has
been described in the A-Rh-O system (A� Sr, Ba) when the


materials are synthesised as single crystals. Up to now, two
phases have been reported: Ba9Rh8O24,


[10] isostructural to
Ba9Co8O24,


[7] and Sr6Rh5O15,
[11] isostructural to Sr6Co5O15,


[12]


which here after will be referred as [9:8] and [6:5] phases,
respectively. Ba9Rh8O24 oxide (�� 3, �� 6) is formed by the
ordered intergrowth, along the c axis, of seven octahedra and
one trigonal prism sharing faces; in Sr6Rh5O15 (�� 3, �� 3),
strings of four octahedra are linked by one face-sharing
trigonal prism along the same direction.


A different situation, regarding the polyhedra occupation,
appears in the A-Rh-O system when samples are prepared in
polycrystalline form. Actually, when A�Ba, a few rhodium
vacancies are necessary in order to stabilise the [9:8] structure,
(�� 3 �� 6), leading to the composition Ba9Rh7.92O24.[13] On
the other hand, for A� Sr, the (�� 3, �� 3) member of the
series, is stabilised for a Rh/Sr� 0.7 cationic ratio, lower than
that corresponding of the Sr6Rh5O15 (Rh/Sr� 0.83). This
deviation from the ideal stiochiometry has been attributed to
the presence of Rh vacancies in the structure.[14] The structural
characterisation of this powdered phase, carried out by means
of electron diffraction measurements and high-resolution
electron microscopy, shows a fivefold superstructure of the
[6:5] subcell along the c axis.


Up to now, only one other one-dimensional Sr/Rh oxide has
been fully characterised in this system. Actually, the (�� 3,
�� 0) end-member of this (A3A�BO6)� (A3B3O9)� homolo-
gous series is described by the composition Sr4RhO6. Rh
atoms are located at the centre of the octahedral site, whereas
the Sr atoms occupy the trigonal-prismatic sites, according to
the Sr3[(Sr)TP(Rh)Oh]O6 cationic distribution (i.e., A��A).[15]


As stated above, the Sr-Rh-O compounds show some
particular features, such as the presence of metal vacancies
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and a partial substitution of Rh atoms by alkaline-earth ions
into the polyhedra chains; this situation is not observed in
other A-M-O (M�Co; Ni) systems that form one-dimen-
sional oxides.[7±9, 16] This makes it very difficult to design a
synthesis procedure for the intermediate phases. In this sense,
the structure corresponding to the (�� 3, �� 2) member,
(A5B4O12, when A��B), is built up of isolated rows of three
Oh and one TP unit sharing faces along the c axis; the A
cations occupy empty sites in between the chains.[8] Consid-
ering that the unit cell contains two of this 3Oh-1TP
sequences, a more correct formulation for this phase is
A10B8O24. Taking into account the particularities found in the
phases in the Sr-Rh-O system described above, it is not easy to
establish the most adequate Sr/Rh cationic ratio to obtain the
member with �� 3 and �� 2. In fact, depending on the
polyhedra occupation, different possibilities arise. If the TP
sites are fully occupied by Sr atoms, as in Sr4RhO6, the
composition should be Sr10[(Sr2)TP(Rh6)Oh]O24. In contrast, if
all the TP and Oh sites are fully occupied by Rh atoms, the
composition should be Sr10[(Rh2)TP(Rh6)Oh]O24. Finally, if Rh
vacancies are present in the structure, as found in Ba9Rh7.92O24,


the corresponding stoichiometry could be formulated as
Sr10Rh8�xO24 (0� x� 1). Moreover, intermediate situations
cannot be discarded.


In an attempt to shed light on this complex system, this
work is devoted to the search for the thermodynamic
conditions to stabilise the (�� 3, �� 2) member of the
(A3A�BO6)� (A3B3O9)� homologous series. For this purpose,
assuming as starting points the two simplest compositions
Sr10(Sr2Rh6)O24 (Sr/Rh� 12/6) and Sr10Rh8O24 (Sr/Rh� 10/8),
we have explored different Sr/Rh stoichiometries. We report
in this paper the detailed synthesis conditions and the
structural characterisation, by means of X-ray diffraction
(XRD), selected area electron diffraction (SAED) and high-
resolution electron microscopy (HREM), of the (�� 3, �� 2)
member of the Sr/Rh oxide series, that is, the [5:4] structure.


Results


The Sr/Rh� 12:6 nominal cationic ratio : As mentioned
above, the Sr/Rh� 12:6 ratio corresponds to the
Sr10[(Sr2)TP(Rh6)Oh]O24 stoichiometry associated with the
(�� 3, �� 2) structure when the TP sites are occupied by
Sr2� ions. It is evident that this (Sr/Rh) cationic ratio also
corresponds to the well-known [2:1] layered phase, that is,
Sr2RhO4.[17] This phase, which constitutes the n� 1 term of the
Ruddlesden and Popper series,[18] is stabilised as a single phase
from 1150 �C to 1200 �C. Therefore, in order to explore
whether the [5:4] structure is obtained, the synthesis has been
tried in the temperature range between 1050 and 1150 �C. At
lower temperatures, starting materials are still detected in the
XRD patterns. All attempts to synthesise the
Sr10[(Sr2)TP(Rh6)Oh]O24 phase were unsuccessful; a phase
mixture was always obtained in which the layered Sr2RhO4


was, by far, the majority phase.


The Sr/Rh� 10:8 nominal cationic ratio : The Sr/Rh� 10:8
cationic ratio corresponds to the Sr10[(Rh2)TP(Rh6)Oh]O24


stoichiometry, in which all the oxygen polyhedra in the [5:4]
structure are occupied by Rh atoms. The XRD pattern
corresponding to a sample with this nominal cationic ratio,
treated at 1060 �C in air, is shown in Figure 1a. The whole


Figure 1. XRD patterns corresponding to the 10/8 Sr/Rh nominal cationic
ratio sample heated in air at a) 1060 �C and b) 1170 �C. Inset: detail of the
XRD patterns around the (113)6:5 maximum.


pattern can be indexed on the basis of a rhombohedral unit
cell of parameters a� 9.6, c� 65 ä and corresponds to the
(�� 3, �� 3) member of the series;[14] no extra reflections
were detected. No structural change is observed by XRD
pattern in the temperature range between 1060 and 1150 �C.


In order to confirm this result, a study by means of selected
area electron diffraction (SAED) and energy dispersive
spectroscopy (EDS) was carried out. As we have previously
reported, from the SAED characterization, the [12≈ 10]
reciprocal plane provides the more useful structural informa-
tion. Actually, this reciprocal plane enables us to obtain
directly the values of � and �, that is, the number of the
different structural blocks constituting the structure, and,
thus, to identify the different members of the (A3A�BO6)�-
(A3B3O9)� homologous series. For this purpose, the SAED
pattern must be described as a
modulated superstructure of
the hexagonal 2H subcell. The
superstructure direction corre-
sponds to [������ i2�]*2H . In
this case, the SAED pattern
along the [12≈ 10] zone axis is
shown in Figure 2. All the
checked crystals are identical
and show the same SAED pat-
tern. The most intense spots
correspond to hexagonal 2H
planes (referred as subindex 2H in Figure 2). The modulation
direction, marked with an arrow, follows the reciprocal
[66 i6]2H direction, confirming that the (�� 3, �� 3) term,
that is, the [6:5] structure, is stabilised. However, besides the
most intense spots (corresponding to the ideal [6:5] structure)
a set of very weak maxima, along the [0001]6:5 direction, are
visible. Such maxima correspond to a fivefold superstructure
of the basic [6:5] subcell. These microstructural features are
those corresponding to the (�� 3, �� 3) Sr/Rh oxide.[14]


Figure 2. SAED pattern corre-
sponding to the [6:5] phase
along [12≈ 10].
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Besides, as previously reported, such a member is stabilized
for a cationic ratio Sr/Rh� 10:7.5 as also found from the EDS
analysis (Figure 3). Therefore, both SAED and EDS results


Figure 3. EDS spectra corresponding to the crystals showing the SAED of
Figure 2 (�) and the SAED of Figure 4 (�). The Rh K� line is shown in the
inset.


indicate that, for a Sr/Rh� 10:8 nominal cationic ratio, the
(�� 3, �� 3) term is the only stable one-dimensional phase
formed in the temperature range between 1060 and 1150 �C.
Interestingly enough, a structural evolution is observed when
the temperature is increased above 1150 �C. Figure 1b shows
the XRD pattern corresponding to the sample when heated at
1170 �C for three days. Although the general features remains
unchanged, when comparing both X-ray patterns (Figure 1a
and b) slight but meaningful differences can be appreciated.
First at all, a slight broadening of the diffraction maxima
corresponding to the (hkl) reflections with l�0 can be
observed. Besides, such maxima are displaced to higher 2�
values. SAED and EDS characterisation give more evidence


on the origin of this evolution.
In fact, after this thermal treat-
ment, a phase mixture is ob-
tained. Among the different
type of crystals found in this
batch, a small fraction give the
SAED pattern depicted in Fig-
ure 4. The features of this pat-
tern along the [12≈ 10] zone axis
are those corresponding to the
[5:4] phase. Actually, although
basic spots characteristic of the
2H type are kept, note that the
modulation now follows the
[55 i6]2H reciprocal direction


(marked with an arrow in the figure) of the 2H subcell, as
previously reported for Sr5Co4O12, which crystallises in the
P3c1 space group.[9] The diffraction conditions observed in the
reciprocal plane shown in Figure 4, (00 l) l� 2n, are also in
agreement with the P3c1 space group. These results prove the
existence of the [5:4] phase (�� 3, �� 2) in the Sr-Rh-O
system.


In order to determine the actual Sr/Rh cationic ratio
stabilising that structure, EDS analyses were performed on


these crystals. As it can be appreciated from Figure 3, the
obtained Sr/Rh cationic ratio is very close to that correspond-
ing to the previous phase (also depicted in Figure 3) although
a slightly smaller Rh content is observed. In fact, the EDS
analysis of these crystals gives a cationic Sr/Rh ratio ranging
from 10:7.2 to 10:6.8 leading to an average Sr/Rh� 10/7
cationic ratio.


The Sr/Rh� 10:7 cationic ratio : On the basis of the above
results, we have prepared a polycrystalline sample with the Sr/
Rh� 10:7 composition as described in the Experimental
Section. The corresponding XRD pattern is depicted in
Figure 5. The whole pattern can be indexed with a trigonal
[5:4] unit cell of parameters a� 9.6 and c� 21.2 ä.


Figure 5. Graphic results of the fitting of the X-ray powder diffraction data
of Sr10.5Rh7.5O24: experimental (points), calculated (solid line) and differ-
ence (bottom).


The microstructural study of this sample was carried out by
means of SAED and HREM measurements. Besides the
[12≈ 10] reciprocal plane, already observed in Figure 4, the
relevant SAED patterns correspond to the [0001] and [11≈ 00]
zone axes are shown in Figure 6a and b, respectively. In the
[0001] reciprocal plane, reflections are distributed in a
hexagonal array corresponding to a lattice parameter close
to 9.8 ä, in agreement to the XRD results. All the (hk0)
reflections are visible in agreement with the trigonal P3c1
space group proposed for the [5:4] structure. In addition, the
SAED pattern along the [11≈ 00] zone axis is also in agreement
with the trigonal unit cell of this phase although (00l), l�2n,
reflections appear as a result of dynamic diffraction effects.
Therefore, the essential features of all SAED patterns are
those characteristic of the [5:4] structure. Neither extra
ordering nor streaking is detected.


The HREM taken along the [12≈ 10] zone axis (Figure 6c)
shows the structural features of the [5:4] phase. Actually, the d
spacings close to 10 and 8.3 ä correspond to d002 and d100,
respectively. Moreover, the observed contrast is also the
characteristic of this structure: the alternance of two bright
dots and three less bright dots along the [0001] direction has
been associated with the ordered intergrowth of 1TP and 3Oh


Figure 4. SAED pattern corre-
sponding to the [5:4] phase
along [12≈ 10] zone axis found
in the Sr/Rh� 10:8 nominal
cationic ratio when heated at
1170 �C.
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Figure 6. SAED patterns corresponding to the [5:4] phase along a) [0001]
and b) [11≈ 00] zone axes. c) HREM along the [12≈ 10] direction. Projected
model along this direction is included. Simulated image (�t� 4 and �f�
�90 nm) is shown at the inset.


polyhedra, according to the [.. .3Oh-1TP-3Oh-1TP...] se-
quence that comprises the [5:4] polyhedra chains which run
parallel to the c axis. A schematic representation of this
structure model is included in Figure 6c. From the ideal
atomic coordinates of the [5:4] structure, we performed an
image calculation. This simulated image (inset at Figure 6c)
fits nicely with the experimental one for �t� 4 and �f�
�90 nm.


At this stage of the study, it can be stated that the (�� 3,
�� 2) term has been stabilized as single phase for a Sr/Rh�
10/7 cationic ratio. However, it is difficult to establish the
corresponding stoichiometry, since with this cationic ratio at
least two different formulas can be proposed for this term.
Actually, if rhodium vacancies are present in the structure,
Sr10Rh7�1O24, should be the correct stoichiometry. In contrast,
if all the oxygen polyhedra are fully occupied, both Rh as well
as Sr cations must be incorporated in the polyhedra chains in
order to preserve the above cationic ratio. In this case, the
resulting stoichiometry should be close to Sr10.5(Sr0.5Rh7.5)O24.


The structure refinement from powder XRD data can be
helpful in order to detect the presence, or not, of cationic
vacancies in this phase. Since SAED and HREM data suggest
that the obtained compound is isostructural to Sr5Co4O12,[9]


the structure of this stoichiometric oxide was used as starting
model for the refinement of the XRD data. However, along
the refinement process it was clear than there was no reason
for the structure to be acentric. Thus, a structural model was
developed in the centrosimetric P3≈c1 space group (no. 165)


instead of the P3c1 (no. 158) proposed for the cobalt-
containing oxide. Figure 5 shows the graphic result of the
fitting of the experimental X-ray diffraction pattern for the Sr/
Rh (�� 3, �� 2) oxide and the difference between the
observed and the calculated data. The final structural
parameters are collected in Table 1, whereas Table 2 gives
some selected interatomic distances. A schematic representa-
tion of the structure is depicted in Figure 7.


It is worth pointing out, that the structure refinement of this
type of one-dimensional oxide presents some serious prob-
lems, such as a strong preferred orientation effect due to the
pronounced hexagonal shape of the crystallites. Another
important point to be considered is the relatively weak
scattering factor of oxygen atoms when compared to heavy


Table 1. Final structural parameters corresponding to Sr10.5Rh7.5O24.[a]


Atom x/a y/b z/c Occupancy


Sr(1) 0.686(1) 0.019(1) 0.0488(3) 1
Sr(2) 0.337(1) 0.019(1) 0.1585(2) 1
Sr(3) 0.656(2) 0 1/4 1/2
Rh(1) 0 0 0 1/6
Rh(2) 2/3 1/3 0.1681(6) 1/3
Rh(3) 1/3 2/3 0.2916(6) 1/3
Rh(4) 0 0 0.1185(6) 1/3
Rh(5) 0 0 1/4 1/6
Rh(6) 1/3 2/3 0.0404(6) 1/3
Rh(7) 1/3 2/3 0.4146(6) 1/3
O(1) 0.172(6) � 0.015(6) 0.064(2) 1
O(2) 0.151(5) 0.609(5) 0.108(2) 1
O(3) 0.506(7) 0.178(7) 0.030(2) 1
O(4) 0.332(7) 0.846(7) 0.234(2) 1
O(5) 0.144(6) 0.195(5) 0.182(2) 1
O(6) 0.496(5) 0.352(6) 0.156(2) 1


[a] Space group P3≈c1 (no. 165), a� 9.6403(2), c� 21.2396(4) ä, V�
1709.50(5) ä3, Boverall(A2)� 0.10(4) RB� 0.097, Rexp� 0.064, Rwp� 0.16,
�2� 7.8.


Table 2. Selected interatomic distances (up to 3.10 ä) in Sr10.5Rh7.5O24.


Sr(1)�O(1) �2 2.76(6) Rh(1)�O(1) �6 2.20(5)
Sr(1)�O(1)� 2.69(5)
Sr(1)�O(2) 2.34(5) Rh(2)�O(2) �3 2.02(5)
Sr(1)�O(3) 2.86(7) Rh(2)�O(4) �3 2.22(6)
Sr(1)�O(3)� 2.62(6)
Sr(1)�O(3)�� 2.51(5) Rh(3)�O(4) �3 2.12(6)
Sr(1)�O(6) 2.69(5) Rh(3)�O(6) �3 2.07(5)


Sr(2)�O(1) 2.48(5) Rh(4)�O(1) �3 2.09(5)
Sr(2)�O(2) 2.68(5) Rh(4)�O(5) �3 2.16(6)
Sr(2)�O(4) 2.30(6)
Sr(2)�O(4)� 2.67(6) TPRh(5)�O(5) �6 2.22(5)
Sr(2)�O(5) 3.10(6)
Sr(2)�O(5)� 2.45(6) TPRh(6)�O(2) �3 2.11(5)
Sr(2)�O(6) 2.78(5) TPRh(6)�O(3) �3 2.13(6)
Sr(2)�O(6)� 2.61(6)


Rh(7)-O(3) �3 1.93(6)
Sr(3)�O(4) �2 2.73(8) Rh(7)�O(6) �3 2.30(5)
Sr(3)�O(4)� �2 2.80(6)
Sr(3)�O(5) �2 2.26(6) Rh(1) � Rh(4) 2.52(1)
Sr(3)�O(5)� �2 2.45(5) Rh(4) � TPRh(5) 2.79(1)


Rh(2) � Rh(3) 2.62(1)
Rh(3) � Rh(7) 2.61(1)
Rh(7) � TPRh(6) 2.67(1)
TPRh(6)� Rh(2) 2.71(2)
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Figure 7. Schematic representation of the Sr10.5Rh7.5O24 structure.


atoms such as Sr and Rh. In spite of this, the refinement was
stable and it was possible to refine the positions of the oxygen
atoms, provided an overall temperature factor is used. Thus,
the metal-to-oxygen distances in Table 2 should be considered
with some care though the metallic coordination, that is, the
polyhedron defined by the closest oxygen atoms around a
given metal, is undoubtedly correct. According to this, the Sr
atoms are eight-coordinate through oxygen at distances
ranging from 2.25 to 3.10 ä, in very distorted polyhedra. On
the other hand, Rh(5) and Rh(6) occupy positions in the
trigonal prism, whereas the other Rh atoms are octahedrally
coordinated by nearby oxygen atoms at the distances given in
Table 2. The obtained values for all M�O distances are
reasonable and consistent with previously reported bond
lengths in comparable Sr/Rh oxides.[11, 15]


Inside the chains, the Rh ± Rh inter-octahedral distances (in
Table 2 the Rh atoms in trigonal prisms are labelled with
™TP∫) are very close to those found in 4H or 18H-BaRhO3


(2.5 ± 2.6 ä).[19] However, of the two Rh�Rh distances be-
tween Rh atoms in a trigonal prism and Rh atoms in
neighbouring octahedra, one is significantly longer (about
2.80 ä) than the other (2.60 ä). This structural feature has
also been observed in the one-dimensional oxide Ba9-
Rh7.92(2)O24.[13] The enlargement of the distance between
TP ±Oh metals compared to that shown by Oh ± Oh metals
seems to be inherent in these one-dimensional oxides, since it
is also observed in others similar oxides, such as Ba6Ni5O15


[16]


and Sr6Co5O15.[11]


On the other hand, in our [5:4] Sr/Rh oxide no short Rh�Rh
distance is observed. In a previous paper[13] the existence of a
significantly shorter Rh-�Rh distance was associated to some
metal deficiency (4%) in one of the involved Rh positions.
Thus, this suggests that the degree of vacancies in this
compound should be very low, if any. Since this is a very
important point with regard to the crystal chemistry of this
kind of compound, we have refined the occupancies of all the


rhodium sites. In all cases, the refined occupancy was higher
than the maximum allowed by the site multiplicity, and so the
occupancy was fixed at this value (Table 1). We have also
checked the Sr positions, which in all cases must be considered
as fully occupied. Concerning the oxygen sublattice, no
conclusive evidence can be obtained from powder XRD data,
but we can assume that the anionic sublattice is also complete,
since in this kind of compound there is no evidence of oxygen
vacancies. Thus, the material should be considered as a
stochiometric compound, in the sense that both, the metal and
the oxygen positions are completely filled.


On the basis of these results, the presence of Rh vacancies,
at least in the high concentration corresponding to a
Sr10Rh7�1O24 stoichiometry, can be discarded. Therefore, the
presence of Sr, besides Rh, into the polyhedra chains can be
established. Moreover, taking into account the size of Sr2�


ions relative to the Rh ions, it is reasonable to think that Sr2� is
incorporated into the trigonal prismatic sites, leading to a
situation similar to that found in Sr3SrTPRhOhO6, the (�� 3,
�� 0) member in which Sr occupies all the TP sites. In the
(�� 3, �� 2) member, only a fraction of these sites, close to
one of every four, seems to be occupied by Sr giving the
[Sr10(Sr0.5Rh1.5)TP(Rh6)Oh]O24 stoichiometry, which agrees with
the Sr/Rh� 10:7 cationic ratio. Unfortunately, the X-ray
scattering factors of Rh and Sr ions are similar (they differ by
six electrons) and, in fact, they are indistinguishable by using
powder XRD techniques. To corroborate this cationic com-
position a different and independent method must be used. In
this context it is worth noting that assuming the usual valences
for Sr and O, the average Rh atom oxidation state is �3.6,
indicating the presence of both RhIVand RhIII in the polyhedra
chains. Spectroscopic techniques could give some information
on the actual Rh oxidation state and, therefore, about the
actual chemical composition. The latter could be also
obtained by thermal analysis. Both kinds of data are discussed
in the following.


On the basis of the above ideas, a XPS study of the
[Sr10(Sr0.5Rh1.5)TP(Rh6)Oh]O24 sample was carried out. Two
different Sr/Rh mixed oxides, in which the Rh oxidation state
is well established, were used as standard compounds. For that
purpose, SrRh2O4


[20] and Sr2RhO4
[17] were chosen. Unfortu-


nately, all the spectra seem to be essentially the same and no
conclusive results can be obtained. This is most likely because
the surface of all the samples, even when freshly prepared, is
hydrated. In fact, the most intense contribution to the spectra
is attributed to the surface species, whilst the relevant
information contained in the less intense contributions is
hidden by the background. Attempts to eliminate the surface
contamination by different in situ thermal treatments in
vacuum were unsuccessful because of a partial decomposition
of the sample.


To obtain complementary information about the actual
composition of the sample, thermogravimetric analysis under
a reducing atmosphere was performed. A representative
TGA curve is shown in Figure 8; SrO and Rh metal are the
residual products as determined by XRD. If the anionic
sublattice is complete, that is, 24 atoms per unit formula, the
cationic composition can be deduced from the weight loss.
However, it is worth stressing that the above-mentioned
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Figure 8. TGA curve corresponding to Sr10.5Rh7.5O24 sample.


superficial hydration of the sample is also reflected in this
TGA curve. The starting point of the TGA trace is not well
defined leading to an uncertainty in the data obtained in this
case that is larger than normal. From these data, the
calculated cationic composition is in the range Sr/Rh� 10.5
(2):7.5(2) per unit formula. Although this result should be
regarded with some care, it agrees with the EDS analyses and
supports the XRD results concerning the actual composition.
Thus, the (�� 3, �� 2) member of this one-dimensional
homologous series in the Sr-Rh-O system must be formulated
as [Sr10(Sr0.5Rh1.5)TP(Rh6)Oh]O24.


Conclusion


From the ensemble of the information provided by the
experimental data, we can conclude that the (�� 3, �� 2)
member of the (A3A�BO6)� (A3B3O9)� homologous series is
also stable in the Sr-Rh-O system. The corresponding TP-
(Oh)3-TP polyhedra sequence is stabilised through the
incorporation of some Sr2� cations, besides Rh ions, into the
polyhedra chains. This yields to a Sr/Rh ratio close to 10.5:7.5
per unit formula in such a way that all the oxygen polyhedra
are fully occupied. Moreover, the large Sr2� ions are most
likely accommodated into the trigonal prismatic sites, leading
to the following cationic distribution: [Sr10(Sr0.5Rh1.5)TP(Rh6)Oh]-
O24.


Experimental Section


The samples of the selected compositions (Sr/Rh� 12:6, 10:8 and 10:7
nominal ratios) were prepared by solid-state reaction of the appropriate
stoichiometric amounts of SrCO3 (Merck, 99.9%) and Rh2O3 (Aldrich,
99.8%). Every starting homogeneous mixture was initially heated over-
night at 1000 �C, reground and then heated in air at the temperatures given
in Table 3.


The cationic composition for every crystal was determined by energy
dispersive spectroscopy (EDS). For this purpose, a JEOL 2000 FX electron
microscope equipped with a LINK AN 10000 EDS system was employed.
Thermogravimetric analysis was performed on a thermobalance based on a
CAHN D-200 electrobalance, which allow the detection of variation in the
oxygen content within �5� 10�3 on a sample of about 100 mg. The overall


oxygen content was determined thermogravimetrically by reduction at
850 �C under 0.3 mbar H2/0.2 mbar He atmosphere.


Powder X-ray diffraction (XRD) patterns were collected at room temper-
ature on a PHILIPS X×PERT diffractometer with a graphite monochro-
mator and with CuK� radiation. The diffraction data were analysed by the
Rietveld method[21] by using the Fullprof program.[22]


Selected area electron diffraction (SAED) was carried out by using a JEOL
2000 FX electron microscope fitted with a double-tilting goniometer stage
(�45�). Around 50 crystals were examined in each sample in order to
ascertain the homogeneity of the samples. High-resolution electron
microscopy (HREM) was performed on a JEOL 4000 EX electron
microscope fitted with a double-tilting goniometer stage (�25�). Simulated
HREM images were calculated by the multislice method by using the
MacTempas software package.


X-ray photoelectron spectroscopy (XPS) was performed in a PHI-3027
spectrometer equipped with a double pass cylindrical mirror analyser
(DPCMA) by using MgK� radiation (h�� 1253.6 eV). XPS spectra were
recorded working at a pass energy of �E� 50 eV. Pellet samples, placed in
a stainless steel holder, were introduced in the spectrometer chamber at a
base pressure of 10�10 Torr.
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Structural Effects on the Formation of Proton and Alkali Metal Ion Adducts
of Apolar, Neutral Peptides: Electrospray Ionization Mass Spectrometry and
Ab Initio Theoretical Studies


R. Sudha,[a] M. Panda,[b] J. Chandrasekhar,*[b] and Padmanabhan Balaram*[a]


Abstract: Apolar, neutral peptides have
been shown to ionize extremely well
under the conditions used for electro-
spray ionization mass spectrometry
(ESIMS). Peptides for which the con-
formations have been independently
determined in solution and in crystals
have been examined by ESIMS. Studies
of peptide helices ranging from 7 to 18
residues reveal that shorter helices yield
exclusively singly charged ions, while in
larger helices multiply charged species
are detectable. Multiple sites for proton-
ation/metallation are introduced in the


helix by proline insertion or by changing
the chirality in the residue. The pre-
ferred site of cation binding to helices
may be the C-terminus end, where three
free C�O groups are available for che-
lation. Ab initio and DFT calculations at
several levels have been carried out for
the binding of H�, Li�, Na�, and K� to
CHO-(Gly)3)-OMe. The results reveal
that metallation in helices is favoured by


chelation to carbonyl groups at the
C-terminus, while protonation involved
two carbonyl groups and thus favour a
10-membered cyclic hydrogen-bonded
structure. In �-strands, metallation/pro-
tonation occurs at isolated carbonyl
groups. Collision induced fragmentation
of hydrophobic peptides under ESI
conditions reveals that helix fragmenta-
tion occurs predominantly from the
C-terminus, while in �-hairpins cleavage
occurs simultaneously at multiple sites.Keywords: mass spectrometry ¥


metalation ¥ peptides ¥ protonation


Introduction


The recent developments in soft ionization procedures,
electrospray and matrix assisted laser desorption (MALDI)
for the formation of macromolecular ions, has made the
molecular weight determination in the high mass range
routine.[1] Ionization of macromolecules is achieved by pro-
tonation to form a positively charged species [M�nH]n� or by
deprotonation to a negatively charged species [M� nH]n�.
Proteins usually exhibit a coherent series of multiply charged
ions under electrospray ionization conditions, from which the
molecular mass of the protein is calculated. The number of
charges observed in the ESI mass spectra of proteins is
sensitive to the changes in the pH of the solution.[2] Several
reports in the literature suggest that conformational proper-
ties of biomolecules in solution are preserved during the
ionization process and persist over the transient time that ions
exist in mass spectrometers.[3] In the case of peptides, the
maximum number of charges observed generally correlates
with the number of residues with basic or acidic side chains. In


the electrospray ionization mass spectra (ESIMS) of poly-
peptides, along with the proton adducts, sodium and potas-
sium adducts are also often observed under the electrospray
ionization conditions.[4] Apart from the determination of
molecular weight of macromolecules, mass spectrometry has
been used for studies on noncovalent macromolecule ± ligand
interactions.[5] Liquid chromatography interfaced with elec-
trospray ionization mass spectrometry (LC/ESIMS) and
tandem mass spectrometry (MS/MS) have been used for the
analysis of complex mixtures of peptides obtained in the
enzymatic cleavage of proteins.[6]


Currently mass spectrometry is extensively used for struc-
tural investigations of peptides and proteins in the gas phase.
Methods based on measurement of size such as ion mobility
measurements to determine the collision cross sections,
chemical methods such as H/D exchange have been used for
the structural studies.[7] Deuterium labeling studies suggest
that fast intramolecular proton transfers yield a rapidly
interconverting population of structures and induce charge
directed fragmentation after gas phase collisional activation.[8]


However, most reports on electrospray ionization mass
spectrometry are on the analysis of hydrophilic substrates.
Mass spectrometric analysis of hydrophobic species such as
membrane proteins or transmembrane peptides has seldom
been reported in the literature.[9] This is mainly due to the
presence of salts and detergents used to solubilize the
hydrophobic proteins and peptides, which suppress the
analyte ion formation.[10] Furthermore, hydrophobic proteins
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and peptides are usually not soluble in aqueous solvent used
for ESIMS. In the present study, we report the analysis of
hydrophobic peptides (which are freely soluble in a variety of
organic solvents) under electrospray ionization conditions
using methanol as the solvent. During the mass spectrometric
analysis of hydrophobic peptides using ESIMS, we observed
intense peaks corresponding to the proton/alkali metal ion
adducts of the peptides. To understand the effect of chain
length and structure of the peptides on the adduct formation,
a systematic study was carried out using hydrophobic peptides
of varying lengths and conformations. The peptides used in
this study are de novo designed peptides with defined
secondary structures (helices and hairpins) in the solution
and solid state.[11] The role of secondary structures on the
protonation/metallation and fragmentation of hydrophobic
peptides has been probed using ESIMS.


While the development of new techniques in mass spec-
trometry has helped to estimate the cation binding affinities of
peptides, theoretical calculations have been shown to be
valuable in providing insights into the observed ligand-metal
ion specificities with the added advantage of quantitative
prediction of structural and energetic changes.[12] Detailed
geometrical analyses as well as quantitative estimation of the
cation binding affinities of model peptides in different
conformations have been carried out by Hartree ± Fock,
MP2 and hybrid HF-DFT calculations. The results are used
to interpret ESI mass spectral data of cation complexes of the
peptides. The analysis of the geometry and energetics of
complexes sheds light on some general features of the con-
formational dependence of cation binding affinity of peptides.


Results and Discussion


Mass spectrometric studies: Table 1 shows the sequence,
structures of the peptides determined by NMR and crystallo-


graphic techniques[13±25] and the peaks observed in the
electrospray ionization mass spectra of the peptides used in
this study, which range in length from 6 to 18 residues. Though
the mass spectra were recorded using methanol as the solvent,
sodium and potassium adducts were observed along with
proton adducts. This is presumably due to complexation with
trace alkali metal ions during the sample preparation and the
electrospray process, which brings the peptide solution in
contact with a glass capillary. Under these conditions proton-
ated species generally predominate. In the ESI mass spectra
of smaller peptides with fewer than 10 residues (1 ± 5, 17 ± 19),
only molecular ion peaks [M�H]� , [M�Na]� , [M�K]� and no
multiply charged species are observed. ESI mass spectra of
peptides with 10 ± 12 residues (6 ± 9) show peaks correspond-
ing to both singly charged and doubly charged species with
molecular ion peak as the major species. In peptides with
more than 14 residues (11, 12, 14, 15), the intensity of the peak
corresponding to the doubly charged species was observed to
be greater than the molecular ion peak. ESI mass spectra of
peptides 10, 13 and 16 show only the doubly charged species
and no molecular ion peaks were observed.


Figure 1 compares the ESI mass spectra of helical peptides
of varying lengths, a 7-residue helical peptide (3), a 12-residue
helical peptide (9) and a 16-residue helical peptide (12). The
ESI mass spectrum of peptide 3 shows only the molecular ion
peaks at m/z 784 [M�H]� , 806 [M�Na]� ; no doubly charged
species is observed. The spectrum of peptide 9 has both a
molecular ion peak at m/z 1210 [M�H]� and a doubly charged
species at m/z 605 [M�2H]2� of approximately equal inten-
sity; the spectrum of peptide 12 has a molecular ion peak at
m/z 1605 [M�H]� and a doubly charged species at m/z 803
[M�2H]2�, which is the major species.


These results indicate that the increase in the number of
residues favours the formation of multiply charged species.
Ionisation of the hydrophobic peptides takes place through
binding of a proton or a metal ion to the basic sites in the


Table 1. Summary of mass spectral and conformational properties of peptides.[a]


Sequence Cal.Wt. Peaks
observed


Species present No. of
residues


Solution/
X-ray structure


Ref.


Boc-FUVALF-OMe 1 794 795, 817, 833 [M�H]� [M�Na]� [M�K]� 6 helix [b]


Boc-V2UPV3-OMe 2 809 810, 832, 848 [M�H]� [M�Na]� [M�K]� 7 helix [13]


Boc-VALUVAL-OMe 3 783 784, 806 [M�H]� [M�Na]� 7 helix [14]


Boc-VALFVAL-OMe 4 845 846, 868, 884 [M�H]� [M�Na]� [M�K]� 7 extended [b]


Boc-[ALU]3-OMe 5 939 940, 962, 978 [M�H]� [M�Na]� [M�K]� 9 helix [15]


Boc-U[ALU]3-OMe 6 1024 1025, 513, 524 [M�H]� [M�2H]2�[M�H�Na]2� 10 Helix [16]


Boc-LGp[VALU]2-OMe 7 1136 1137, 569, 580 [M�H]� [M�2H]2� [M�H�Na]2� 11 [c] [b]


Boc-VALUVALUVAL-OMe 8 1152 1153, 577, 588 [M�H]� [M�2H]2� [M�H�Na]2� 11 helix [b]


Boc-[ALU]4-OMe 9 1209 1210, 605, 616 [M�H]�[M�2H]2�[M�H�Na]2� 12 helix [17]


Boc-�-[VALUVAL]-�-[VALUVAL]-OMe 10 1135 718.8, 729.8 [M�2H]2� [M�H�Na]2� No molecular ion peak 14 broken helix [18]


Boc-UV7-�-Ala-UV7-OMe 11 1505 1507, 754, 765 [M�H]�[M�2H]2�[M�H�Na]2� 15 [c] [b]


Boc-[VALU]4-OMe 12 1604 1605, 803, 814 [M�H]�[M�2H]2�[M�H�Na]2� 16 helix [19]


Boc-UV7-Acp-Acp-UV7-OMe 13 1660 831, 842 [M�2H]2�[M�H�Na]2�No molecular ion peak 16 broken helix [20]


antiameobin 14 1656 1657, 829, 840 [M�H]�[M�2H]2�[M�H�Na]2� 16 helix [21]


zervamicin 15 1839 1840, 920, 614 [M�H]�[M�2H]2� [M�3H]3� 16 bent helix [22]


Boc-UVALUVALGp(VALU)2-OMe 16 1758 880, 891 [M�2H]2� [M�H�Na]2� No molecular ion peak 18 broken helix [b]


Boc-LVVpALVV-OMe 17 923 924, 946 [M�H]� [M�Na]� [M�K]� 8 �-hairpin [23]


Boc-LFVpGLFV-OMe 18 1006 1007, 1029 [M�H]� [M�Na]� [M�K]� 8 �-hairpin [24]


Boc-LVVpGLFV-OMe 19 957 958, 980 [M�H]� [M�Na]� [M�K]� 8 �-hairpin [25]


[a] U��Aminoisobutyric acid. (Aib). [b] Unpublished. [c] Conformation not established unambiguously but contains large helical segment. Antiameobin:
Ac-Phe-Aib-Aib-Aib-Iva-Gly-Leu-Aib-Aib-Hyp-Gln-Iva-Hyp-Aib-Pro-Ph-OH. Zervamicin: Ac-Leu-Ile-Gln-Iva-Ile-Thr-Aib-Leu-Aib-Hyp-Gln-Aib-
Hyp-Aib-Pro-Ph-OH.
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Figure 1. ESI mass spectra of a) peptide 3, b) peptide 9, and c) peptide 12
recorded in methanol at skimmer potential 20 V.


peptide, which in the case of fully protected hydrophobic
peptides studied here are limited to the amide bonds. In the
literature, experiments on the small oligoalanine and oligo-
glycine peptides suggest that in peptides composed only of
nonbasic residues the proton may be solvated completely by
the various amide oxygens.[26, 27] Chakrabarti has reported
from a Protein Data Bank analysis that metal ions, predom-
inantly Ca2�, bind to the amide carbonyls at the C-terminus as
a multidentate ligand in helical structures and on the
peripheral strands and at the sides of the strands in �-
sheets.[28] In hairpin structures the metal binding could be
localized on a single carbonyl group at the terminus or near
the turn region (Figure 2 a). In peptides where the structure is
a continuous helix, there are three carbonyl groups at the
C-terminus that are not involved in intramolecular hydrogen
bonding. The orientation of these carbonyl groups favors
chelation of metal ions (Figure 2 b). Also, the dipole orienta-
tion in helical peptides favors protonation/metallation at the
C-terminus. Polypeptide helices possess a significant macro-
dipole in which the C-terminus is the negative end.[29] The
observation of multiply charged species in longer helices may
be indicative of backbone protonation/metallation at sites


Figure 2. Schematic representation of cation binding to a) hairpin and
b) helical peptides.


distant from the C-terminus, such that electrostatic repulsions
are minimised. In order to further probe the structural
requirement for multiply charged ion formation, we inves-
tigated a set of well characterized peptides containing
interrupted helical segments which will result in centrally
located free carbonyl units for metallation/protonation.


Figure 3 a shows the mass spectrum of a 14 residue helical
peptide (10) containing mixed chiral blocks. This ™ambidex-
trous∫ molecule has two helical segments of opposite screw
sense fused together in the same molecule. At the site of chiral
reversal, the carbonyl groups of residue 6 is not involved in
intramolecular hydrogen bonding and it can be a potential
protonation/metallation site.[18] Figure 3 b shows the mass
spectrum of zervamicin (15), which has a bent helical
structure due to the presence of three Pro/Hyp residues at
the C-terminus.[22] Figure 3 c shows the spectrum of an 18
residue helical peptide 16 containing two helical segments
linked using a -Gly-�-Pro- unit. Though peptide 10 has only 14
residues, the spectrum shows the presence of only doubly
charged species at m/z 718 and 729, corresponding to
[M�2H]2� and [M�H�Na]2�. The molecular ion peak is not
observed. Similarly, in the ESI spectra of peptide 13 (two
helical segments are linked by Acp units) and peptide 16
which have a centrally located distortion in the helical
structure, only the doubly charged species is detected and
no molecular ion peak is observed. The spectrum of zerva-
micin (15) shows the presence of singly, doubly and triply
charged species at m/z 1840, 920 and 614, respectively, with
the doubly charged ion as the major species. These results
indicate that discontinuities in the helical structures favour
protonation/metallation at additional sites, which could arise
from the presence of exposed carbonyl groups that are not
involved in intramolecular hydrogen bonding. To understand
the preferences of cation binding sites in helical and hairpin
peptides, theoretical calculations were carried out in model
systems.
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Figure 3. ESI mass spectra of a) peptide 10, b) peptide 15, and c) peptide
16 recorded in methanol at skimmer potential 20 V.


Ab initio studies of metallation/protonation: In order to
simplify the model systems chosen for the theoretical analysis
we limit our investigations to the study of N-formyltriglycyl
methyl ester [CHO-(Gly)3-OCH3]-cation complexes
(Scheme 1). In this system the presence of three glycines
allows the formation of an intramolecular hydrogen bond
between the N-H group of the Gly(3) and the formyl oxygen
in an ideal 310-helical conformation. For this study, the 310-
helix, which occurs frequently in this class of hydrophobic
peptides,[30] is taken as representative of the more general


Scheme 1. The model systems used for the calculations of cation binding to
peptides.


class of peptide helices which are included in protein �-
helices. We studied the structure and binding energies of Li�,
Na� and K� complexes of Gly3 in two different conformations,
the 310-helical and �-sheet conformations. In addition, some
calculations were also carried out with N-formyldiglycyl
methyl ester [CHO-(Gly)2-OCH3 (Gly2, Scheme 1)] to eval-
uate specific features in the single type III �-turn,[31] which is a
repetitive feature of the 310-helix.


Full optimizations of the free peptide starting from the ideal
torsional values of helical peptides results in minima corre-
sponding to non-helical conformations. Previous ab initio
calculations also indicate that helical structures for Gly and
Ala dipeptides do not correspond to stable minima.[32] Hence,
we have chosen ideal backbone torsional angles that could
lead to the specific conformations and optimized all other
degrees of freedom. The (�, �, �) constraints imposed are
(�60�, �30�, 180�) and (�120�, 120�, 180�), respectively, for
310-helical and �-strand peptides both in the free and
complexed form. The binding energies obtained with these
geometries, in which a set of dihedral angles are held at
idealized values, are referred to as POPT data. Since geo-
metric reorganization and the consequent energy gain are
expected to be greater in the complexed form, the POPT
binding affinities are likely to be underestimated. We have
also carried out full optimization of the complexes taking the
aforementioned partially optimized structures as initial
guesses and lifting the constraints. To compute the binding
energies of these fully optimized complexes, the single point
energies of the free peptide at their respective complex
geometries (FOPT) were used. The energies of the bound
species corresponded to those of fully optimized geometries
where as the energies for the free peptide were taken from a
single point calculation taking the corresponding geometry of
the bound complex without the metal ion or proton. As a
result the electronic energy of the complex at a particular
level of theory is more accurately described compared with
the free peptide. Thus, the interaction energy is overestimat-
ed. The energies from fully optimized free peptide would have
been ideal, but it leads to a non-helical conformation.
Therefore we computed the interaction energies for the fully
optimized complexes (FOPT). Even though the absolute
interaction energies were overestimated, the overall trend of
interaction energies, we are interested in, would be un-
changed.


The premise on which the theoretical calculations are based
is that, in a peptide helix, the three carbonyl groups at the
C-terminus point approximately in the same direction; this
suggests chelation of cations as an attractive possibility. The
cation was therefore placed symmetrically with respect to the
three coordinating carbonyl groups in the initially assumed
structure. Preliminary studies revealed that the energy mini-
ma corresponding to proton adducts were heterogeneous.
These minima corresponded to structures in which one of the
carbonyl groups is no longer coordinated, in contrast to the
binding of the alkali metal ions. We will therefore first
describe the results of the ab initio calculations of metallation
and subsequently turn to protonation.


The cation binding affinities obtained at the HF/6-31G(d)
level (Table 2) were generally underestimated whereas the
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proton affinities were overestimated (Table 3). This is pre-
sumably due to the limitation of the basis set and the basis set
superposition error (BSSE). However, the B3LYP/6-31G(d)
data were comparable to those of MP2(full) calculations.
More importantly, identical trends are noted at all the levels
of theory (HF, DFT and MP2). Throughout the discussion, the
binding affinities obtained from MP2(full)/6-31G(d)//HF/6-
31G(d) method are considered.


Ab initio studies of metallation in Gly3: The energetics for the
binding of Li�, Na�, and K� to Gly3 in helical and �-strand
conformations are summarized in Table 2. Partially optimized
structures of metal ion complexes of 310-helical Gly3 exhibited
tridentate chelation (1a, Figure 4). Clearly the larger size of
the metal cations allows them to bind to the multiple basic
sites more effectively. The metal ion binds to two amide
carbonyl oxygens (O14 and O15) and the methoxy oxygen
(O9). The backbone torsional angles and the length of the
peptide chain in Gly3 enable it to form an intramolecular
hydrogen bond between the carbonyl oxygen of the formyl
group and the amide hydrogen of the third glycine unit. The
Li�, Na� and K� binding affinities are 89.0, 66.5 and
48.8 kcal mol�1, respectively. Fully optimized geometries of
the complexes of helical peptides retained the intramolecular
hydrogen-bonding characteristic of the helical forms. The
ester carbonyl group is oriented towards the metal ion and the
complex is highly stabilized by optimal tridentate chelation
(Gly3-Li� : 1b, Figure 4). This suggests that the binding of
metal ion to the free carbonyl groups of the C-terminus of a
long peptide chain is an attractive possibility.


For the �-strand conformations the metal ion affinities were
computed at the formyl carbonyl oxygen (O13) and at one of
the internal amide carbonyl oxygen atoms (O15) (1c, 1d,
Figure 4). The antiparallel orientation of the carbonyl groups
in the nearly linearly arranged sequence of amide groups
allows only monodentate chelation at one of the carbonyl
oxygen atoms. The Li�, Na� and K� binding energies are 56.4,
40.9 and 30.1 kcal mol�1, respectively, when the metal ion
binds to O13. Complexation with O15 leads to binding
energies of 52.9, 37.4 and 26.8 kcal mol�1, respectively. These
values are comparable to the interaction energy of a simple
amide, N-methylacetamide.[33]


Table 2. Li�, Na� and K� affinities [kcal mol�1] of CHO-(Gly)3-OCH3 in
helical and �-strand conformations.


Level of theory Helical conformation �-strand conformation
POPT[a] FOPT[d] POPT[b] POPT[c]


Li� affinity
HF/6-31G(d) opt 81.19 113.24 54.59 52.07
B3LYP/6-31G(d) 86.83 113.52 58.06 54.44
MP2(full)/6-31G(d) 89.02 111.31 56.44 52.86
Na� affinity
HF/6-31G(d) opt 60.53 85.48 39.27 36.63
B3LYP/6-31G(d) 65.14 86.09 41.95 38.58
MP2(full)/6-31G(d) 66.47 84.53 40.94 37.37
K� affinity
HF/6-31G(d) opt 43.15 63.28 27.99 25.36
B3LYP/6-31G(d) 46.65 63.85 30.28 26.76
MP2(full)/6-31G(d) 48.76 63.88 30.09 26.75


[a] Partial optimization at fixed dihedral angles (���60� ; ���30� ; ��
180� ; 310-helical conformation). [b] Partial optimization of �-strand con-
formation at fixed dihedral angles (���120� ; �� 120� ; �� 180�);
metallation occurs at the terminal carbonyl oxygen (O13). [c] Partial
optimization of �-strand conformation at fixed dihedral angles (���120� ;
�� 120� ; �� 180�); metallation occurs at the middle carbonyl oxygen
(O15). [d] Full optimization of the complexes taking the POPT structures
as initial guess. The energies of the free peptide were computed by a single
point calculation taking the fully optimized geometry of the complex
without the ions to calculate binding energies (affinities). The affinities are
consequently overestimated.


Figure 4. HF/6-31G(d) partially optimized geometries of Li� complex of Gly3 in 310-helical (1a), �-strand (1c and 1d) conformations and fully optimized
geometry of helical conformation (1b) starting from the helical conformation 1a.
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The validity of the trends in the POPT binding affinities of
the �-strand was confirmed by carrying out calculations on
fully optimized geometries of the ideal extended (Cs)
conformation. Thus for Gly3 and Gly3-M� complexes (com-
plexation with O13) geometry optimizations with (180�, 180�,
180�) conformation led to cation affinities of 61.8, 45.8 and
34.4 kcal mol�1 for Li�, Na� and K�, respectively, at
MP2(FULL)/6-31G(d)//HF/6-31G(d). The relative binding
affinities are within 1 kcal mol�1 of those obtained with POPT
calculation (Table 2).


The metal ion affinities follow the order Li� � Na� � K�.
This is evidently due to decrease in the stabilizing electrostatic
interaction between the peptide and metal ion with decreas-
ing charge density as a result of the increasing size of the
cation. However, significant binding affinity is noted for
heavier metal ions also in helical peptides. The binding
energies of FOPT structures of helical peptides (computed
using the single point energy of the peptide frozen at the
complex geometry) show the same trends as described above,
although the absolute affinities are overestimated.


Mass spectral discrimination of ion binding: Peptides in
methanol (1.0� 10�3�) were treated with 3.0� 10�3� solution
of Li2CO3 in water; the time course of the lithium adduct
formation was followed using ESIMS. The ratio of the
intensities of the lithium and proton adducts increased with
time and ESI mass spectra showed the presence of only the
lithium adducts after 12 h of incubation. The complete
absence of proton, sodium and potassium adducts which are
normally observed under the ESI conditions indicates that the
ionization due to metallation is mainly taking place in the
solution state itself rather than in the gas phase. The non-
covalent metal complex formed in the bulk solution is not
destroyed under the mild ESI conditions used in this study.
Detection of intact noncovalent complexes in the gas phase
using mass spectrometry has been reported by several
research groups.[5] The single ion free energy of solvation of
Li� in methanol has been estimated to be �115 kcal mol�1.[34]


This would imply that the free energy of lithium ion binding to
the peptides and the additional solvation of the coordinated
complex are sufficiently large in magnitude to overcome the
solvation free energy of the metal ion in methanol.


To evaluate the relative binding efficiency of the alkali
metal ions Li�, Na�, and K� with hydrophobic peptides,
solutions of peptides in methanol (1.0� 10�3�) were treated
with a 1:1:1 equimolar mixture of Li2CO3, Na2CO3 and K2CO3


(1.0� 10�3�) and incubated for 12 h at room temperature.
ESI spectra were recorded using methanol as the mobile
phase. Typical spectra for a helical (6) and a hairpin (17)
peptide are shown in Figure 5. In Figure 5 b, the intensities of
the peaks corresponding to the metal adducts of peptide 17
are in the order lithium (m/z 931) � sodium (m/z 947) �


potassium (m/z 963). A similar trend is observed in the helical
peptide also (Figure 5 a), which indicates that the binding
efficiency is in the order Li��Na��K�. Evidently, the large
binding affinities from chelation enable Na� and K� ions to
overcome the free energies of solvation in methanol (�92 and
�75 kcal mol�1, respectively).[34] It is interesting that the order
of binding affinities is reflected in the relative intensities of


Figure 5. The competitive binding of Li�, Na�, K� to a) helical peptide 6,
and b) hairpin peptide 17. A : lithium adduct, B : sodium adduct and C :
potassium adduct. The binding affinity is in the order Li��Na��K�.


the adduct peaks in spite of the variable amount of solvation
free energies for the cations.


Ab initio studies of protonation in Gly3: Several possible sites
of protonation were explored, while considering the amide
carbonyl oxygen as well as ester oxygen atoms as proton
acceptors. The possible sites of protonation at oxygen atoms
are the formyl group [O13], Gly(2) CO [O15], Gly(3) -
CO [O16] and the ester methoxy oxygen (O9). Gly(1) CO
was not investigated as its environment is very similar to that
of Gly(2) CO. Table 3 gives a summary of the energetics of
partially and fully optimized structures for a helical confor-
mation protonated (at O15) and partially optimized structures
for the �-strand protonated (O13 and O15) adducts.


Protonation at the carbonyl oxygen [O15] of the second Gly
residue of the 310-helical Gly3 peptide (2a in Figure 6) leads to
the highest proton affinity (227.2 kcal mol�1). The structure, in
which the proton is attached to the sp3 oxygen of ester group
(O9) forming a hydrogen bond with O14 (2b in Figure 6), is
also noted to be a stable geometry for the helical Gly3


complex. Interestingly even though the carbonyl oxygen
(O14, sp2 oxygen) has a greater affinity to get protonated,
compared with sp3 oxygen (O9), protonation occurs at O9.
Such a C10 cyclic structure is common in neutral peptides with
the carbonyl oxygen forming a 10-membered cycle as a result
of an intramolecular hydrogen bond with a suitably placed
N-H unit. This geometric pattern is responsible for the �-turn
structural motif.[31] The same kind of arrangement in the
protonated complex suggests that the [O-H]� group acts as a
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surrogate NH unit. However, the proton affinity of this cyclic
form is nearly 10 kcal mol�1 less stable than the most stable
O15 protonated complex, 2a. This implies that bridging in the
protonated helical form is not enough to overcome the
inherently greater preference for carbonyl oxygen protona-
tion. Full optimization of the partially optimized bridged
structure 2b leads to 2c. The helical motif is retained even
after lifting the constraints. The ester carbonyl group is


oriented towards the amide carbonyl oxygen, O14 to form the
C�O ¥ ¥ ¥ �H-O�C ionic hydrogen bond. For the �-strand
peptides (2d and 2e) the proton binding to the formyl oxygen
(O13, 212 kcal mol�1) is favored as compared with binding to
one of the middle oxygen atoms (O15, 207 kcal mol�1). This
feature has also been noted for metallation.


Gly2 complexes : In order to examine the generality of the
modes of metallation/protonation, we also carried out calcu-
lations on a simpler system CHO-Gly2-OCH3 (Gly2). The
results obtained for the metallation of Gly2 exactly parallel
those of Gly3 metallation [data not shown]. Proton affinities
of Gly2 in the helical (type III �-turn) and �-strand confor-
mation are given in Table 3. Full geometry optimization
(FOPT) of helical Gly2-H� from partially optimized structures
leads to four minima, 3a, 3b, 3c and 3d (Figure 7). The most
stable complex, 3a is a C7 cyclic structure in which the proton
attached to O15 forms a strong hydrogen bond with the ester
carbonyl oxygen. This is similar to the gas phase equilibrium
geometry, the C7 cyclic structure, reported at a high level of
theory for dipeptides where N-H group forms a hydrogen
bond with the suitably oriented carbonyl oxygen.[12d] The
proton attached to the middle carbonyl oxygen plays the role
of the amide proton to stabilize this cyclic form. Another C7


structure 3b is also noted where the bridging occurs with
formyl carbonyl oxygen and it is 2.0 kcal mol�1 higher in
energy than 3a. The two other minima are C10 cyclic structures
3c and 3d. The cyclic form 3c, in which the ester carbonyl is
protonated and forms a strong hydrogen bond with the formyl
carbonyl oxygen, is a mere 2.0 kcal mol�1 higher in energy
than the most stable C7 cyclic form 3a. Another C10 cyclic
form, 3d, is obtained as a local minimum where the sp3 oxygen


Table 3. Proton affinities [kcal mol�1] of CHO-(Gly)2-OCH3 [Gly2] and
CHO-(Gly)3-OCH3 [Gly3] in helical and �-strand conformations.


Level of theory Helical conformation �-strand conformation
POPT[a] FOPT[d] POPT[b] POPT[c]


H� affinity of Gly2


HF/6-31G(d) opt 220.42 249.45 214.36 212.06
B3LYP/6-31G(d) 219.67 245.15 214.15 211.09
MP2(full)/6-31G(d) 216.29 238.92 210.79 207.23
H� affinity of Gly3


HF/6-31G(d) opt 230.52 256.79 215.27 212.41
B3LYP/6-31G(d) 229.93 251.59 215.61 211.18
MP2(full)/6-31G(d) 227.18 245.05 212.29 207.15


[a] Partial optimization at fixed dihedral angles (���60� ; ���30� ; ��
180� ; 310-helical conformation); protonation occurs at middle oxygen
(O15). [b] Partial optimization of �-strand conformation at fixed dihedral
angles (���120� ; �� 120� ; �� 180�); protonation occurs at the terminal
carbonyl oxygen (O10 for Gly2 and O13 for Gly3). [c] Partial optimization
of �-strand conformation at fixed dihedral angles (���120� ; �� 120� ;
�� 180�); protonation occurs at the middle carbonyl oxygen (O15).[d] Full
optimization of the complexes taking the POPT structures as initial guess.
The energies of the free peptide were computed by a single point
calculation taking the fully optimized geometry of the complex without the
ions to calculate binding energies (affinities). The affinities are conse-
quently overestimated.


Figure 6. HF/6-31G(d) partially optimized geometries of protonated Gly3 in 310-helical (2a and 2b), �-strand (2d and 2e) conformations and fully optimized
geometry of helical conformation (2c) taking 2b as starting point.
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of the terminal ester group is protonated and bridges with the
carbonyl oxygen. However, this geometry is at a higher energy
on the potential energy surface (16 kcal mol�1 higher in energy
than the most stable form 3a). This is apparently because of
the lower proton affinity of the sp3 oxygen compared with sp2


oxygen. These stabilized complexes (3a and 3d)are quite
interesting for the fact that the optimized geometry exhibits a
™�-turn like∫ structural motif. The presence of the ionic
hydrogen bond (C�O-H� ¥ ¥ ¥O), which has been shown to be
stronger[35] compared with neutral hydrogen bond (N-H ¥ ¥ ¥
O�C), may favor this structure to a greater extent. Very
short hydrogen bond distances are noted for all of the bridged
structures (Figure 7), which is strongly suggestive of the
formation of a highly stable cyclic hydrogen bonded form in
the proton adduct.


Fragmentation studies on the hydrophobic peptides under the
ESIMS conditions: The fragmentation of protonated peptides
is charge directed, requiring proton localization at the
cleavage sites.[36] Fragmentation patterns observed during
the collision induced dissociation of protonated peptides have
been used to predict the site of protonation.[37] The commonly
observed fragmentation patterns and the nomenclature used
for the fragmentation of peptides are shown in Scheme 2.


Wysocki et al. have shown that peptides with no basic
residues undergo fragmentation more easily at a given
collision energy than peptides containing a basic residue. In
hydrophobic peptides, the bound proton is not strongly
localized as in the cases of peptides having a basic side chain.
Hence, less energy is required for ™proton mobilization∫.[38] It
has been shown by MNDO and ab initio calculations that
when the proton is located on the carbonyl oxygen, the bond
order of the amide bond is significantly greater relative to that
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Scheme 2. Fragmentation pattern observed in peptides.


of the unprotonated neutral amide group; this in turn hinders
cleavage at the amide bond. In contrast, when the proton is
located on the amide nitrogen, the amide bond order is
significantly smaller than the neutral amide and therefore this
appears as a possible fragmenting structure, leading to the
formation of b and y type ions.[39] So, regardless of the initial
protonation site, a proton is transferred to a less basic amide
nitrogen by ion activation facilitating the fragmentation. The
initially formed state could be a thermally stable form. Due to
the thermal excitation occurring at the electrospray capillary
and the collisional activation in the capillary skimmer region,
it is possible that rapid proton exchange takes place along the
peptide backbone to give a heterogeneous population of
protonated species. The order of energy requirement for
fragmentation of peptides depends on the initial site of
protonation. Experimental studies reveal the energy required
for fragmentation depends on the protonation site, following
the order arginine � lysine � N-terminus � amide carbonyl
� amide NH.[38]


Fragmentation of the hydrophobic peptides used in our
study was achieved at a skimmer potential of 100 V. Increas-


Figure 7. HF/6-31G(d)Fully optimized geometries of protonated complexes of Gly2 in C7 conformation (3a and 3b) and C10-conformation (3c and 3d).
Relative energies at MP2(full)/6-31G(d)//HF/6-31G(d) are given in kcal mol�1 in the parentheses.
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ing the skimmer potential results in increased acceleration of
the ions. Increase in internal energy of the ions during the
collisions with the collision gas (nitrogen) results in fragmen-
tation of the peptides. Proton mobilisation from the carbonyl
oxygen to the amide nitrogen under the electrospray con-
ditions with a skimmer potential of 100 V could be respon-
sible for the fragmentation observed. A typical example of the
low energy collision induced fragmentation of a helical
peptide 3 is shown in Figure 8.


The initial fragmentation results in the formation of
fragments at m/z 639.5, 568.4 and 469.3 corresponding to the
fragments b4, b5 and b6. This indicates that the fragmentation
proceeds from the cleavage at the amide bonds of C-terminal
residues. Charge directed fragmentation of peptides with
charged residues under collision induced dissociation has
been reported.[39, 40] The observation of a single series of b type
ions due to the cleavage of the C-terminal residues indicates
that the charged site in the peptide could be in the vicinity of
the C-terminus. Dissociation pathways of alkali-cationized
peptides have been studied using multiple stages of mass
spectrometry by Lin et al. They have shown the successive
dissociation of the residues from the C-terminus of alkali-
cationized peptides.[41] In the case of the �-hairpin peptide 17,
an increase in skimmer potential to 100 V leads to the
appearance of peaks at m/z 792.8, 693.7, 611.7 and 512.5,
corresponding to the fragments b7, b6, y6 and y5. Formation of
these fragments indicates the cleavage of amide bonds from
both the C-terminal and N-terminal residues. Interestingly in
peptide 17, cleavage at the [X-Pro bond] ™Pro∫ residue is not
observed despite the reported higher proton affinity, which
normally results in higher fragmentation at this residue.[42]


This observation may be a consequence of the rigid �-turn
conformation, which results in the carbonyl of the amide
being inaccessible to protonation. In both cases, further


increase in the skimmer potential results in the formation of
fragments due to random cleavage. The fragmentation pattern
of the two peptides suggests that the protonation is more
homogeneous in helices as compared to �-hairpins. Hence,
fragmentation of helices implies a single cleavage pattern,
while hairpin peptides undergo cleavage simultaneously at
different sites. These observations support the view that in
peptide helices protonation/metallation is more favoured at
the C-terminal end, a feature discussed in the preceding
sections.


The effects of increasing the skimmer potential on the ESI
mass spectra of peptides under conditions where both
protonated and metallated species occur were studied.
Figures 9 and 10 illustrate the results obtained for the model
helical peptide 3 and �-hairpin peptide 17. The relative
intensity of the protonated species decreases for peptides
which exist as a mixture of the protonated and metallated
species (Figures 9 a, 10 a), while that of the metallated peak
increases on increasing the skimmer potential (Figures 9 b,
10 b). This suggests that fragmentation from the protonated
species is preferred, which in turn may be a reflection of the
difference in the nature of the binding of the proton and metal
ion to the peptide. The alkali metal ion can coordinate with
more than one carbonyl group forming a chelate, while the
protons predominantly bind to a single amide carbonyl.
Coordination of alkali metal ions or a proton to the amide
oxygen leads to a partial double bond character in the
CO�NH bond,[43] while coordination to the nitrogen reduces
the bond order of the amide bond.[39] It has been shown
experimentally that the binding energy of lithium to amides is
higher compared with amines, while amines have higher
proton affinity than amides.[44] Under the low energy collision
induced activation conditions the transfer of protons from the
amide carbonyl to the nitrogen is possible, while the transfer


Figure 8. The initial fragmentation pattern observed in a hairpin peptide 17 (top) and a helical peptide 3 (bottom). The spectra were recorded at skimmer
potential 100 V.
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Figure 9. Fragmentation of proton and metal adducts of peptide 3. The
ESIMS spectra were recorded in methanol at skimmer potential 20 V (top)
and at 200 V (bottom). The proton adduct is fragmented completely while
the metal adduct is stable at 200 V indicating that the fragmentation
proceeds from the proton adduct.


Figure 10. Fragmentation of proton and metal adducts of peptide 17. The
ESIMS spectra were recorded in methanol at skimmer potential 20 V (top)
and at 200 V (bottom). As in the case of helical peptide, the proton adduct
undergoes fragmentation faster than the metal adducts.


of the metal ion from the amide carbonyl to the nitrogen
appears to be much less facile. Hence in a mixture of peptides
with the protonated and metallated species, the fragmentation
proceeds from the protonated species more readily than the
metallated species.


Conclusion


Under electrospray ionization mass spectrometry conditions
completely hydrophobic peptides ionize surprisingly well,
yielding both protonated and metallated species. Studies on
peptides with structurally well defined conformations in
solutions lead to the following conclusions.
1) Hydrophobic peptides up to a length of 10 residues show


only singly charged states. Helices of length greater than 10
residues also show doubly charged states with the relative
intensity increasing with helix length. Doubly charged
states are observed as major species (or the only species) in
helices, where the continuous chain of intramolecular
hydrogen bonds is interrupted by insertion of a Pro residue
or by reversal of chirality. The observed protonation/
metallation of helical peptides is consistent with the
maintenance of the conformational states in solution,
during ion formation under electrospray conditions.


2) The favoured site of protonation/metallation in peptide
helices is the C-terminus,[45] which contains multiple CO
groups favourably oriented for chelating a cation.


3) Ab initio calculations on the model peptide N-formyltri-
glycine methyl ester constrained to a conformation corre-
sponding to a single helical turn reveal that tridentate
coordination involving the three C-terminus CO groups is
energetically favourable for Li�, Na� and K�. For H�,
coordination to two CO groups is preferred.


4) Ab initio calculations also establish that the protonation/
metallation sites in extended sheet-like conformation are
heterogeneous with coordination favoured at isolated CO
groups.


5) In the case of both helices and hairpins, binding energies of
alkali metals follows the order Li��Na�� K�.


6) Collision induced fragmentation patterns provide insight
into the sites of protonation. For peptide helices fragmen-
tation occurs almost exclusively from the C-terminal end
of the molecule, whereas for hairpins fragmentation
proceeds by multiple pathways indicative of heterogeneity
of protonation sites, as also indicated by theoretical
calculations.


7) Fragmentation of protonated species occurs preferentially
in the presence of a mixture of both protonated and
metallated species, providing evidence for facile move-
ment of protons from the carbonyl group to the amide
nitrogen under ESI conditions.


The present studies reveal that both peptide chain length
and conformation determine sites of protonation/metallation
and also have a controlling influence on fragmentation patterns.


Experimental Section
All peptides used in this study 1 ± 19 except for peptides 14 and 15 were
synthesized using conventional solution-phase methods. The structures of
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the peptides were characterized in solution and in the solid state using
NMR and crystallographic techniques[13±25] (Table 1). Antiamoebin (14)
and zervamicin (15) were obtained from fungal cultures and characterized
as described earlier.[21, 22] For metal-binding experiments, solutions of
peptides in methanol (1.0�10�3�) were incubated with 3 molar equivalence
of metal salt solution in water (3.0� 10�3�) for 12 h at room temperature.
The mixtures were diluted 20 times with methanol and 5 �L of the diluted
mixture was injected into the mass spectrometer. To investigate the
competitive binding of Li�, Na� and K� to hydrophobic peptides, the
peptides in methanol (1.0� 10�3�) were mixed with a 1:1:1 equimolar
mixture of Li2CO3, Na2CO3 and K2CO3 (1.0� 10�3�) in pure water from a
MilliQ apparatus (Millipore Inc.) with a conductance of 18.2 m� and
incubated for 12 h at room temperature. The solutions were diluted
20 times with methanol prior to injection into the mass spectrometer.


All the ESIMS experiments were carried out on a Hewlett ± Packard
(model HP-1100) electrospray mass spectrometer.[5e,f] Methanol at a flow
rate of 30 �Lmin�1 was used as the mobile phase for the ESIMS. A volume
of 5 �L of the peptide solution in methanol 5.0� 10�5� (250 picomoles of
the peptide) was used for each experiment. Electrospray was carried out
using pneumatic assistance with nitrogen gas. The capillary tip was held at
4000 V. The spectra were recorded in the positive ion detection mode. The
spray chamber used a nitrogen gas at a flow rate of 10 Lmin�1 at 150 �C.
The instrument has two variable skimmers. Skimmer 2 was held constant at
10 V and skimmer 1 was held at 30 V (�V� 20 V). For the fragmentation
experiments, the skimmer potential �V was gradually increased from 20 to
200 V. Data was acquired across the mass range of m/z 100 ± 3000 with a
quadrupole cycle time of 3 s. The spectrometer was calibrated using five
calibration standards provided by the manufacturer. Data processing was
done using HP Chemstation software. The charge states were determined
using the isotopic peaks.


Computational details : The model peptides and their complexes with H�,
Li�, Na� and K� were optimized at the HF/6-31G(d) level. Two different
conformations were considered: 310-helical and �-strand. In each case, all
the geometric parameters were optimized, except the peptide torsional
angles �, � and � characteristic of these conformations. The (�, �, �)
constraints imposed are (�60�, �30�, 180�) and (�120�, 120�, 180�),
respectively, for 310-helical and �-strand peptides. Different sites of
protonation and metallation were examined. The binding affinities were
computed at B3LYP, and MP2 (FULL) levels, respectively, at 6-31G(d)
basis set using the HF/6-31G(d) geometry.


Full geometry optimizations (lifting the constraints imposed on �, � and �


dihedral angles) of all the complexes were also carried out at the HF/6-
31G(d) level taking the corresponding partially optimized geometry of the
complex. Single-point energies were computed at B3LYP, and MP2(full)
levels. Vibrational frequency analyses of all the fully optimized geometry of
the complexes were carried out to confirm that they were true minima. All
the calculations were done using the Gaussian suite of programs.[46]
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A Spin Transition Molecular Material with a Wide Bistability Domain
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Abstract: [Fe(hyptrz)3](4-chloro-3-ni-
trophenylsulfonate)2 ¥ 2H2O (1; hyptrz�
4-(3�-hydroxypropyl)-1,2,4-triazole) has
been synthesized and its physical prop-
erties have been investigated by several
physical techniques including magnetic
susceptibility measurements, calorime-
try, and Mˆssbauer, optical, and EXAFS
spectroscopy. Compound 1 exhibits a
spin transition below room temperature,
together with a very wide thermal hys-


teresis of about 50 K. This represents the
widest hysteresis loop ever observed for
an FeII-1,2,4-triazole spin transition ma-
terial. The cooperativity is discussed on
the basis of temperature-dependent EX-
AFS studies and of the structural fea-


tures of a CuII analogue. The EXAFS
structural model of (1) in both spin
states is compared to that obtained for a
related material whose spin transition
occurs above room temperature. EX-
AFS spectroscopy suggests that 1,2,4-
triazole chain compounds retain a linear
character whatever the spin state of the
iron(��).


Keywords: chain structures ¥
EXAFS spectroscopy ¥ iron ¥
spin crossover ¥ 1,2,4-triazole


Introduction


Iron(��) spin transition (ST) materials are probably among the
most fascinating molecular objects in transition metal chem-
istry, their spin state being able to be triggered by temper-
ature, pressure, and light.[1±3] The origin of the phenomenon is
molecular, but the shape of the temperature dependence of


the high-spin (HS, S� 2) molar fraction (�HS vs T), called the
ST curve, is dependent on intermolecular interactions.[1] The
more pronounced these interactions are, the steeper the ST
curve. The thermally induced transitions between low-spin
(LS, S� 0) and HS states may also occur with a hysteresis
effect, which confers a memory effect on the system.[4] The
fast developments in advanced electronic technology require
stable compounds showing bistability behavior on the molec-
ular scale.[4, 5] The use of such materials as molecularly based
memory devices and displays is currently being assessed by
industrial organizations.[2, 4] This type of application requires
abrupt spin transitions at room temperature, with broad
thermal hysteresis as well as an associated thermochromic
effect.[4, 5] Although cooperative spin transitions have been
observed in several monomeric compounds, it is believed that
cooperative effects may be favored in cases in which these
sites are covalently linked by conjugated ligands.[2] For the
resulting polymeric compounds, the molecular distortions
involved in the ST might be efficiently distributed throughout
the whole crystal lattice through these ligands. The interac-
tions may also be improved by hydrogen-bonding interactions
and/or by � ±� stacking orderings.[6±8] Thermal hysteresis has
been observed for one-dimensional polymeric FeII-1,2,4-
triazole ST compounds, along with pronounced thermochro-
mic effects.[9±16] Most of these compounds have the general
formula [Fe(4-R-1,2,4-triazole)3](anion)2 ¥ nH2O, where n
stands for the number of non-coordinated water molecules.
So far, no single crystal suitable for X-ray diffraction has been
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obtained. It has, however, been possible to obtain structural
information from EXAFS (X-ray absorption fine structure) at
the iron K edge[17±23] and WAXS (wide angle X-ray scatter-
ing)[24] spectra. The structure of these materials consists of
chains in which the neighboring iron atoms are linked by
triple N 1,N 2-1,2,4-triazole bridges.[17] This has been confirmed
in the crystal structures of related CuII compounds.[19, 25]


Interestingly, these materials also contain non-coordinating
water molecules and anions located between the chains.


We recently initiated a research project aiming to control
the ST properties of these materials in order to be able to
propose suitable candidates for practical applications. The
goal was that both cooperative effects and transition temper-
ature should be controllable in a rational way, in order to
obtain wide hysteresis loops around the room temperature
region. We decided to favor the formation of hydrogen bonds
in the lattice through the introduction of a hydroxyl group on
the substituent of the triazole ligand (position 4) and by the
introduction of several substituents capable of hydrogen-
bonding interactions on the anion, keeping to the idea of
increasing intermolecular interactions between polymeric
chains. No chain compound of sufficiently large hysteresis
has so far been obtainable, however, the hysteresis width
typically being around 10 K.[13±16] However, the title com-


pound of the formula [Fe-
(hyptrz)3](4-chloro-3-nitrophen-
ylsulfonate)2 ¥ 2 H2O (1; hy-
ptrz� 4-(3�-hydroxypropyl)-
1,2,4-triazole) displays behav-
ior unprecedented in this fam-
ily of chain compounds, with a
very wide thermal hysteresis
loop below room temperature.


This paper reports on a detailed investigation of this
fascinating material. The single-crystal X-ray structure of
the related CuII compound, [Cu(hyptrz)3](4-chloro-3-nitro-
phenylsulfonate)2 ¥H2O, is also reported.


Results of Physical Studies


Magnetic measurements : The temperature dependence of the
molar magnetic susceptibility is displayed in Figure 1 in the
form of a �MT versus T plot, �M being the molar magnetic
susceptibility corrected for diamagnetic contributions and T
the temperature. At room temperature, �MT is equal to
3.35 cm3 mol�1 K, which indicates FeII ions being present in the
HS state. As T is lowered, �MT initially remains constant down
to 170 K and then decreases rapidly in the 120 ± 90 K temper-
ature range, reaching a value of 1.03 cm3 mol�1 K at 90 K.
Below this T, �MT shows a plateau with a value of
0.89 cm3 mol�1 K at 40 K, and finally falls to 0.36 cm3 mol�1 K
at 4.2 K. As T is increased, �MT increases gradually up to
150 K and then much more rapidly above this temperature, to
match the starting �MT values. The transition temperatures
(the temperatures at which 50 % of LS and HS molecules are
present) are T1/2 �� 120 K and T1/2 �� 168 K. Thus, an ex-
tremely large thermal hysteresis loop of 48 K is observed,


Figure 1. Temperature dependence of �MT for 1, in both the cooling and
the warming modes.


centered at 144 K. This hysteresis is retained over successive
thermal cycles. The HS�LS transition is not complete at low
temperature. The fall in �MT below 40 K is due to the zero-
field splitting of the HS FeII ions, and the preferred Boltzmann
population of the lowest levels with decreasing temperatures.
The magnetic properties of compound 1 were also inves-
tigated under pressures of up to �2 kbar; the result is
presented in Figure 2. On comparing the ambient pressure
curve of Figure 1 with that of Figure 2, one notices that the


Figure 2. Temperature dependence of �MT for 1, in both the cooling and
the warming modes, at 1 bar (�) and at 1.24 kbar (�).


large hysteresis width has disappeared. This behavior is most
probably due to the interaction between the silicon oil used as
a pressure-transmitting medium and compound 1. On appli-
cation of pressure, a parallel shift towards higher temper-
atures was observed. At 1.24 kbar, a wider hysteresis width is
recovered below room temperature, with T1/2 �� 250 K and
T1/2 �� 290 K, and at 2.3 kbar the compound is in the LS state
at room temperature. Thus a shift of 100 K per kbar is
observed. On release of pressure, the initial curve is recov-
ered, showing that there is no chemical degradation and no
relaxation to another state.


Compound 2 was obtained by heating 1, under nitrogen, up
to the temperature corresponding to complete dehydration as
determined from thermogravimetric measurements (423 K).
The temperature dependence of �MT shows a very gradual
decrease upon cooling (�MT 293� 3.26 cm3 mol�1 K, which in-
dicates HS FeII ions) down to 50 K, at which a rapid drop is
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observed. This behavior probably indicates an antiferromag-
netic interaction between HS FeII ions within the chain.


Optical detection of the spin state : Compound 1, which
presents a thermochromic effect (from white to pink) upon
cooling, was studied optically. The presence of a very wide
hysteresis loop, retained over successive thermal cycles, was
confirmed by this technique. The optical response of 2 was
also investigated down to 90 K; no change of signal was
observed.


Mˆssbauer spectroscopy : Mˆssbauer spectra of 1 were
recorded from room temperature down to 55 K. Selected
spectra are displayed in Figure 3, and detailed values of the
Mˆssbauer parameters deduced from least-squares fitting
procedures are listed in Table 1. At room temperature, the
spectrum shows a symmetrical doublet, indicating FeII ions in


the HS state. Upon cooling, an additional doublet character-
istic of the LS state of the FeII ion appears at �180 K. Its
relative intensity increases very rapidly as T decreases
between 150 and 120 K (see Figure 3). At 120 K, the LS
doublet is resolved and shows a noticeable splitting. This
splitting indicates that the local environment of the LS FeII


ions is not cubic. At 55 K, the spectrum reveals the presence
of �16 % of HS FeII ions, confirming the incomplete character
of the spin transition. Upon heating, the spectra remain
essentially similar up to 150 K, at which point a dramatic
increase in the intensity of the HS doublet is observed. It is
interesting to compare the spectra recorded at the same
temperature (150 K) upon cooling and heating, which clearly
reflect a memory effect. The ST curve deduced from 57Fe
Mˆssbauer spectroscopy closely resembles that in the mag-
netic curve (see Figure 4).


Calorimetric measurements : The DSC curve for increasing
temperature from 140 to 220 K is represented in Figure 5. This
curve shows an endothermic peak around 172 K. This peak is
obviously related to the LS�HS transition for 1 detected in


Figure 3. Selected 57Fe Mˆssbauer spectra for 1 as a function of temper-
ature. Cooling mode (left), heating mode (right).


Figure 4. Temperature dependence of the HS molar fraction for 1 as
deduced from 57Fe Mˆssbauer spectroscopy. The points (�) and (�) refer
to the cooling and heating modes respectively. The line is used as a guide for
the eyes.


Figure 5. DSC for 1 in the 140 ± 240 K temperature range.


Table 1. 57Fe Mˆssbauer parameters [mm s�1] for 1.[a]


T [K] �(LS) �EQ(LS) �/2(LS) �(HS) �EQ(HS) �/2(HS) AHS [%]


300 0.943(2) 2.667(4) 0.27(1) 100
250 � 0.977(2) 2.907(4) 0.27(1) 100
200 � 1.000(2) 3.039(4) 0.24(1) 100
150 � 0.413(2) 0.281(2) 0.25(1) 1.025(1) 3.189(4) 0.27(1) 90.0
120 � 0.413(2) 0.291(2) 0.26(1) 1.037(2) 3.270(4) 0.28(1) 32.7


81 � 0.419(2) 0.298(2) 0.26(1) 1.055(2) 3.330(4) 0.31(1) 18.5
56 � 0.422(2) 0.298(2) 0.27(1) 1.059(2) 3.348(4) 0.30(1) 15.6
55 � 0.421(2) 0.299(2) 0.27(1) 1.066(2) 3.336(4) 0.31(1) 16.2
70 � 0.420(2) 0.298(2) 0.28(1) 1.055(2) 3.340(4) 0.32(1) 16.8


100 � 0.416(2) 0.296(2) 0.26(1) 1.051(2) 3.330(4) 0.30(1) 19.0
120 � 0.413(2) 0.292(2) 0.31(1) 1.047(2) 3.302(4) 0.27(1) 21.9
150 � 0.409(2) 0.287(2) 0.26(1) 1.033(2) 3.257(4) 0.30(1) 25.6
169 � 0.404(2) 0.282(2) 0.25(1) 1.020(2) 3.180(4) 0.28(1) 43.0
180 � 0.444(2) 0.278(2) 0.23(1) 1.010(2) 3.101(4) 0.27(1) 95.8


[a] �� isomer shift relative to � iron, �EQ � quadrupole splitting, �/2� half-
width of the lines, AHS � area fraction of the HS doublets. Statistical standard
deviations are given in parentheses. The arrows indicate the temperature mode:
� for cooling and � for heating.
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Mˆssbauer, magnetic, and optical studies. It is indicative of a
first order phase transition. The thermodynamic parameters
have been evaluated as �H� 7.3 kJ mol�1 and �S�
42.4 J mol�1 K�1. The experimentally measured entropy varia-
tion can be accounted for by an electronic contribution,
Rln5� 13.4 J mol�1 K�1, and a vibrational contribution.[1] DSC
curves were also recorded for 2, but no signal was observed
upon cooling.


EXAFS : X-ray absorption spectra of 1 were recorded
between 280 K and 40 K, including within its bistability
domain, both in the LS and HS states. For comparison,
X-ray absorption spectra of [Fe(Htrz)2trz](BF4) (3 ; Htrz�
4H-1,2,4-triazole; trz� triazolato), between 300 and 400 K,
including in its bistability domain (360 K, LS and HS states)
were also recorded. Some corresponding k�(k) EXAFS
spectra are presented in Figure 6 a, and the Fourier transform


Figure 6. a) EXAFS spectra of 1 in both the HS and LS states at 150 K and
of 3 at 150 K and 360 K. b) Modulus of the FT of the experimental EXAFS
spectra for 1 at 150 K in the LS state (––) and HS state (- - - -). c) Modulus
of the FT of the experimental EXAFS spectra for 3 at 360 K in the LS state
(––) and HS state (- - - -).


(FT) moduli of 1 (Figure 6 b) and 3 (Figure 6 c) in both spin
states are superimposed in order to present the local structure
changes during the spin transition qualitatively. These spectra
are composed of five main peaks. The first peak is assigned to
the octahedral coordination sphere FeN6, and the intermedi-
ate peaks to the carbon and nitrogen atoms of the triazole
rings overlapping with the Fe ± Fe signal around 3.5 ä, the
former not being clearly separated.[17] The last one, around
7 ä, indicated by an arrow, corresponds to the multiple
scattering path Fe ± Fe ± Fe.[17, 18] In this work, we focus on a
qualitative discussion of the FeN6 peak and of the multiple
scattering Fe ± Fe ± Fe signals. Full discussion of the EXAFS
structure needs full multiple scattering ab initio calculations
and was beyond the scope of this study, as this topic has been
addressed for similar compounds.[17±19, 21, 23]


In Figure 6 b and c, a shift to higher distances is observed for
the dotted spectrum relative to the HS state with increasing
temperature. This shift corresponds to the expected elonga-
tion of Fe�N bond lengths for the FeII ion on going from LS�
HS. We also observe a slight decrease in the modulus of the
FT signal on going from LS�HS states for 1. The distance
variation is similar to that observed in previously studied
compounds of this family, such as for 3 (Figure 6 c).[17, 18] In
contrast, the amplitude variation through the ST is different
for 1 and 3. In the first compound, the decrease in amplitude is
very small, whereas strong decreases in both the FeN6 and the
Fe ± Fe ± Fe peaks are observed for 3. It is worth mentioning
that the very small but noticeable 7 ä peak observed in the
spectrum of 3 in the HS state was not observed in our previous
papers.[17, 18] We could not rule out that this peak had indeed
been present but masked by the noise level.[17] In this work, we
present new measurements in which the experimental statis-
tics were improved in order to check carefully for the
presence or the absence of this signal above the noise level.
These qualitative observations are quantified for the FeN6


signal by least squares fitting of the filtered EXAFS spectra.
The results are shown in Table 2 and in Figure 7.


The Fe�N distances of 1.99 and 2.19 ä are typical for FeII


ions in the LS and HS states, respectively. The Fe�N bond
lengthens by 0.20(1) ä during the ST and coincides with the
values found for other FeII linear chain compounds with 4-R-
1,2,4-triazole compounds as ligands. It is found, for instance,
as �0.18 ä for 3[17] or as 0.23 ä for [Fe(NH2trz)3](NO3)2


(NH2trz� 4-amino-1,2,4-triazole).[20] The HS molar fraction
deduced from EXAFS fitting of compounds 1 and 3 around
their ST are plotted in Figure 7 a and b, respectively. These
results qualitatively confirm the HS molar fractions obtained
by Mˆssbauer spectroscopy for 1 (Table 1) and for 3.[10]


However, it seems that EXAFS underestimates the HS
fraction in the LS region for compound 1. As measured by
Mˆssbauer spectroscopy at 150 K, �HS is equal to 0.9 and 0.25
in the cooling and in the heating modes, respectively, and the
corresponding EXAFS values are �1.0 and �0.3. It is clear
that EXAFS is not the most accurate way to measure the HS/
LS ratio, but it does, however, enable one to characterize the
vibrational movements around the FeII central ions directly by
the cooperative dependence of the Debye ± Waller factor, and
for a polycrystalline sample it represents the only way to
characterize the structural alignment of these FeII ions by
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Figure 7. Temperature dependence of the HS molar fraction, deduced
from EXAFS spectroscopy: a) for compound 1, and b) for compound 3.
The dotted lines are guides for the eyes.


examination of the 7 ä multiple scattering FT peak. A
quantitative study of the temperature dependence of the
Debye ± Waller factors is presented in Figure 8 a and b for
compounds 1 and 3, respectively. These results confirm those


Figure 8. Debye ± Waller factor vs temperature: a) for compound 1, and
b) for compound (3). The dotted line is a guide for the eyes.


already published elsewhere.[23] For 1, there is no measurable
variation of the Fe�N Debye ± Waller factor through the
transition. This is a new and unexpected result in comparison
to the case of 3, in which we confirm the already observed
important Debye ± Waller variation. One may notice that in
the LS state the amplitude of the FeN6 peak of 1 is low
compared to the corresponding signal in compound 3. This is
confirmed quantitatively by the Debye ± Waller factor values
in Table 2: for compound 1 in the LS state �FeN6


� 0.058 ä, and
for compound 3 �FeN6


� 0.061 ä. The amplitude of the 7 ä
multiple scattering peak qualitatively follows the same
behavior: as already mentioned for 1, this peak remains in
both spin states when the temperature is sufficiently low. At
room temperature it has been shown that the 7 ä peak
disappears, while it is still intense for 3.


X-ray crystal structure of [Cu(hyptrz)3](4-chloro-3-nitro-
phenylsulfonate)2 ¥H2O : An X-ray crystallographic structure
determination of [CuII(hyptrz)3](4-chloro-3-nitrophenylsulfo-
nate)2 ¥H2O (4) was carried out at 293 K (Figure 9).[26] Each
copper atom is coordinated to six hyptrz ligands, half of them
originating from the other triazole moieties by centrosymme-
try. Each ligand (x) is in this way linked to Cu(1) through the
nitrogen atoms N(x1) and to Cu(2) through N(x2), and are
thus bidentate. These bonds are repeated three times in the a
direction of the unit cell, thus forming a chain in which each


Table 2. Fitting of the first Fe coordination sphere of the EXAFS data for 1
at different temperatures. The R value was determined in the LS state at
40 K and in the HS state at 320 K. These values were fixed in order to
improve the accuracy for the fitting of N and �.


T [K] Spin state N[a] � [ä][b] R [ä][c] �E0 [eV][b] � [%]


40 � LS 5.7(3) 0.0059(6) 1.99(2) � 3.0(1.0) 2.0
HS 0.3 0.059 2.19 � 3.0


70 � LS 5.5(3) 0.0058(6) 1.99 � 2.8(1.0) 1.4
HS 0.5 0.0058 2.19 � 2.8


90 � LS 5.4(5) 0.0059(9) 1.99 � 1.6(1.0) 1.8
HS 0.6 0.0059 2.19 � 1.6


100 � LS 5.2(4) 0.006(1) 1.99 � 2.1(1.0) 3.5
HS 0.8 0.006 2.19 � 2.1


110 � LS 5.1(5) 0.0059(9) 1.99 � 3.4(1.1) 1.7
HS 0.9 0.0059 2.19 � 3.4


130 � LS 4.7(5) 0.0059(11) 1.99 � 1.9(1.2) 2.5
HS 1.3 0.0059 2.19 � 1.9


150 � LS 4.3(5) 0.0058(10) 1.99 � 2.3(1.4) 3.9
HS 1.7 0.0058 2.19 � 2.3


168 � LS 0.6(5) 0.0058(9) 1.99 � 0.7(1.2) 9.0
HS 5.4 0.0058 2.19 � 1.6


175 � LS 0.0(5) 0.0061(7) 1.99 � 3.1(1.0) 8.9
HS 6.0 0.0061 2.19 � 3.1


280 � LS 0.0(5) 0.0068(7) 1.99 � 1.4(1.0) 9.4
HS 6.0 0.0068 2.19(2) � 1.4


150 � LS 0.0(5) 0.0061(7) 1.99 � 0.26(49) 9.7
HS 6.0 0.0061 2.19 � 0.26


130 � LS 0.85(49) 0.0056(11) 1.99 � 0.5(1.3) 9.0
HS 5.15 0.0056 2.19 � 0.5


120 � LS 2.2(4) 0.0063(12) 1.99 � 4.3(1.7) 9.9
HS 3.8 0.0063 2.19 � 4.3


[a] NLS � NHS � 6. [b] Same value in both states. [c] Values of R fixed to
those fitted at 40 K (LS) and 280 K (HS).
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Figure 9. View of the crystal structure of 4 : on the (ab) plane (top, a), and
the (bc) plane (bottom, b).


polymeric unit has half a cell parameter length in this
direction: that is, 3.962 ä. The medium planes of the triazole
groups of a given unit are superimposed by successive
rotations of 117, 109, and 134� around the a direction. Two
of the hydroxypropyl substituents adopt a bent conformation
as indicated by the torsional angles N(14)-C(16)-C(17)-C(18)
51.8(4)� and N(34)-C(36)-C(37)-C(38) 57.4(5)�, whereas the
third substituent has an elongated conformation with N(24)-
C(26)-C(27)-C(28) �173.6(3)�.


The two copper atoms have octahedral surroundings but
the coordination octahedra are quite different. We consider
here three different types of Cu�N bonds in terms of their
length: short (2.0� 0.1 ä), medium (2.2� 0.1 ä), and long
(2.4� 0.1 ä). The Cu(1) octahedron has four short bond
lengths Cu(1)�N(11) and Cu(1)�N(21) and two long bond
lengths Cu(1)�N(31) and is thus elongated along the vertices
N(31) and N(31)1. The Cu(2) octahedron has four medium
bond lengths Cu(2)�N(12) and Cu(2)�N(22) and two short
bond lengths Cu(2)�N(32) and is thus compressed along the


vertices N(32) and N(32)2. The angle between the N(31)-
N(31)1 and N(32)-N(32)2 axes of these two octahedra is equal
to 70.7�.


The cations and the anions form successive layers stacking
along the b direction of the unit cell (Figure 9 b). The
neighboring columns are thus closer along the [001] row
(12.69 ä) than along the [011] row (19.42 ä) and interchain
contacts only exist along the first direction. Most important is
the hydrogen bond between the H2O(4) water molecule and
the hydroxyl groups O(39) (2.769(5) ä) and O(29)
(2.670(5) ä). We can also note anion ± cation interactions
between terminal hydroxyl groups and sulfonate anions: for
instance, O(19)�O(811) (2.737(4) ä) and O(39)�O(813)
(2.666(5) ä).


Discussion and Conclusion


Compound 1 represents a novel ST material showing a very
wide and fully reproducible hysteresis loop (48 K), centered
around 145 K. This compound shows the widest hysteresis
loop ever reported for an FeII-1,2,4-triazole chain compound.
This hysteresis is an intrinsic property of the system and is not
accompanied by any solvent removal. The transition is,
however, not complete, �16 % of the FeII ions remain in the
HS state at low temperature. This behavior could be
attributable to the presence of HS FeII external ions of the
chains, whatever the temperature, as a consequence of their
coordination to water molecules.[31] The presence of defects in
the material, introduced–for instance–by chains of different
lengths, could also be put forward to explain this behavior.


The hysteresis loop may have several origins such as, for
instance, a local structural change around the FeII ion or a
crystallographic phase transition, which could be favored by a
twist of the chains, on going from LS to HS. These aspects
motivated us to perform structural studies on this type of
materials. In the absence of suitable single crystals for X-ray
diffraction, the very first EXAFS results on FeII-1,2,4-triazole
chain compounds were reported in 1994,[20] focusing only on
the structural changes of the first coordination sphere FeN6


due to the spin transition. EXAFS characterization of the
structure beyond the immediate neighbors was published a
year later.[17] The main result in this paper was the detection of
an EXAFS signal at an exceptionally long distance (around
7 ä), which was positively analyzed as the signature of the
double Fe�Fe distance, only visible if the FeII chain is
aligned.[21, 23, 32] For all compounds of this series, this signal
was always observed in the LS state but was doubtful in the
HS state. For compounds with ST above room temperature,
such as [Fe(Htrz)2trz](BF4) (3), the Fe ± Fe ± Fe alignment
EXAFS signature was difficult to derive because of the high
noise level, if present in the HS state. This is why a
misalignment in the HS state was put forward to account for
this behavior. An alternate zigzag structure of the chain was
also proposed,[17] and strongly supported later by WAXS
studies.[24] This change in the chain conformation was
presumed to be responsible for the huge hysteresis observed,
by assuming a structural reorganization upon the spin
transition. Up to now, however, the structural character of
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the chains in the HS state (linear or bent) is still a matter of
debate, as a linear twisted configuration could also account for
the huge hysteresis observed. Here we discuss the Fe ± Fe ± Fe
alignment by focusing on a compound existing in the HS state
down to 140 K (1) and compare our EXAFS results to those
obtained for compound 3.[17] Our current results show that the
Fe ± Fe ± Fe alignment in compound 1 is preserved across the
spin transition. In the case of compound 3, powder diffraction
spectra recently recorded in the LS and HS states by use of
synchrotron radiation facilities proved to be similar, indicat-
ing no crystallographic phase transition.[33]


The temperature dependence of the Debye ± Waller factor
deduced by EXAFS spectroscopy of a ST compound was
studied for the mononuclear compound [Fe(bpp)2](BF4)2


(bpp� 2,6-bis(pyrazol-3-yl)pyridine)[34] undergoing a discon-
tinuous transition around 180 K.[35] The observed jump of the
Debye ± Waller factor at the ST temperature was, however,
neither commented on nor physically explained by the
authors. For compound 1, we observe no significant variation
in the FeN6 Debye ± Waller coefficient, whereas for com-
pound 3, ��2 � 3.6 10�3 ä2. EXAFS Debye ± Waller coeffi-
cients are related to a combination of structural disorder (site
distortion) and thermal vibrations. Both phenomena contrib-
ute to the width of the radial distribution function. In
compound 3, we observe an important increase in this
parameter across the ST, consistent with the transition
between an FeII d6 LS non-degenerate octahedral 1A1g


electronic state to an FeII d6 HS degenerate 5T2g state. Large
Jahn ± Teller distortions are usually observed for Eg degen-
erated states, such as in d9 complexes. These d6 HS systems,
however, can also undergo small distortions. Both structure
and vibrational states can be affected, but the geometrical
distortion of the FeII HS octahedral site was found to be
smaller than the EXAFS resolution (�r� 0.1 ä). For this
reason, the observed EXAFS Debye ± Waller factor increase
through the ST can be assigned either to static or to dynamic
distortion without any possibility of discriminating between
the two distortions.


In contrast, the Debye ± Waller factor of compound 1 seems
to be unaffected by the spin transition. This unexpected
behavior should be related to the vibrational entropy changes
of these two compounds: �Svib � 66 Jmol�1 K�1 for compound
3[10] and �Svib � 29 J mol�1 K�1 for compound 1. Calorimetric
measurements and EXAFS Debye ± Waller coefficients lead
to the same conclusion: at the same temperature, the LS
compound 1 is less rigid than compound 3. This rigidity
develops smoothly versus T for compound 1, without any
apparent jump in the ST, whereas compound 3 undergoes a
pronounced increase in its rigidity during the transition.
Finally, it appears that the exceptional hysteresis width
observed for compound 1 is related neither to a pronounced
local change in the thermal vibrations, nor to a change in the
alignment of the FeII ions. We believe that this hysteresis is the
result of strong cooperative effects due to a link between the
FeII chains. In an attempt to check this hypothesis, we were
able to grow single crystals of the relative CuII compound,
[Cu(hyptrz)3](4-chloro-3-nitrophenylsulfonate)2 ¥H2O (4) and
to solve its crystal structure. This material shows a powder
diffraction pattern very similar to that of 1 and is assumed to


be isostructural, as observed in other studies of related
molecularly based 1,2,4-triazole materials.[36] The molecular
organization of this compound, however, differs from that
observed for [Cu(hyetrz)3](ClO4)2 ¥ 3 H2O (hyetrz� 4-2�-hy-
droxyethyl-1,2,4-triazole),[19] in which the linear chains were
found to be ™isolated∫ from each other. Here, there exist
direct links between the linear chains through hydrogen
bonds. In addition, the anion and the water molecules are
involved in an extensive hydrogen-bonding network, and
stacking interactions are also found. This molecular organ-
ization could well be the source of the huge cooperative
effects developed by compound 1.


In terms of potential practical applications, this material
could be proposed as a memory effect pressure sensor. This
hysteresis loop with a wide range of bistability, however, is
situated too far below room temperature to be directly usable
at ambient temperature and pressure. The application of
external pressure should get round this difficulty, as it is now
established that pressure can stabilize the LS state and shift
the hysteresis loops of such FeII 1,2,4-triazole chain com-
pounds without significant modification.[15, 16] It has, for
instance, been observed that the ST curves of [Fe-
(hyptrz)3](4-chlorophenylsulfonate)2 ¥H2O could be shifted
from 174 to 325 K by pressure, without significantly altering
the shape and the width of the hysteresis loop.[16] Astonish-
ingly, the magnetic properties of 1 could not be recovered in
our pressure cell at 1 bar. This observation could be due to the
fact that iron(��)-1,2,4-triazole chain compounds are known to
be porous and can therefore easily incorporate solvent of
different shape and volume.[15] This points to a dramatic
influence of the silicon oil used as the pressure-transmitting
medium on the magnetic properties of such sensitive molec-
ular compounds, a result that has also been observed in other
possible porous ST molecular materials.[37] It is also worth-
while mentioning that, if 1 is prepared in DMF, a violet LS
compound is obtained.


The non-coordinated water molecules assumed to be
located between the chains play a key role for compound 1.
Removal of these solvent molecules by complete dehydration
gives rise to a new compound (2), which does not show a ST
any more. This behavior has already been observed for
another polymeric ST compound: [Fe(4,4�-bis-1,2,4-triazo-
le)2(NCS)2] ¥H2O, which presents a very abrupt ST around
134 K with a thermal hysteresis of 25 K, whereas its dehy-
drated form is HS over the whole temperature range.[38] In this
material, non-coordinated water molecules stand between
two-dimensional layers, linked by hydrogen-bonding interac-
tions to the peripheral nitrogen atoms of the triazole ligands.
This behavior is actually not typical for polymeric ST
compounds, as the linear chain [Fe(hyetrz)3](ClO4)2 ¥ nH2O
(n� 0, 2) retains a discontinuous ST whatever the solvent
molecule content.[14]


Experimental Section


Syntheses : The hyptrz ligand was prepared as previously described.[16] The
[M(H2O)6](4-chloro-3-nitrophenylsulfonate)2 (M�FeII, CuII) salts were
obtained by treatment of aqueous solutions of 4-chloro-3-nitrophenylsul-
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fonic acid and FeCl2 ¥ 4H2O or CuCl2 ¥ 2 H2O according to the procedure
given in ref. [15]. Compound 1 was synthesized under nitrogen atmosphere
as follows: [Fe(H2O)6](4-chloro-3-nitrophenylsulfonate)2 (0.75 g,
1.2 mmol) in methanol (35 mL), together with a few mg of ascorbic acid
was heated at 65 �C and added to hyptrz (0.45 g, 3.5 mmol) in methanol
(5 mL). The mixture was stirred overnight at room temperature, during
which a white precipitate was formed. It was filtered, washed with
methanol, and dried in air. IR (KBr): �	a(SO3


�)� 1287 cm�1; elemental
analysis calcd (%)for C24H33N11O16S2Cl2Fe (1): C 34.26, H 3.94, N 16.28, S
6.77, Cl 7.49, Fe 5.90; found C 34.33, H 3.81, N 16.29, S 6.25, Fe 6.11. The
number of water molecules of the compound was confirmed by thermog-
ravimetric analysis. [Fe(Htrz)2trz](BF4)2 (3) was synthesized as described in
ref. [10] working in an EtOH/H2O medium.


Compound 4 was synthesized as follows: hyptrz (0.13 g, 1.02 mmol) in
water (5 mL) was added to a green methanolic solution (5 mL) containing
[Cu(H2O)6](4-chloro-3-nitrophenylsulfonate)2 (0.21g, 0.32 mmol). Crystals
slowly formed inside the resulting blue solution at room temperature. IR
(KBr): �	a(SO3


�)� 1287 cm�1.


Physical measurements : Infrared spectra were recorded on a Perkin ±
Elmer Paragon 1000 FT-IR spectrophotometer. The ST was detected
optically by the reflectivity of the material at 520 nm, by use of a setup
described elsewhere.[39] Thermogravimetric measurements were carried out
with a SETARAM apparatus in the 293 ± 400 K temperature range under
ambient atmosphere. The differential scanning calorimetry experiments
were performed under He(g) atmosphere with a Perkin ± Elmer DSC-7
instrument working down to 100 K. The rates of heating and cooling were
fixed at 2 Kmin�1. Details of the experimental procedure are described
elsewhere.[40] The magnetic susceptibility measurements were performed
with a DSM-8 susceptometer, a MPMS-5S SQUID magnetometer, and a
PAR 151 Foner-type magnetometer, working in the 4.2 ± 300 K temper-
ature range. The hydrostatic high-pressure cell with silicon oil as the
pressure-transmitting medium has been described elsewhere,[41] with the
hydrostaticity having been established in our earlier studies.[15, 16] The
pressure was measured with the aid of the known pressure dependence of a
superconducting transition of an internal tin manometer. Magnetic data
were corrected for magnetization of the sample holder and for diamagnetic
contributions, which were estimated from the Pascal constants. X-ray
powder patterns were recorded at room temperature on a PHILIPS
PW 1710 counter diffractometer with CuK� radiation. 57Fe Mˆssbauer
measurements were performed on a constant acceleration-type spectrom-
eter with a room-temperature 57Co source (Rh matrix) in transmission
geometry and a helium cryostat. All isomer shifts refer to natural Fe at
room temperature. The spectra were fitted to Lorentzians with the program
MOSFUN,[42] by assuming equal Debye ± Waller factors of the HS and LS
states at a given temperature. The EXAFS spectra were recorded at
LURE, the French synchrotron radiation facility, on the DCI storage ring
(1.85 GeV, 300 mA), on the D42 spectrometer, with a Si111 channel-cut
monochromator. The detectors were low-pressure (�0.2 atm) air-filled
ionization chambers. Each spectrum is the sum of three recordings in the
7080 ± 8080 eV range (energy steps� 2 eV), including the iron K edge
(�7115 eV). The spectra were recorded at several temperatures by use of a
liquid helium cryostat for 1 and an oven for 3, equipped with a TBT
temperature controller. The samples were prepared as homogeneous
pellets embedded between two films of Kapton, a polymer transparent to
X-rays. The mass (�50 mg) was calculated in order to obtain an absorption
jump at the edge �
x� 1.0, with a total absorption above the edge less than

x� 3. EXAFS data analysis was performed with the programs ™EXAFS
pour le Mac∫ and EXAFS98.[43] This standard EXAFS analysis[44] includes
linear pre-edge background removal, a smoothing spline atomic absorption
energy-dependent procedure, Lengeler ± Eisenberger EXAFS spectra
normalization,[45] and reduction from the absorption data 
(E) to the
EXAFS spectrum �(k) with


k�
����������������������������
2m�


	�h
2 	E� E0

�


(1)


where E0 is the energy threshold, taken at the absorption maximum
(7120� 1 eV). Radial distribution functions F(R) were calculated by
Fourier transforms of k 3w(k)�(k) in the 2 ± 14 ä�1 range; w(k) is a
Kaiser ± Bessel apodization window with a smoothness coefficient �� 3.
After Fourier filtering, the first single-shell Fe-6N was fitted, in the


3 ± 14ä�1 range (resolution �/2�k� 0.14 ä) to the standard EXAFS
formula, without multiple scattering:


k�(k)�� S2
0


�
i�1�5


�
Ni
Ri


2


� (F
,k) �e�2�2k 2e�
2Ri
�	k
 sin(2kRi� 2�1(k)��(k))


�
(2)


where S2
0 is the inelastic reduction factor,N is the number of nitrogen atoms


at the distance R from the iron center, � is the mean free path of the
photoelectron, � is the Debye ± Waller coefficient, characteristic of the
width of the Fe�N distance distribution, �1(k) is the central atom phase
shift, and � (F
,k) � and �(k) the amplitude and phase of the nitrogen back-
scattering factor. Spherical-wave theoretical amplitudes and phase shifts
calculated by the code FEFF were used.[46] Since theoretical phase shifts
were used, it was necessary to fit the energy thresholdE0 by adding an extra
fitting parameter, �E0, and to introduce two Fe�N distances characteristic
of the LS and HS states for 1. This is why the EXAFS spectra are
represented by a sum of two terms, reflecting the mixing of both LS and HS
states, even at 4.2 K. The goodness of fit was given by:


�(%)�
� �k�exp	k
 � k�th	k

2


�k�exp	k

2
(3)


and the fitting uncertainties were estimated in the standard manner, with
the statistical ��2.[44c] The experimental error bars were estimated by a
classical statistical method.[47]
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Bond Angle Versus Torsional Deformation in an Overcrowded Alkene:
9-(2,2,2-Triphenylethylidene)fluorene


Thomas W. Bell,*[a] Vincent J. Catalano,[a] Michael G. B. Drew,[b] and Daniel J. Phillips[a]


Abstract: Competition between bond
angle and torsional strain in sterically
crowded alkenes generally causes twist-
ing in tetrasubstituted alkenes, while
most structurally characterized trisubsti-
tuted alkenes are planar. To investigate
structural effects of steric repulsion
between a planar aromatic ring and a
vicinal triphenylmethyl (trityl) group,
9-(2,2,2-triphenylethylidene)fluorene
(1a) was synthesized by reaction of
9-bromomethylenefluorene with triphen-
ylmethyllithium. For comparison with
a less strained analogue, 9-ethylidene-
fluorene (1b) was prepared by reaction
of fluorenone with ethylmagnesium bro-


mide. The X-ray crystal structures show
that the difference between bond angles
at the 9-fluorenyl carbon atom is much
larger for 1a (12.9�) than 1b (2.6�).
Bond angle and torsional deformations
were compared theoretically (HF/6-
31�G*) with the tert-butyl analogue
(1c), 1,2,2-tri-tert-butylethene (7), and
2,4,4-trimethyl-2-pentene (8) and crys-
tallographically with six known 1,1-di-
aryl-2-tert-alkylethenes (2). The trisub-


stituted alkenes formed three groups
with 1) large angle distortion with mod-
erate twisting (1a, 1b, and 7), 2) moder-
ate bending with a large range of tor-
sional angles (2), and 3) little bending or
twisting (1b and 8). For the entire series,
there appears to be a delicate balance
between angle and torsional deforma-
tion, but twisting appears to produce
smaller relief from steric strain than
angle bending. In the crystallographical-
ly characterized trisubstituted alkenes,
the choice between the two is mainly
determined by more subtle packing
forces.


Keywords: alkenes ¥ overcrowding
¥ steric hindrance ¥ strained
molecules ¥ structure elucidation


Introduction


Since the concept of bond-angle strain in organic compounds
was introduced by Baeyer in 1895,[1] chemists have been
fascinated by the various types of distortion produced by
strain in molecules. Interest in strained alkenes has largely
centered on probing the ability of a C�C � bond to tolerate
torsional strain produced by twisting the ends of a normally
planar C�C bond.[2] Angle bending competes with double
bond twisting for distribution of strain produced by steric
repulsion between bulky substituents in overcrowded al-
kenes.[2, 3] Tetrasubstituted alkenes mainly show torsional
distortion because of steric repulsion between vicinal alkyl
groups,[4] while most structurally characterized trisubstituted
alkenes are planar.[7] We have found that the 9-alkylidene-
fluorenes (1) and related 1,1-diphenylalkene structures (2)[8]


dramatically show a delicate balance between bond angle and
torsional deformation (Scheme 1).


Scheme 1. Structures of overcrowded trisubstituted alkenes 1a, 1c and
2a ± f and an unstrained model compound (1b).[8, 9]


Results and Discussion


Synthetic target 9-(2,2,2-triphenylethylidene)fluorene (1a)
was expected to be stable because steric repulsion between
the bulky trityl group and the fluorene unit should be lessened
by insertion of the syn benzene ring between two of the trityl
phenyls. The initial approach involving reaction of 9-lithio-
fluorene[10] with triphenylacetaldehyde[11] failed, apparently
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because the adduct 4 suffered fragmentation, as shown in
Scheme 2. Triphenylmethane and 9-formylfluorene (5)[12]


were detected as major products after the reaction mixture
was quenched with water. Attempted reaction of triphenyl-
acetaldehyde with 9-fluorenylidene triphenylphosphorane[13]


Scheme 2. Unsuccessful approach and successful synthesis of 9-(2,2,2-
triphenylethylidene)fluorene (1a).


also failed to yield target 1a. The successful approach
involved reaction of 9-bromomethylenefluorene (6) with
carbon nucleophiles;[14] this reaction apparently proceeds by
an addition ± elimination mechanism. Reaction of 6 with
triphenylmethyllithium gave overcrowded alkene 1a in 24%
yield after exhaustive purification (Scheme 2). Less strained
analogue 1b[9] was prepared by reaction of fluorenone with
ethylmagnesium bromide, followed by dehydration of the
intermediate alcohol.[9b] Various attempts by different meth-
ods failed to give pure 9-(2,2-
dimethylpropylidene)fluorene
(1c), which is expected to be
the most overcrowded alkene in
this series.


The structures of 9-(2,2,2-tri-
phenylethylidene)fluorene (1a)
and 9-ethylidenefluorene (1b)
were determined by single-crys-
tal X-ray diffraction. In both
structures, there are two mole-
cules in the asymmetric unit,
but in each case their confor-
mations are very similar. One
of the two molecules is shown
for 1a and 1b in Figures 1 and
2, respectively. Double-bond
lengths, bond angles, and tor-
sional angles for these and oth-
er trisubstituted alkenes are
given in Table 1. Of particular
significance is the difference
between the C1-C13-C14 (�2)
and C12-C13-C14 (�3) angles,
which is on average 2.6� for 1b
(R�Me) and 12.9� for 1a
(R�CPh3). This difference is
caused by the much larger steric
repulsion between the R group


and the fluorene fragment compared to that of H14 with the
fluorene fragment. This repulsion also enlarges the C13-C14-
C15 angle (�1) in 1a to a mean value of 134.1�, compared to a
mean value of 127.1� in 1b.


We were unable to prepare crystals of 1c (R� tert-butyl),
but geometry optimization with the Gaussian 98 program[15] at
the HF/6-31�G* level showed that this structure (Figure 3)
exhibits similar distortions to those observed in 1a (Table 1).
The dimensions obtained for 1a and 1b with this basis set are
similar to those obtained from the two crystal structures,
which suggests not only that this basis set is adequate for the
calculations and that the quality of the structure determina-
tions is acceptable, though not as high as we would hope due
to the poor quality of the crystals, but also that packing effects
in the two structures are small.


Further calculations were carried out with Gaussian 98
(HF/6-31�G*) to investigate changes in energy and in
dimensions observed when the C1-C13-C14-C15 torsion angle
(�1) is varied. Accordingly, the step scan method was used, and
�1 was varied from �20 to 50� in steps of 5�. For all three
structures the differences between �2 and �3 were essentially
maintained and only small decreases in the angles subtended
at C13 and C14 are observed, as the two carbon atoms became
more pyramidal as �1 increased. Variations in energy versus �1
are plotted in Figure 4 and show that the size of the increases
are in the order 1b� 1c� 1a. Note that the energy curve for
1a is asymmetric around zero and has a minimum for �1
around 3.2�. This is not unexpected because the three phenyl
rings, in a propeller conformation, are asymmetrically dis-
tributed with reference to the fluorene ring. However, the


Figure 1. The structure of 1a with ellipsoids at 30% probability. There are two molecules in the asymmetric unit
with similar conformation.
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energy curves for both 1b and 1c show energy minima at 0�
and are symmetric around 0�.


We interpret the order of energies as being due to the
relative importance of the double bond conjugation with the
fluorene versus steric repulsions. Thus, for 1b these repulsions
are less important than conjugation and, therefore, changes in
the torsion angle provide a larger contribution to the total
energy than for 1c and particularly 1a, which has the greatest
repulsion energy. It is interesting to note that the overall shape
of the triphenylmethyl moiety in 1a changes little, as
measured by the torsion angles around C15�C16, C15�C22,
and C15�C28, as the torsion angle around the double bond


C13�C14 is varied. Clearly the
overall shape of the CPh3 unit is
governed by the interactions
between the phenyl rings in
the propeller shape. The pro-
peller shape in crystalline 1a is
described by the torsion angles
C14-C15-C16-C17, C14-C15-
C22-C23, and C14-C15-C28-
C29 which are 45.1, 23.6, 60.7
and 40.1, 59.3 and 78.1�, respec-
tively, in the two molecules of
the asymmetric unit. Molecular
mechanics calculations on mol-
ecules such as HCPh3 and
CH3CPh3 show broad minima
with three similar torsion an-
gles comparable with the pro-
peller conformation in 1a.


We next searched the Cam-
bridge Crystallographic Data-
base[16] for related trisubstituted
ethenes for which good quality
structural data was available.
There are six examples of mol-
ecules (2) in which C13 is
bonded to two unconnected
phenyl rings, while C14 is bond-
ed to a hydrogen atom and a
tertiary alkyl group. The R
values for these structures are
all less than 6%, except for 2b
(8.8%). The C�C bond lengths,
bond angles, and torsion angles
for these six molecules are list-
ed in Table 1. The angles at C13
(�2 and �3) and at C14 (�1) and
the torsion angles are depen-
dent to some extent on the
nature of the tertiary alkyl
group, but it is noticeable that
the difference between �2 and
�3 is far less than in 1a, ranging
from 0.9 to 9.8� with a mean of
4.5�. This is apparently because
steric strain can be alleviated by
twisting of the unconnected


phenyl rings. On the other hand, the �1 angle is similar to
that observed in 1a, ranging from 128.8 to 134.5�, with a mean
of 131.5�. Torsional angle �1 varies from 0.4 to 13.4� with a
mean of 6.7�, which is somewhat in excess of values in 1a and
1c.


Two other molecules of interest were 1,1,2-tri-tert-butyl-
ethene (7) and 2,4,4-trimethyl-2-pentene (8). When 7 was
studied by molecular mechanics previously,[3c] the optimized
structure contained torsion angles around the double bond of
16.2 and �162.2�, while we obtained 2.6 and �174.3�,
respectively, with HF/6-31�G* (all dimensions shown in
Table 1). This comparison shows that steric effects were


Figure 2. The structure of 1b with ellipsoids at 20% probability. There are two molecules in the asymmetric unit
with similar conformation.


Table 1. Crystallographically determined (X) and theoretical (T) C�C bond lengths [ä] and bond/torsional
angles [�] in trisubstituted alkenes.


Alkene Method dC�C[a] �1
[b] �2


[b] �3
[b] �1


[c] �2
[c]


1a (mol 1) X 1.348(3) 134.7(3) 134.5(3) 120.8(3) 3.3(6) � 176.1(3)
1a (mol 2) X 1.342(3) 133.5(3) 134.3(3) 121.1(3) 5.2(5) � 171.5(3)
1b (mol 1) X 1.356(6) 128.6(5) 128.6(5) 126.1(4) 0.2(8) � 175.5(4)
1b (mol 2) X 1.347(6) 125.6(5) 128.5(5) 125.8(4) 0.7(7) � 175.7(4)
1a T 1.331 134.8 134.6 121.0 3.2 � 176.4
1b T 1.330 127.7 130.1 124.9 0.0 � 180.0
1c T 1.329 133.5 134.5 121.3 1.3 � 174.7
7[d] T 1.342 142.2 124.8 115.4 2.6 � 174.3
8[e] T 1.342 127.6 126.4 120.6 0.0 � 180.0
2a(SECWUS) X 1.337 131.0 124.2 119.6 13.4 � 167.7
2b(SECXAZ) X 1.336 134.5 122.7 121.8 5.8 � 175.4
2c(SEDBIM) X 1.342 133.1 123.5 119.9 10.0 � 174.0
2d(SECXIH) X 1.331 132.7 123.9 120.7 5.6 � 177.4
2e(NAJDUX-1)[f] X 1.343 131.9 123.8 119.9 2.6 � 178.7
2e(NAJDUX-2)[f] X 1.346 129.6 124.3 121.1 11.3 � 168.3
2f(SECXON-1)[f] X 1.343 131.7 127.1 117.3 1.5 � 179.0
2f(SECXON-2)[f] X 1.354 130.9 126.4 119.1 0.4 � 179.5


[a] C�C bond length corresponding to C13�C14 in 1. [b] Bond angles defined as shown in Scheme 1. [c] Torsional
angles corresponding to C1-C13-C14-C15 for �1 and C12-C13-C14-C15 for �2 . [d] 2,2,5,5-Tetramethyl-2-(1,1-
dimethylethyl)-3-hexene (or tri-tert-butylethene). [e] 2,4,4-Trimethyl-2-pentene. [f] Data given for two different
1,1-diarylalkene fragments.
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Figure 3. The structure of 1c as established by ab initio methods.[15]


Figure 4. Plot of energy against torsion angle � for the substituted
fluorenes 1a ± c.


seriously overestimated in the force field used in the previous
calculation. Geometry optimization of compound 8 gave rise
to a planar molecule with Cs symmetry.


In order to compare the various distortions of these
trisubstituted ethenes, and consider the correlation between
angle bending and torsion twist, we have created an angle
function �, which is defined as �1� 127.1�� 0.5(�2��3). This
gives a measure of the angle distortion at C13, as 0.5(�2��3)
is the average angle deviation from �2��3, and �1� 127.1� is
the distortion in the angle at C14 from the norm. The value of
127.1� was selected to be included in the function, as this is the
average angle observed in 1b, which has the smallest �1 angle
of the molecules under consideration. The angle function � is
plotted in Figure 5 against average torsion angle �, defined as
the average of �1 and (�2� 180�), for all of the crystal and
ground-state theoretical structures.


Figure 5 shows that the molecules can be divided into three
distinct classes, dependent upon the value of the angle
function � and to a lesser extent the average torsion angle
�. The first group contains the fluorene molecules with R�
CPh3 (1a) and R� tert-butyl (1c), and 1,1,2-tri-tert-butyl-
ethene (7), which have large values of � but smaller values of �.
These overcrowded alkenes have the highest steric strain of all
the molecules, and it is noteworthy that this strain is relieved


Figure 5. Plot of angle function (�) against average torsion angle (�) for all
trisubstituted alkenes considered. Line for �� 8.60� 0.22� is the least-
squares fit for the series 2a ± f ; calculated structures indicated by the
notation T.


mainly by distortions in bond angles rather than torsion
angles.[17] The approximate 3� variation in torsion angle for
the two molecules of 1a is offset by a small change in �. This
packing effect is consistent with the relatively flat energy
surface seen for 1a in Figure 4 in the range of �� 0 ± 8�.


The second group includes the six crystal structures 2 with
two unconnected phenyl rings bonded to C13; these have
moderate values of �, but a range of values of �. For these
molecules (and for 1a) there is a negative correlation between
� and �, indicating that an increase in � results in a decrease in
�, and vice versa. There are eight data points for these alkenes
because 2e and 2 f each contain two 1,1-diarylethene frag-
ments. The equation for the regression line for the eight points
in series 2 is �� 8.60� 0.22� as shown in Figure 5. This
suggests that deformation of bond angles causes a four to
fivefold greater increase in energy than twisting in this series.
The third group contains fluorene 1b and 2,4,4-trimethyl-2-
pentene (8), which have low values of both � and �. In both
compounds the two parameters are small because there is
little steric repulsion at either end of the C�C bond. Crystal
packing causes a 3� variation in � for the two molecules of 1b
with negligible change in �, but small deviation around �� 0
costs little energy.


We also calculated the values of the angle function � for the
theoretical structures 1a ± c with a 40� range of fixed torsion
angles (���20 to�20�). There is less than a 1� variation in �.
It is apparent that twisting causes very little relief of angle
strain.


Conclusion


The view that emerges from these studies is that steric forces
between bulky substituents in trisubstituted alkenes 1a and
2a ± f strike a delicate balance between bond angle and
torsional deformation. As shown in Figure 4 for 1a and in
Figure 5 for the entire series, twisting appears to produce
smaller relief from steric strain than angle bending. These
molecules are caught in a tug-of-war between two types of
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angle deformation (twisting and bending), and the choice
between the two is in large part determined by more subtle
packing forces. This unique set of overcrowded alkenes
deepens our insight into the specific forces that determine
the structures of the hydrocarbon frameworks of organic
molecules. Moreover, the ™steric gearing∫ observed between
aromatic rings in 1a makes this molecule of interest as a
conformationally restricted scaffold in supramolecular chem-
istry.[18]


Experimental Section


Synthesis of 1a : A solution of triphenylmethane (1.80 g, 7.4 mmol) in
anhydrous THF (60 mL) was cooled to �78 �C under N2 and a solution of
n-butyllithium in hexane (1�, 6.0 mL) was added dropwise, producing an
orange solution. The solution was stirred at 0 �C for 40 min, then the
resulting blood-red solution of the trityl anion was recooled to �78 �C and
9-bromomethylenefluorene (6)[14b] (1.32 g, 4.7 mmol) was added. The
reaction mixture was slowly warmed to room temperature over 1.5 hours,
then the resulting orange solution was stirred overnight. Water (15 mL) was
added, and the resulting mixture was extracted with diethyl ether (3�
25 mL). The combined diethyl ether solutions were dried over anhydrous
Na2SO4, then concentrated to dryness by rotary evaporation. The residue
was dried under vacuum, giving 3.08 g of an orange solid. Column
chromatography on silica gel, eluting with hexane, followed by recrystal-
lization from 1-butanol, gave 0.48 g (24%) of 1a as a white solid. M.p. 290 ±
291 �C; 1H NMR (300 MHz, CDCl3, 25 �C, TMS): �� 7.79 (s, 1H; C�CH),
7.74 (d, 3J(H,H)� 7 Hz, 1H; H11),7.69 (d, 3J(H,H)� 7 Hz, 1H; H8), 7.62 (d,
3J(H,H)� 7 Hz, 1H; H5), 7.1 ± -7.4 (brm, Ph, 18H; H4, H9, H10), 6.66 (t,
3J(H,H)� 8 Hz, 1 H; H3), 6.4 (d, 3J(H,H)� 8 Hz, 1 H; H2); 13C NMR
(75 MHz, CDCl3, 25 �C, TMS): �� 147.0, 141.0, 140.8, 139.0, 138.5, 135.7,
130.4, 128.2, 126.7, 120.1, 119.5, 119.1, 61.8; IR(KBr): �� � 3053, 2921, 2860,
2362, 1952, 1883, 1810, 1744, 1656, 1595, 1486, 1458, 750, 600 cm�1; UV/Vis
(CHCl3): �max (�)� 318 (14000), 306 (14000), 291 (12000), 282 (9600), 264
(30000), 252 nm (24000); Fluorescence (CHCl3, �ex 318 nm): �em� 456 nm;
MS (70 eV):m/z (%): 420 (100); elemental analysis calcd (%) for C33H24: C
94.25, H 5.75; found: C 94.03, H 5.64%. 1H NMR peak assignments are
numbered according to Figure 1.


Synthesis of 1b : 9-Ethylidenefluorene (1b) was prepared by reaction of
fluorenone with ethylmagnesium bromide, as described by Boyce et al. ,[9b]


except that the intermediate alcohol was treated with p-toluenesulfonic
acid in boiling benzene to effect elimination of water. Chromatography on
silica gel, eluting with hexane, gave 0.52 g (51%) of a white solid. M.p.
76.5 ± 78.0 �C (lit. 103 ± 104 �C,[9b] 52 ± 54 �C[9d]); 1H NMR 300 MHz, CHCl3,
25�C, TMS): �� 7.90 (d, 3J(H,H)� 7 Hz, 1H; H11), 7.88 (d, 3J(H,H)� 7 Hz,
1H; H2), 7.71 (d, 3J(H,H)� 8 Hz, 1H; H8), 7.66 (d, 3J(H,H)� 8 Hz, 1H;
H5), 7.28 ± 7.46 (m, 4H; H3, H4, H9, H10), 6.88 (q, 3J(H,H)� 8 Hz, 1H;
C�CH), 2.42 (d, 3J(H,H)� 7.7 Hz, 3H; CH3); 13C NMR (75 MHz, CDCl3,
25 �C, TMS): �� 130.4, 127.9, 127.3, 124.9, 124.5, 112.8, 112.7, 112.4, 112.3,
110.4, 109.6, 105.3, 104.9, 104.6, 38.9; MS (70 eV): m/z (%): 192 (100).
1H NMR peak assignments are numbered according to Figure 2


Crystallographic data for 1a and 1b : Crystal data for 1a : a� 11.933(2), b�
13.179(1), c� 15.212(1) ä, �� 77.95(1), 	� 77.86(1), 
� 89.35(1)�, V�
2286 ä3, Mr� 420.52, triclinic, P1≈, Z� 4, �calcd1.222 gcm�3, 5943 independ-
ent reflections were measured on a Siemens P4 diffractometer. Crystal data
for 1b : a� 19.33(3), b� 5.922(10), c� 20.40(3) ä, 	� 111.92(1)�, V�
2167 ä3,Mr� 192.99, monoclinic, P21/n, Z� 8, �calcd� 1.179 gcm�3, 2692 in-
dependent reflections measured on a Marresearch ImagePlate system.
Both structures were solved by direct methods. The non-hydrogen atoms
were refined with anisotropic thermal parameters. The hydrogen atoms
were included in geometric positions and given thermal parameters
equivalent to 1.2 times those of the atom to which they were attached.
The structures were refined on F 2 by using SHELXL.[19] Final R values
were for 1a, R1� 0.0488, wR2� 0.0925 for 3623 data, and for 1b
R1� 0.0820, wR2� 0.2365 for 1700 data, both with I� 2�(I). CCDC-
182106 and CCDC-182107 CCDC contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via


www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(�44)1223-336033; or deposit@ccdc.cam.uk).
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A New Method for Distinguishing between Enantiomers and Racemates
and Assignment of Enantiomeric Purity by Means of Solid-State NMR.
Examples from Oxazaphosphorinanes


Marek J. Potrzebowski,*[a] Elz«bieta Tadeusiak,[a] Konrad Misiura,[b]
W¯odzimierz Ciesielski,[a] Grzegorz Bujacz,[c] and Piotr Tekely*[d]


Abstract: It is shown that enantiomers and racemates that have identical isotropic
NMR chemical shift as well as anisotropic chemical-shift tensor parameters can be
easily distinguished by means of the ODESSA (One Dimensional Exchange
Spectroscopy by Sideband Alternation) technique. The method is based on the fact
that the molecular symmetries and packing of enantiomers and racemates are usually
significantly different. The power of the proposed approach is demonstrated by
employing as model compounds P-chiral oxazaphosphorine derivatives, which are
widely used in clinical oncology. Correlation of the amplitude of the ODESSA decay
(AOD) with enantiomeric excess is also presented.


Keywords: analytical methods ¥
cyclophosphamide ¥ enantiomeric
purity ¥ ODESSA ¥ phosphorus ¥
solid-state NMR spectroscopy


Introduction


The enantiomeric purity of a chiral compound is usually
determined by measurement of its optical rotation or in
favorable circumstances by NMR spectroscopy.[1] Liquid-
phase NMR spectroscopy employing chiral solvents, liquid-
crystalline organic solutions, or chiral discriminating agents
(CDA) can be used to separate signals deriving from two
enantiomers.[2] Chiral discrimination can be observed through
a difference in the order-sensitive NMR parameters like
proton ± proton, proton ± carbon, and carbon ± carbon resid-


ual dipolar coupling, carbon chemical-shift anisotropies, and
deuterium quadrupolar splittings. In such cases, the enantio-
meric excess can be determined from the relative NMR signal
intensities. Hill et al. revealed that 13C high-resolution solid-
state NMR can be considered as an interesting alternative
technique.[3] This approach exploits the fact that a pure
enantiomer and a true racemate provide crystals belonging to
different point groups[4] and can give observable differences
for the isotropic chemical shifts. As shown later on by
Jakobsen and co-workers,[5] also simple integration (or
deconvolution) of 31P magic-angle-spinning (MAS) NMR
signals with differing isotropic chemical shift can be used to
determine the enantiomeric purity of organophosphorus
compounds with satisfying accuracy. However, the problem
arises when enantiomers and racemates show identical
isotropic chemical shifts. To our knowledge, a NMR method
that allows distinguishing features of the enantiomeric excess
for such compounds to be visualized has not been proposed so
far.


In this paper we report a new and straightforward approach
that permits differences between enantiomers and racemates
to be recognized and the enantiomeric excess to be assessed,
by exploring differences in the internuclear distances between
chemically equivalent sites (having identical isotropic chem-
ical shifts) from the 1D NMR ODESSA (One Dimensional
Exchange Spectroscopy by Sideband Alternation) tech-
nique.[6] The ODESSA method, which uses the pulse se-
quence shown in Figure 1, is a rotor-synchronized, magic-
angle spinning (MAS) exchange experiment, with the prep-
aration period fixed to one-half a rotation period, �1� �R/2,
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Figure 1. ODESSA pulse sequence. The preparation period is half a
rotation and the mixing time is an integer number of rotation. CP� cross
polarization, ACQ� acquisition.


and the mixing time equal to an integer number of rotation
periods, �m�N�r .


By taking advantage of the inhomogenous character of the
chemical-shift tensor anisotropy interaction, the experiment
ensures that, at the beginning of the mixing time, the
magnetizations associated with the various spinning sidebands
are polarized in alternate directions (see top inset in Figure 1).
This creates an initial difference polarization, and spin
exchange results in redistribution of the polarization and a
corresponding decay in the sideband intensities.


In the present work, we take advantage of the well-known
fact that the molecular symmetries and packing of enantio-
mers and racemates are usually significantly different. We
have shown previously that the ODESSA experiment is able
to recognize differences in the intermolecular distances
between chemically equivalent nuclei.[7, 8] Employing the
preliminary observations, we assume that this experiment
will also permit us to distinguish enantiomers from racemates
and that it should be sensitive to different compositions of
crystalline samples being present as the ground mixture or
prepared in the recrystallized form. The validity of our
approach is demonstrated by employing P-chiral oxazaphos-
phorine derivatives as model compounds.


Results and Discussion


Structural data : Cyclophosphamide (CP) and iphosphamide
(IF), oxazaphosphorinane-type alkylating agents (Scheme 1),
are chiral compounds widely used in clinical oncology as
racemic mixtures.[9] Stec and co-workers synthesized CP and
IF enantiomers[10] and found that levorotatory enantiomers
are more active than racemates against several experimental
tumors in mice.[11] Recently (S)-(�)-3-(2-bromoethyl)-N-(2-
chloroethyl)tetrahydro-2H-1,3,2-oxazaphosphorine-2-amine
2-oxide ((�)BF) was obtained[12] and became subject of


Phase I clinical trials in Poland. Intensive structural studies of
CP, IF, BF, and their enantiomers were performed mostly by
X-ray crystallography.[13±15] The only exception, which to date
has not been investigated by any diffraction technique, is a
racemate of a BF compound. This fact prompted us to carry
out the X-ray studies. As we found, the racemate BF-rac
crystallizes in a monoclinic system and the C2/c space group.
Figure 2 (top) presents the molecular structure and the
numbering system. The molecular packing is shown in Fig-
ure 2 (bottom). Crystal data and experimental details are
shown in Table 1.


Figure 2. Top: Overall view of the BF racemate; the atoms with lower
occupation factor are shown as open ellipsoids connected by open bonds.
The ellipsoids of thermal vibration are shown with 50% probability.
Bottom: Crystal packing diagram.


Solid-state NMR : Figure 3 displays 31P CP/MAS (CP� cross
polarization) spectra of CP, IF, and BF recorded at room
temperature and a spinning frequency of 2.7 kHz. All spectra
show a number of spinning sidebands flanking the isotropic
line due to the relatively large chemical-shift anisotropy of
phosphorus. The spectra of racemates and enantiomers are
organized into rows. From inspection of these spectra, it is
apparent that the isotropic chemical shifts and the spinning


sideband patterns within a pair
racemate/enantiomer are only
slightly different.


This would forbid observa-
tion of separated NMR signals
from racemates and enantiom-
ers when they were present
simultaneously in the same
sample. In order to distinguish
enantiomer from racemate in
such a case, we can exploit theScheme 1.
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sensitivity of the ODESSA experiment to distance differences
between chemically equivalent nuclei through proton-driven
spin-diffusion rate-constant measurements.[7, 8] The rate con-
stants Wij of spin diffusion may be obtained from the intensity
changes of spinning sidebands as a function of mixing time.


Figure 4 shows well how sensitive Wij is to differences in
intermolecular P ¥ ¥ ¥P distances, and how easy is to distinguish
enantiomer from racemate by employing the ODESSA pulse
sequence. The values of spin-diffusion rate constants and
relevant rij distances taken from X-ray data are collected in
Table 2.


We obtained the most dramatic difference of Wij×s for CP
samples. The CP racemate crystallizes in the triclinic crystal


system and P1≈ space group. In such a system, the identity or
inversion (onefold rotation or rotatory-inversion axis) in any
direction characterizes the symmetry. We note that the
phosphorus atoms, which are involved in such a symmetry
relation, are magnetically equivalent and are not recognized
in the ODESSA measurements. Hence, in this case there are
no magnetically nonequivalent phosphorus neighbors that
would permit a spin-diffusion process. In consequence, for the
CP racemate, excepting an initial small amplitude decay that
we ascribe to the experimental imperfections, the rate Wij is
very slow.


Table 2 presents nearest P ¥ ¥ ¥P distances between magneti-
cally nonequivalent nuclei for the five remaining systems.
Having such a set of data, we were attracted by the prospect of
correlation between the Wij parameters and P ¥ ¥ ¥P distances
for the nearest neighbors between magnetically nonequiva-
lent nuclei. As can be seen in Figure 5, the ODESSA
experiment indeed provides access to the visualization of
different P ¥ ¥ ¥P distances in oxazaphosphorinanes.


Since the ODESSA experiment can so easy recognize the
difference in the spectroscopic response coming from race-
mate and enantiomers, the obvious question was whether this
approach could be also applied to test of enantiomeric
excesses (ee). For this purpose, the racemate and (�)-cyclo-
phosphamide were mixed in different proportions. The ee
values were 5%, 10%, 25%, 40%, 50%, 60%, 75%, and
90%. First the ground mixture of enantiomers was examined.
The results are shown in Figure 6a. As expected, the
amplitude of the ODESSA decay (AOD) increases progres-
sively with the amount of enantiomeric excess. In the next
step, we recrystallized selected samples of CP and could see


Table 1. Crystal data and experimental details for BF-rac.


Molecular formula C7H15N2O2PBrCl
Formula weight 305.54
Crystallographic system monoclinic
Space group C2/c
a [ä] 35.816(6)
b [ä] 7.033(2)
c [ä] 9.956(2)
� [�] 90.42(2)
V [ä3] 2507.6(10)
Z 8
Dc [gcm�3] 1.619
� [cm�1] 7.501
Crystal dimensions [mm] 0.15� 0.35� 0.6
Maximum 2� [�] 150
Radiation, � [ä] CuK� , 1.54184
Robs I� 2�(I) 0.0485
Robs all data 0.0576
wRobs I� 2�(I) 0.1463
wRobs all data 0.1516


Figure 3. 31P CP/MAS spectra of the oxazaphosphorinane analogues. The spectra were recorded by using a contact time of 1 ms, 120 scans and �rot� 2.7 kHz.
The isotropic positions are indicated by an arrow. The 31P �iso values are as follow; CP-rac� 15.9 ppm, CP-en� 16.7 ppm, IF-rac� 12.2 ppm, IF-en�
11.8 ppm, BF-rac� 11.6 ppm, BF-en� 11.4 ppm.
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Figure 5. Correlation between decay rates Wij and nearest-neighbor
internuclear distances rij of the enantiomer (�)CP, IF-rac, (�)IF, BF-rac,
and (�)BF.


identical decays to those observed for ground mixtures
(Figure 6b). This clearly indicates that under the crystalliza-
tion conditions used in this work (from ethyl ether to dry
sample), racemates and enantiomers of CP form separated
phases.


Figure 6. Intensity changes as a function of mixing time for a mixture of
CP-rac and (�)CP. a) ground samples, b) recrystallized samples. The
bottom curve corresponds to the racemate, curves in the middle to mixtures
with ee of 5%, 40%, 50%, 60% and 90%, and the top curve to the pure
enantiomer.


A satisfactory correlation (with a regression coefficient of
R2� 0.95) between the amplitude of decay and the enantio-
meric excesses, shown in Figure 7, means that the method may
be applied to probe the ee values. Although in the present case
the accuracy in determination of the enantiomeric excess is
roughly 10%, one could expect even better precision in
systems with shorter internuclear distances and with a small
number of exchanging nuclei.


Consequently, the limitation of the proposed approach
resides in the fact that only the systems with relatively isolated
pairs of abundant nuclei (such as phosphorus or fluorine) or


Figure 4. Intensity changes of the entire set of 31P spinning sidebands for oxazaphosphorinane drugs in the ODESSA experiment as a function of mixing
time.


Table 2. Values of spin-diffusion rate constants and nearest-neighbor
internuclear distances (rij) from X-ray data.


Oxazaphos-
phorinane


Wij P ¥ ¥ ¥P Crystallographic Space Reference to
[s�1] [ä][a] system group X-ray data


1 CP-rac[b] 0.07 ± triclinic P1≈ [13a]
2 (�)CP[c] 6.70 rhombohedral R3 [13b]
3 (�)CP 6.70 5.042 rhombohedral R3 [13c]


6.255
4 IF-rac 7.02 4.706 orthorhombic Pbca [14a]


6.695 [14b]
5 (�)IF 4.36 6.301 orthorhombic P212121 [14c]


7.25
6 BF-rac 6.06 5.05 monoclinic C2/c this


7.95 work
7 (�)BF 2.38 7.401 orthorhombic P212121 [15]


[a] Distance between magnetically nonequivalent nuclei. [b] Identity or
inversion characterizes symmetry of sample in the crystal lattice. All
phosphorus centers are chemically and magnetically equivalent. [c] (�) and
(�)CF enantiomers are represented by the same crystallographic system
and space group so the P ¥ ¥ ¥P distances are exactly the same.
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Figure 7. Correlation between the amplitude of the ODESSA decay
(AOD) and ee for ground mixture of CP-rac and (�)CP. The final plateau
with respect to the initial value (see Figure 6) establishes the amplitude
decay.


selectively enriched compounds (e.g. 2H, 13C, 15N) can be used
safely in such measurements. Moreover, separate powders of
pure racemate and enantiomers must be available for
calibration purpose.


Conclusion


We have presented a new approach to distinguish between
enantiomers and racemates when exploiting P ¥ ¥ ¥P distances
measurements by high-resolution solid-state NMR. The
proposed method also allows the enantiomeric purity of
organophosphorus compounds to be probed. Owing to the
importance of stereoisomerism for drug efficiency, pharma-
ceutical companies tend to produce chiral drugs in single
enantiomeric forms. Consequently, any new method able to
control the enantiomeric purity is greatly to be desired.


Experimental Section


All samples were synthesized according to procedures described previous-
ly[10±12] and were recrystallized from ethyl ether shortly before the NMR
measurements.


X-ray measurements : The crystal and molecular structure of the BF
racemate was determined by using data collected at room temperature on a
Enraf ±Nonius CAD4 diffractometer with graphite monochromatized
CuK� radiation. The compound crystallizes in a monoclinic system, in a
centered space group with the unit cell consisting of eight molecules.
Crystal data and experimental details are shown in Table 1. The lattice
constants were refined by a least-squares fit of 25 reflections in the � range
18.55� ± 29.27�. The decline in intensities of three control reflections (�7,
� 1,1; 3,� 3,� 3; �5,� 3,� 3) was 37.5% during 37.5 hours of exposure
time, intensity correction was applied (DECAY program).[16] An empirical
absorption correction was applied by the use of the 	-scan method (EAC
program).[16, 17] A total of 2460 observed reflections with F� 0�(F) was used
to solve the structure by direct methods and to refine it by full-matrix least-
squares on F 2.[18±20]


Hydrogen atoms connected to carbons were placed geometrically at
idealized positions and set as riding with fixed thermal parameters equal to
1.33 times the equivalent isotropic thermal parameter of the parent atom.
C�H bond lengths were set to 0.97 ä. The amide hydrogen atom was found
on the difference Fourier map and refined with the isotropic thermal
parameter. Anisotropic thermal parameters were refined for all non-
hydrogen atoms. Both ethylene moieties are disorders in the crystal
structure. The occupation factors were refined as equal for atoms in one
position and as equal and complementary to one for the second position.


Occupation factors for atoms in both disordered ethylene chains are
practically equal; this may suggest that both groups changed conformation
at the same time.


The final refinement converged to R� 0.0485 for 174 refined parameters
and 2155 observed reflections with F� 4�(F), with inclusion of the
extinction parameter into refinement (the obtained value of the extinction
parameter was 0.0047(5)).


Data corrections were carried out with the Enraf ±Nonius SDP crystallo-
graphic computing package,[16] structure solution SHELXS,[17] structure
refinement SHELXL.[18]


Solid-state NMR spectroscopy: CP/MAS solid-state 31P NMR spectra were
run on a Bruker 300DSX spectrometer at 121.46 MHz. All spectra were
recorded with a contact time of 1 ms, a repetition rate of 6 s, 120 scans were
accumulated with high-power proton decoupling. Powder samples were
placed in a 4 mm rotor and spun at 2.0 ± 4.5 kHz. 31P chemical shifts were
calibrated indirectly through the bis(dineopentoxyphosphorothioyl) disul-
fide resonance signal set at 84.0 ppm.
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Efficient Preparation of Highly Optically Active (S)-(�)-2,3-Allenols and
(R)-(�)-2,3-Allenyl Acetates by a Clean Novozym-435-Catalyzed Enzymatic
Separation of Racemic 2,3-Allenols**


Daiwang Xu,[a] Zuyi Li,[b] and Shengming Ma*[a]


Abstract: Novozym-435 has been found
to be an effective biocatalyst for the
kinetic resolution of a series of racemic
2,3-allenols, affording highly optically
active (S)-(�)-2,3-allenols and (R)-(�)-
2,3-allenyl acetates in high yields and
with excellent ee values. The reaction of
3-(n-butyl)-3,4-pentadien-2-ol (1a) was
successfully performed on a 10 g scale to


afford the corresponding (S)-(�)-2,3-
allenol (1a) and (R)-(�)-2,3-allenyl ace-
tate (2a) in synthetically useful amounts
and with high ee values. The advantages
of this reaction are the ready availability


of the starting materials, high stereo-
selectivities for both (�)-2,3-allenols
and (�)-2,3-allenyl acetates, the use of
a relatively high substrate concentra-
tion, and a lower catalyst loading. The
resulting (S)-(�)-2,3-allenol 1a can be
converted into the corresponding chiral
2,5-dihydrofuran and the vinylic epox-
ide.


Keywords: allenes ¥ alcohols ¥
enzymes ¥ kinetic resolution


Introduction


It is well known that stereoisomers can show rather different
bioactivities, and hence much attention has been focused on
the formation or recognition of chemical bonds in a three-
dimensional manner leading to the highly stereoselective
preparation of enantiomers with one or more chiral center(s)
(element(s)).[1, 2] Allenes are a class of compounds with
interesting properties such as unique reactivity, chirality,
etc.[3] The synthesis of the first allene was reported in 1887[4]


and its structure was confirmed in 1954.[5] Allenes can also be
found in many natural sources.[6] Due to the notion that these
compounds would not be thermally stable, for a long time
their chemistry and synthetic routes remained relatively
unexplored. Thus, methodologies for the efficient synthesis
of highly optically active allenes are quite limited. Recently,
ourselves[7±9] and others[10±12] have developed some method-
ologies for the synthesis of 2,5-dihydrofurans, �-methylene
lactones, vinylic epoxides, and �- or �-amino alcohols starting


from 2,3-allenols. Thus, it is highly desirable to develop
efficient methodologies for the synthesis of highly optically
active 2,3-allenols. We have investigated some protocols for
the synthesis of optically active 2,3-allenols with high ee, but
the efficiency proved to be low due to the lengthy proce-
dure.[7, 9, 13] For chiral alcohols, enzymes or other biosystems
are usually used to resolve the racemates, leading to both
enantiomers with one isomer in the form of an alcohol and the
corresponding opposite enantiomer in the form of an ester,
which makes the separation very easy due to the huge
difference in the physical properties of these two classes of
products.[14] For these enzymatic processes, the common
problems are: 1) the very limited scope of the substrates,
2) the enantiopurities of both the alcohols and esters, 3) the
loading of the biocatalysts, 4) the concentration of the
substrates, and 5) the reaction rate. Here, we wish to report
an enzymatic protocol for the efficient synthesis of (S)-2,3-
allenols and (R)-2,3-allenyl acetates of high ee values with a
certain range of substrates by means of a kinetic resolution
process employing a low catalyst loading and relatively high
substrate concentrations.[15]


Results and Discussion


Synthesis of starting racemic 2,3-allenols : Racemic 2,3-
allenols can be synthesized very conveniently by a one-step
reaction of a propargylic bromide and an aldehyde (for 1a ± e
and 1g ± l)[16] or by the reduction of 1-benzylpropadienyl
methyl ketone with LiAlH4 for (1 f) (Scheme 1).[17]
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Br
R2


R2


R1
OH


CH2Ph


OH


CH2Ph


O


SnCl2, NaI
R1CHO


DMF, 0oC
+


1a: R1 = CH3, R2 = n-C4H9;  1b: R1 = CH3, R2 = n-C3H7


1c: R1 = CH3, R2 = n-C5H11; 1d: R1 = CH3, R2 = n-C6H13


1e: R1 = CH3, R2 = n-C7H15; 1g: R1 = CH3, R2 = PhCH2CH2


1h: R1 = CH3, R2 =  2-propenyl; 1i: R1 = CH2CH3, R2 =  n-C4H9


 1j: R1 = CH2CH3, R2 =  n-C3H7; 1k: R1 = CH2CH3, R2 =  n-C5H11 


 1l: R1 = CH2CH3, R2 =  n-C7H15


LiAlH4


THF


1f


Scheme 1. Synthesis of the racemic 2,3-allenols.


Kinetic resolution of racemic 2,3-allenols : The resolution of
3-(n-butyl)-3,4-pentadien-2-ol (1a) with vinyl acetate was
studied using various enzymes. Some typical results are listed
in Table 1. With Novozym 871L and lipolase, no reaction was
observed (entries 1 and 2, Table 1). With lipases AY, PS, and
CCL, the results were rather disappointing (entries 3 ± 5,
Table 1). With lipase AK, which was used by Burgess to
resolve 3-(trimethylsilyl)-3,4-pentadien-2-ol with good selec-
tivity in favor of the corresponding ester (�95% ee) and 81%
ee for the alcohol,[15] (�)-1a was obtained in 26% yield and
99% ee and (�)-2a in 39% yield and 79% ee (entry 6,
Table 1). Fortunately, however, when we used an immobilized
preparation of Candida antartica lipase B (Novozym-435) as


the biocatalyst,[18] the yields of both the alcohols and esters
were good and the ee values for both products were excellent!
These results stimulated our considerable interest in this


enzymatic resolution reaction. Some typical results are
presented in Table 2. From the results shown in Table 2, it
can clearly be seen that the enzymatic resolution process is
high-yielding and provides the (�)-2,3-allenols and (�)-2,3-
allenyl acetates with excellent ee. This methodology can
accommodate a wide range of different R2 groups (entries 1 ± 8,
Table 2); with R1�Me, Et, the results are excellent. The
absolute configurations of the products were determined by
comparison of the sign of specific rotation of (�)-3-propyl-
pentadien-2-ol (1b) with that of the known (R)-(�)-1b.[13c]


This methodology can be efficiently applied to the synthesis
of highly optically active (�)-2,3-allenols and (�)-2,3-allenyl
acetates in large quantities. For example, after the treatment
of 1a (10.005 g, 71 mmol) with Novozym-435 (7.000 g) in vinyl
acetate (500 mL) for 47 h at 30 �C, crude products were
obtained following filtration, washing the solids with diethyl
ether, and concentration of the combined filtrate and wash-
ings. The crude products could be easily separated by flash
chromatography on silica gel (column length 12 cm, diameter
6.5 cm; petroleum ether/diethyl ether 20:1 (300 mL)� 10:1
(400 mL)� 5:1 (350 mL)� 3:1 (500 mL)) to afford 4.622 g
of (S)-(�)-1a and 5.723 g of (R)-(�)-2a. It only took 55 min
from packing of the column to complete the elution,
illustrating the potential of this methodology [Eq. (1)].


Abstract in Chinese:


Table 1. Screening of various enzymes for the resolution of 3-(n-butyl)-3,4-
pentadien-2-ol (1a) with vinyl acetate.[a]


n-C4H9


HO
CH3 OAc


n-C4H9


HO
CH3


n-C4H9


AcO
CH3


+
30 oC


enzyme
+


1a (S)-(-)-1a (R)-(+)-2a


Entry Catalyst t [d] (S)-(�)-1a (R)-(�)-2a
Yield [%][b] ee [%][c] Yield [%][b] ee [%][c]


1 Novozym 871L 4 NR ± NR ±
2 Lipolase 4 NR ± NR ±
3 CCL 4 40 9 17 22
4 Lipase AY 4 24 1 35 38
5 Lipase PS 4 34 39 20 96
6 Lipase AK 4 26 99 39 79
7 Novozym-435 4 39 [d] 31 99


[a] The reaction was carried out at 30 �C using 1a (100 mg), vinyl acetate
(5 mL), and enzyme (70 mg). [b] Isolated yield based on 1a. [c] Enantio-
meric excess determined by GC. [d] (�)-1a was not detected by GC.


Table 2. Novozym-435-catalyzed resolution of racemic 2,3-allenols.[a]


R2


HO
R1 OAc


R2


HO
R1


R2


AcO
R130 oC


Novozym-435 ++


1 (racemate) (S)-(-)-1 (R)-(+)-2


Entry 1 t [h] (S)-(�)-1 (R)-(�)-2
R1 R2 Yield[b]


[%]
ee[c]


[%]
Yield[b]


[%]
ee[c]


[%]


1 Me nBu (1a) 96 39 (1a) 99.0 31 98.9 (2a)
2 Me nPr (1b) 72 36 (1b) 99.7 36 95.4 (2b)
3 Me n-C5H11 (1c) 100 41 (1c) 99.5 39 99.0 (2c)
4 Me n-C6H13 (1d) 82.5 40 (1d) 99.1 31 99.1 (2d)
5 Me n-C7H15 (1e) 82.5 45 (1e) 99.0 49 99.2 (2e)
6 Me PhCH2 (1f) 72 42 (1f) 95.9 45 99.2 (2f)
7 Me Ph(CH2)2 (1g) 82.5 50 (1g) 98.6 44 94.3 (2g)
8 Me allyl (1h) 82.5 31 (1h) 99.7 38 98.8 (2h)
9 Et n-C4H9 (1 i) 102 49 (1 i) 99.0[d] 43 99.5 (2 i)
10 Et n-C3H7 (1j) 74 45 (1j) 99.7[d] 37 96.4 (2j)
11 Et n-C5H11 (1k) 84 39 (1k) 99.4[d] 38 99.7 (2k)
12 Et n-C7H15 (1 l) 102 49 (1 l) 99.7[d] 47 99.4 (2 l)


[a] The reaction was carried out at 30 �C using the alcohol (100 mg), vinyl
acetate (5 mL), and Novozym-435 (70 mg). [b] Isolated yield based on alcohol.
[c] Enantiomeric excess was determined by GC or HPLC. [d] Determined after
conversion to the corresponding acetate.


n-C4H9


HO
CH3 OAc


n-C4H9


HO
CH3


n-C4H9


AcO
CH3


+
30 oC


+


1a (S)-(-)-1a (R)-(+)-2a


10.005 g 4.662 g (46%)
(R)-isomer 
not detected
by GC


5.723 g (44%)
98.7% ee


(1)
Novozym-435
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Typical drawbacks of biocatalyzed reactions are a low
working concentration of the substrate, a high catalyst
loading, and long reaction times. Further studies showed that
this Novozym-435-catalyzed kinetic resolution could be
performed at higher concentrations of the substrates and
lower loadings of the catalyst (entries 1 ± 3, Table 3). The
immobilized enzyme showed much higher activity even at
60 �C, without any obvious loss of the enantioselectivity
(entry 5, Table 3). At this temperature, the catalyst loading
may be as low as 23 mgg�1 of substrate without obvious loss of
stereoselectivity, and the reaction is complete within 24 h
(entry 9, Table 3).


Some typical results for this kinetic resolution, on a scale of
1.0 g at higher concentrations and lower catalyst loadings, are
summarized in Table 4. From Table 4, it is interesting to note
that: 1) at a lower catalyst loading, in some cases the
stereoselectivity in favor of 2,3-allenyl acetate is of no
practical value, while that for (�)-2,3-allenols is still reason-
able (entries 2, 5, 11, 13, 14, 15, 17, 18, 20, and 21, Table 4);
2) for the same substrate, reaction at a lower concentration
and a higher catalyst loading affords the products with higher
ee values.
The prepared 2,3-allenols can be easily converted to


optically active 2,5-dihydrofurans[8] and vinylic epoxide de-
rivatives[7] (Scheme 2).
In conclusion, we have established a protocol for the


preparation of (S)-(�)-2,3-allenols and (R)-(�)-2,3-allenyl
acetates with ee values of practical value. The reaction can be
carried out on a large scale to afford the pure products with
high ee values following an efficient flash chromatographic
separation. Due to the ready availability of racemic 2,3-
allenols, high stereoselectivity for both products, a relatively
high working concentration, a lower catalyst loading, and the
synthetic potential of the products, this methodology should
be useful in organic synthesis and provide information for
studies of the interaction of 2,3-allenols with biosystems.
Further studies on this reaction are being carried out in our
laboratory.


O


O


O


C4H9


HO
CH3


C4H9


C4H9


CH3


CH3


CH3


C4H9


Ph


PdCl2, DMA


AgNO3


(S)-3a
(>99% ee)


(S)-4a
(>99% ee)


(S,S)-5a
(d.r. 35:1; 
99.4% ee)


H2O / acetone
reflux, 60%


allyl bromide


rt, 68%


[Pd(PPh3)4 ]/ PhI


75-80oC, 59%


(S)-(-)-1a
 (>99% ee)


K2CO3, DMF


Scheme 2. Different reactions of (S)-(�)-1a.


Experimental Section


General procedures : All solvents were distilled prior to use. 1H and
13C NMR spectra were recorded from samples in CDCl3 on a Varian
300 MHz spectrometer. IR spectra were obtained using a Perkin-Elmer 983
instrument. Mass spectra were obtained using a HP 5989A instrument.
High-resolution mass spectra (HRMS) were obtained using a Finnigan
MAT 8430 instrument. GC analyses were performed on a Perkin-Elmer
Autosystem XL gas chromatograph instrument. HPLC was carried out
using a Perkin-Elmer 200 pump/785A instrument.


Synthesis of racemic 2,3-allenols 1a ± l : The racemic 2,3-allenols 1a ± e and
1g ± l were obtained by the reaction of propargylic bromide, the aldehyde,


Table 3. Optimization of Novozym-435-promoted kinetic resolution of 1a.


C4H9


OH


C4H9


HO


C4H9


AcO
OAc


+Novozym-435
+


 1a                                                                    (S)-(-)-1a                 (R)-(+)-2a


Entry Solvent
[mL]


Substrate
[mg]


Enzyme
[mg]


T
[�C]


t
[h]


(S)-(�)-1a (R)-(�)-2a
Yield
[%]


ee
[%]


Yield
[%]


ee
[%]


1 2.5 100 35 30 96 37 [a] 32 97.2
2 1.25 100 18 30 95 32 [a] 35 99.6
3 5 100 70 40 48 40 [a] 45 99.1
4 5 100 70 50 40 40 [a] 43 97.8
5 5 100 70 60 24.5 36 [a] 39 [a]


6 1.25 100 18.5 60 23 33 [a] 36 96.2
7 3 500 46 60 24 40 [a] 41 96.0
8 1.5 500 23 60 24 35 [a] 39 95.6
9 1.5 1000 23 60 24 36 [a] 39 95.2


[a] The opposite enantiomer was not detected by GC.


Table 4. Novozym-435-catalyzed resolution of racemic 2,3-allenols at
different substrate concentrations and catalyst loadings.


R2


HO
R1 OAc


R2


HO
R1


R2


AcO
R160 oC


Novozym-435
++


1 (racemate) (S)-(-)-1 (R)-(+)-2


Entry 1 Conc.
[mLg�1]


Cat.
[mgg�1]


t
[h]


(S)-(�)-1 (R)-(�)-2
Yield
[%]


ee
[%]


Yield
[%]


ee
[%]


1 1a 1.5 23 24 36 (1a) [a] 39 (2a) 95.2
2 1b 1.5 23 20 30 (1b) 82.2 38 (2b) 98.4
3 1b 6 92 21.5 31 (1b) 99.3 43 (2b) 95.8
4 1b 6 92 19 34 (1b) 96.3 41 (2b) 97.4
5 1c 1.5 23 24 41 (1c) 85.0 40 (2c) 98.2
6 1c 3 46 26 41 (1c) [a] 48 (2c) 97.7
7 1d 1.5 23 28 43 (1d) 91.2 43 (2d) 96.8
8 1d 3 46 30 41 (1d) 99.4 43 (2d) 96.5
9 1d 3 46 28 45 (1d) [a] 51 (2d) 99.0
10 1e 1.5 23 28 50 (1e) 98.7 50 (2e) 98.4
11 1 f 1.5 23 24 48 (1f) 89.7 31 (2 f) 99.3
12 1 f 6 92 22 38 (1f) [a] 41 (2 f) 96.7
13 1h 3 46 21 35 (1h) 90.0 34 (2h) 98.3
14 1 i 1.5 23 49 60 (1 i) 28.5 24 (2 i) 94.0
15 1 i 3 46 44.5 52 (1 i) 73.6 36 (2 i) 97.9
16 1 i 6 92 41 54 (1 i) 96.4 41 (2 i) 97.3
17 1 j 1.5 23 26 58 (1j) 49.4 30 (2 j) 98.0
18 1 j 6 92 27 44 (1j) 74.7 38 (2 j) 97.7
19 1k 1.5 23 43 39 (1k) 98.5 45 (2k) 99.1
20 1 l 1.5 23 28 31 (1 l) 70.7 40 (2 l) 99.3
21 1 l 6 92 43 48 (1 l) 66.0 38 (2 l) 97.0


[a] The opposite enantiomer was not detected by GC.
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and SnCl2[16] ; 1 fwas prepared by the reduction of the corresponding allenic
ketone with LiAlH4.[17]


Synthesis of (�)-3-(n-butyl)penta-3,4-dien-2-ol (1a): Typical procedure : A
suspension of tin(��) chloride (4.70 g, 25.0 mmol), 1-bromo-hept-2-yne
(3.90 g, 22.5 mmol), and sodium iodide (3.75 g, 25.0 mmol) in N,N-
dimethylformamide (50 mL) was stirred at room temperature for 1 h.
The reaction mixture was then cooled to 0 �C and acetaldehyde (2.20 g,
50 mmol) was added. The resulting mixture was stirred at this temperature
for 12 h, quenched with water, and extracted with diethyl ether. The
combined organic layers were washed with water, and dried over
anhydrous magnesium sulfate. After evaporation of the solvent, the
residue was purified by flash chromatography on silica gel (petroleum
ether/diethyl ether 20:1) to afford 1a (1.63 g, 50%).


(�)-3-(n-Propyl)penta-3,4-dien-2-ol (1b): Reaction of 1-bromo-hex-2-yne
(6.78 g, 42.4 mmol) with acetaldehyde (3.70 g, 84.8 mmol) afforded 1b
(2.41 g, 45%).


(�)-3-(n-Pentyl)penta-3,4-dien-2-ol (1c): Reaction of 1-bromo-oct-2-yne
(11.1 g, 59 mmol) with acetaldehyde (5.20 g, 118.0 mmol) afforded 1c
(7.20 g, 79%).


(�)-3-(n-Hexyl)penta-3,4-dien-2-ol (1d): Reaction of 1-bromo-non-2-yne
(4.06 g, 20.0 mmol) with acetaldehyde (1.76 g, 40.0 mmol) afforded 1d
(2.16 g, 64%).


(�)-3-(n-Heptyl)penta-3,4-dien-2-ol (1e): Reaction of 1-bromo-dec-2-yne
(6.48 g, 30.0 mmol) with acetaldehyde (2.64 g, 60.0 mmol) afforded 1e
(3.70 g, 67%).


(�)-3-(2�-Phenylethyl)penta-3,4-dien-2-ol (1g): Reaction of 1-bromo-5-
phenylpent-2-yne (4.01 g, 18.0 mmol) with acetaldehyde (3.70 g,
84.8 mmol) afforded 1g (2.03 g, 60%).


(�)-3-Allylpenta-3,4-dien-2-ol (1h): Reaction of 6-bromo-hex-1-en-4-yne
(3.18 g, 20 mmol) with acetaldehyde (1.76 g, 40.0 mmol) afforded 1h
(1.10 g, 44%).


(�)-4-(n-Butyl)hexa-4,5-dien-3-ol (1 i): Reaction of 1-bromo-hept-2-yne
(6.68 g, 38.4 mmol) with acetaldehyde (3.38 g, 76.8 mmol) afforded 1 i
(3.68 g, 62%).


(�)-4-(n-Propyl)hexa-4,5-dien-3-ol (1 j): Reaction of 1-bromo-hex-2-yne
(6.90 g, 43.2 mmol) with propionaldehyde (2.01 g, 34.6 mmol) afforded 1j
(4.10 g, 67%).


(�)-4-(n-Pentyl)hexa-4,5-dien-3-ol (1k): Reaction of 1-bromo-dec-2-yne
(7.10 g, 37.5 mmol) with propionaldehyde (1.74 g, 30.0 mmol) afforded 1k
(3.40 g, 68%).


(�)-4-(n-Heptyl)hexa-4,5-dien-3-ol (1 l): Reaction of 1-bromo-dec-2-yne
(7.08 g, 37.5 mmol) with propionaldehyde (1.74 g, 30.0 mmol) afforded 1 l
(3.40 g, 68%).


Synthesis of (�)-3-benzylpenta-3,4-dien-2-ol (1 f): A solution of 3-benzyl-
penta-3,4-dien-2-one (1.60 g, 9.30 mmol) in THF (20 mL) was added
dropwise to a suspension of LiAlH4 (0.38 g, 10.0 mmol) in THF (20 mL)
with cooling (ice bath). After the addition, the reaction mixture was stirred
for a further 20 min at 0 �C. The excess LiAlH4 was then decomposed by the
dropwise addition of water until the gray slurry turned into white granules.
The mixture was then filtered and the residual solid was washed with
diethyl ether. The combined organic phases were washed with brine and
dried over anhydrous sodium sulfate. After evaporation of the solvent, the
residue was purified by flash chromatography on silica gel (petroleum ether
(30 ± 60 �C)/diethyl ether 8:1) to afford 1 f (1.17 g, 72%).


Kinetic resolution of racemic 2,3-allenols 1a ± l and allenyl acetates 2a ± l


Synthesis of (S)-(�)-(3-n-butyl)penta-3,4-dien-2-ol and (R)-(�)-(3-n-bu-
tyl)penta-3,4-dien-2-yl acetate : Typical procedure : Novozym-435 (70 mg)
was added to a racemic mixture of (3-n-butyl)penta-3,4-dien-2-ol (l00 mg)
and vinyl acetate (5 mL). After stirring at 30 �C for 96 h, the reaction
mixture was worked-up by filtration. After evaporation of the solvent,
purification of the residue by flash chromatography on silica gel (petroleum
ether/diethyl ether 40:1 � 10:1) afforded (S)-(�)-1a (39 mg, 39%) and
(R)-(�)-2a (40 mg, 31%). (S)-(�)-1a : 99.0% ee (GC conditions: column:
RT-�DEXcst (30 m, � 0.25 m, 0.25 �m DF); carrier: N2, 10 psi; injector:
250 �C; detector (FID, H2, 0.218 MPa): 250 �C; oven temperature: 100 �C
(35 min)); liquid; 1H NMR (300 MHz, CDCl3, 25 �C): �� 4.82 ± 4.78 (m,
2H; CH2), 4.20 ± 4.02 (m, 1H; CH), 2.02 ± 1.80 (m, 2H; CH2), 1.60 (s, 1H,
OH), 1.50 ± 1.05 (m, 7H; 2CH2 and CH3), 0.82 (t, 3J(H,H)� 6.7 Hz, 3H;


CH3); 13C NMR (75.4 MHz, CDCl3, 25 �C): �� 203.72, 108.67, 78.50, 67.58,
29.69, 27.53, 22.37, 21.89, 13.84; IR (neat): �� � 3332 cm�1 (OH), 1956 cm�1


(C�C�C); MS (70 eV): m/z (%): 140 (2) [M�]. (R)-(�)-2a : 98.9% ee (GC
conditions: column: RT-�DEXcst (30 m, � 0.25 m, 0.25 �m DF); carrier:
N2, 10 psi; injector: 250 �C; detector (FID, H2, 0.218 MPa): 250 �C; oven
temperature: 100 �C (35 min)); liquid; 1H NMR (300 MHz, CDCl3, 25 �C):
�� 5.32 ± 5.20 (m, 1H; CH), 4.80 ± 4.75 (m, 2H; CH2), 1.97 ± 1.78 (m, 5H;
CH2 and CH3), 1.49 ± 1.00 (m, 4H; 2CH2), 1.22 (d, 3J(H,H)� 6.6 Hz, 3H;
CH3), 0.81 (t, 3J(H,H) � 6.7 Hz, 3H; CH3); 13C NMR (75.4 MHz, CDCl3,
25 �C): �� 205.96, 170.69, 105.03, 78.36, 70.47, 29.81, 28.25, 22.55, 21.44,
19.08, 14.10; IR (neat): �� � 1958 cm�1 (C�C�C), 1739 cm�1 (C�O); APCI
MS: m/z : 183 [M��H]; HRMS: calcd for C9H15O [M��COCH3]:
139.1123, found: 139.1130.


Synthesis of (S)-(�)-3-(n-propyl)penta-3,4-dien-2-ol and (R)-(�)-3-(n-
propyl)penta-3,4-dien-2-yl acetate : Treatment of racemic 3-(n-propyl)pen-
ta-3,4-dien-2-ol (101 mg) with Novozym-435 (70 mg) afforded (S)-(�)-1b
(36 mg, 36%) and (R)-(�)-2b (48 mg, 36%). (S)-(�)-1b : 99.7% ee (GC
conditions: column: RT-�DEXcst (30 m, � 0.25 m, 0.25 �m DF); carrier:
N2, 10 psi; injector: 250 �C; detector (FID, H2, 0.218 MPa): 250 �C; oven
temperature: 100 �C (35 min)); liquid; 1H NMR (300 MHz, CDCl3, 25 �C):
�� 4.93 ± 4.80 (m, 2H; CH2), 4.29 ± 4.13 (m, 1H; CH), 2.09 ± 1.84 (m, 2H,
CH2), 1.68 (s, 1H, OH), 1.57 ± 1.40 (m, 2H, CH2), 1.30 (d, 3J(H,H)� 6.7 Hz,
3H; CH3), 0.93 (t, 3J(H,H)� 7.3 Hz, 3H; CH3); 13C NMR (75.4 MHz,
CDCl3, 25 �C): �� 203.66, 108.75, 78.90, 67.70, 30.17, 22.07, 20.88, 13.89; IR
(neat): �� � 3350 cm�1 (OH), 1955 cm�1 (C�C�C); MS (70 eV):m/z (%): 126
(1) [M�].


(R)-(�)-2b : 95.4% ee (GC conditions: column: RT-�DEXcst (30 m, �
0.25 m, 0.25 �m DF); carrier: N2, 10 psi; injector: 250 �C; detector (FID,
H2, 0.218 MPa): 250 �C; oven temperature: 85 �C (20 min), then
1.0 �Cmin�1 to 100 �C); liquid; 1H NMR (300 MHz, CDCl3, 25 �C): ��
5.38 ± 5.22 (m, 1H; CH), 4.93 ± 4.80 (m, 2H; CH2), 2.04 (s, 3H; CH3),
2.00 ± 1.80 (m, 2H; CH2), 1.58 ± 1.36 (m, 4H; 2CH2), 1.32 (d, 3J(H,H)�
5.7 Hz, 3H; CH3), 0.91 (t, 3J(H,H)� 7.3 Hz, 3H; CH3); 13C NMR
(75.4 MHz, CDCl3, 25 �C): �� 206.03, 170.87, 104.89, 78.42, 70.55, 30.72,
21.53, 20.95, 19.14, 14.07; IR (neat): �� � 1958 cm�1 (C�C�C), 1738 cm�1


(C�O); MS (70 eV): m/z (%): 126 (25) [M��COCH2]; HRMS: calcd for
C8H13O [M��COCH3]: 125.0966, found: 125.0946.


Synthesis of (S)-(�)-3-(n-pentyl)penta-3,4-dien-2-ol and (R)-(�)-3-(n-
pentyl)penta-3,4-dien-2-yl acetate : Treatment of racemic 3-(n-pentyl)pen-
ta-3,4-dien-2-ol (l01 mg) with Novozym-435 (70 mg) afforded (S)-(�)-1c
(41 mg, 41%) and (R)-(�)-2c (50 mg, 39%). (S)-(�)-1c : 99.5% ee (GC
conditions: column: RT-�DEXcst (30 m, � 0.25 m, 0.25 �m DF); carrier:
N2, 10 psi; injector: 250 �C; detector (FID, H2, 0.218 MPa): 250 �C; oven
temperature: 120 �C (50 min), then 1.0 �Cmin�1 to 135 �C); liquid; 1H NMR
(300 MHz, CDCl3, 25 �C): �� 4.93 ± 4.80 (m, 2H; CH2), 4.27 ± 4.07 (m, 1H;
CH), 2.13 ± 1.87 (m, 2H; CH2), 1.68 (s, 1H; OH), 1.60 ± 1.11 (m, 6H; 3CH2),
1.25 (d, 3J(H,H)� 6.6 Hz, 3H; CH3), 0.88 (t, 3J(H,H)� 6.7 Hz, 3H; CH3);
13C NMR (75.4 MHz, CDCl3, 25 �C): �� 204.27, 108.81, 78.36, 67.82, 31.78,
27.98, 27.48, 22.67, 22.07, 14.16; IR (neat): �� � 3346 cm�1 (OH), 1956 cm�1


(C�C�C); APCI MS: m/z : 155 [M��H]; HRMS: calcd for C10H19O
[M��H]: 155.1436, found: 155.1436.
(R)-(�)-2c : 99.0% ee (GC conditions: column: RT-�DEXcst (30 m, �
0.25 m, 0.25 �m DF); carrier: N2, 10 psi; injector: 250 �C; detector (FID,
H2, 0.218 MPa): 250 �C; oven temperature: 100 �C (30 min)); liquid;
1H NMR (300 MHz, CDCl3, 25 �C): �� 5.32 ± 5.20 (m, 1H; CH), 4.80 ±
4.75 (m, 2H; CH2), 1.98 (s, 3H; CH3), 1.97 ± 1.80 (m, 2H; CH2), 1.49 ± 1.00
(m, 9H; 3CH2 and CH3), 0.84 (t, 3J(H,H)� 6.7 Hz, 3H; CH3); 13C NMR
(75.4 MHz, CDCl3, 25 �C): �� 205.99, 170.72, 105.08, 78.38, 70.49, 31.70,
28.53, 27.34, 22.69, 21.44, 19.09, 14.25; IR (neat): �� � 1958 cm�1 (C�C�C),
1740 cm�1 (C�O); APCI MS:m/z : 197 [M��H]; HRMS: calcd for C10H17O
[M��COCH3]: 153.1279, found: 153.1269.


Synthesis of (S)-(�)-3-(n-hexyl)penta-3,4-dien-2-ol and (R)-(�)-3-(n-hex-
yl)penta-3,4-dien-2-yl acetate : Treatment of racemic 3-(n-hexyl)penta-3,4-
dien-2-ol (l00 mg) with Novozym-435 (70 mg) afforded (S)-(�)-1d (40 mg,
40%) and (R)-(�)-2d (39 mg, 31%). (S)-(�)-1d : 99.1% ee (GC con-
ditions: column: RT-�DEXcst (30 m, � 0.25 m, 0.25 �m DF); carrier: N2,
10 psi; injector: 250 �C; detector (FID, H2, 0.218 MPa): 250 �C; oven
temperature: 120 �C (50 min), then 1.0 �Cmin�1 to 135 �C); liquid; 1H NMR
(300 MHz, CDCl3, 25 �C): �� 4.96 ± 4.80 (m, 2H; CH2), 4.33 ± 4.09 (m, 1H;
CH), 2.13 ± 1.83 (m, 2H; CH2), 1.65 (s, 1H; OH), 1.57 ± 1.04 (m, 11H; 4CH2
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and CH3), 0.87 (t, 3J(H,H)� 6.7 Hz, 3H; CH3); 13C NMR (75.4 MHz,
CDCl3, 25 �C): �� 203.64, 108.83, 78.71, 67.62, 31.62, 28.98, 27.93, 27.52,
22.54, 21.96, 13.98; IR (neat): �� � 3339 (OH), 1956 cm�1 (C�C�C); APCI
MS: m/z : 169 [M��H]; HRMS: calcd for C11H21O [M��H]: 169.1592,
found: 169.1596.


(R)-(�)-2d : 99.1% ee (GC conditions: column: RT-�DEXcst (30 m, �
0.25 m, 0.25 �m DF); carrier: N2, 10 psi; injector: 250 �C; detector (FID,
H2, 0.218 MPa): 250 �C; oven temperature: 120 �C (50 min), then
1.0 �Cmin�1 to 135 �C); liquid; 1H NMR (300 MHz, CDCl3, 25 �C): ��
5.37 ± 5.20 (m, 1H; CH), 4.89 ± 4.71 (m, 2H; CH2), 1.98 (s, 3H; CH3),
1.97 ± 1.80 (m, 2H; CH2), 1.44 ± 1.09 (m, 11H; 4CH2 and CH3), 0.81 (t,
3J(H,H)� 7.3 Hz, 3H; CH3); 13C NMR (75.4 MHz, CDCl3, 25 �C): ��
204.76, 169.59, 103.87, 77.20, 69.33, 30.65, 27.94, 27.37, 26.41, 21.60, 20.28,
17.89, 13.07; IR (neat): �� � 1958 (C�C�C), 1740 cm�1 (C�O); APCI MS:
m/z : 211 [M��H]; HRMS: calcd for C11H19O [M��COCH3]: 167.1436,
found: 167.1441.


Synthesis of (S)-(�)-3-(n-heptyl)penta-3,4-dien-2-ol and (R)-(�)-3-(n-
heptyl)penta-3,4-dien-2-yl acetate : Treatment of racemic 3-(n-heptyl)pen-
ta-3,4-dien-2-ol (l00 mg) with Novozym-435 (70 mg) afforded (S)-(�)-1e
(45 mg, 45%) and (R)-(�)-2e (60 mg, 49%). (S)-(�)-1e : 99.0% ee (GC
conditions: column: RT-�DEXcst (30 m, � 0.25 m, 0.25 �m DF); carrier:
N2, 10 psi; injector: 250 �C; detector (FID, H2, 0.218 MPa): 250 �C; oven
temperature: 120 �C (50 min), then 1.0 �Cmin�1 to 135 �C); liquid; 1H NMR
(300 MHz, CDCl3, 25 �C): �� 4.89 ± 4.76 (m, 2H; CH2), 4.20 ± 4.00 (m, 1H;
CH), 2.09 ± 1.78 (m, 2H; CH2), 1.63 (s, 1H; OH), 1.53 ± 1.00 (m, 13H; 5CH2


and CH3), 0.78 (t, 3J(H,H)� 6.1 Hz, 3H; CH3); 13C NMR (75.4 MHz,
CDCl3, 25 �C): �� 204.18, 108.94, 78.58, 67.87, 32.03, 29.56, 29.37, 28.11,
27.85, 22.82, 22.14, 14.21; IR (neat): �� � 3341 (OH), 1956 cm�1 (C�C�C);
APCI MS: m/z : 183 [M��H]; HRMS: calcd for C12H23O [M��H]:
183.1749, found: 183.1749. (R)-(�)-2e : 99.2% ee (GC conditions: column:
RT-�DEXcst (30 m, � 0.25 m, 0.25 �m DF); carrier: N2, 10 psi; injector:
250 �C; detector (FID, H2, 0.218 MPa): 250 �C; oven temperature: 120 �C
(50 min), then 1.0 �Cmin�1 to 135 �C); liquid; 1H NMR (300 MHz, CDCl3,
25 �C): �� 5.37 ± 5.16 (m, 1H; CH), 4.89 ± 4.64 (m, 2H; CH2), 1.98 (s, 3H;
CH3), 1.96 ± 1.84 (m, 2H; CH2), 1.53 ± 1.04 (m, 13H; 5CH2 and CH3), 0.81 (t,
3J(H,H)� 6.1 Hz, 3H; CH3); 13C NMR (75.4 MHz, CDCl3, 25 �C): ��
204.76, 169.58, 103.87, 77.19, 69.32, 30.81, 28.25, 28.11, 27.37, 26.46, 21.63,
20.28, 17.89, 13.08; IR (neat): �� � 1958 cm�1 (C�C�C), 1739 cm�1 (C�O);
APCI MS: m/z : 225 [M��H]; HRMS: calcd for C12H22O [M��COCH2]:
182.1671, found: 182.1680.


Synthesis of (S)-(�)-3-benzylpenta-3,4-dien-2-ol and (R)-(�)-3-benzylpen-
ta-3,4-dien-2-yl acetate : Treatment of racemic 3-benzylpenta-3,4-dien-2-ol
(l00 mg) with Novozym-435 (70 mg) afforded (S)-(�)-1 f (42 mg, 42%) and
(R)-(�)-2 f (55 mg, 45%). (S)-(�)-1 f : 95.9% ee (HPLC conditions:
Chiralpak AD column (� 0.46 cm� 25 cm); �� 254 nm; rate:
0.7 mLmin�1; hexane/iPrOH 100:1.5); liquid; 1H NMR (300 MHz, CDCl3,
25 �C): �� 7.36 ± 7.12 (m, 5H; C6H5), 4.84 ± 4.80 (m, 2H; CH2), 4.24 ± 4.16
(m, 1H; CH), 3.50 ± 3.30 (m, 2H; CH2), 1.60 (s, 1H; OH), 1.20 (d,
3J(H,H)� 6.7 Hz, 3H; CH3); 13C NMR (75.4 MHz, CDCl3, 25 �C): ��
205.59, 139.76, 129.33, 128.58, 126.56, 108.33, 78.40, 67.19, 35.97, 22.40; IR
(neat): �� � 3363 (OH), 1956 cm�1 (C�C�C); MS (70 eV):m/z (%): 174 (0.1)
[M�].


(R)-(�)-2 f : 99.2% ee (HPLC conditions: Chiralcel OJ column
(�0.46 cm� 25 cm); �� 254 nm; rate: 0.7 mLmin�1; hexane/iPrOH 97:3);
liquid; 1H NMR (300 MHz, CDCl3, 25 �C): �� 7.37 ± 7.09 (m, 5H; C6H5),
5.36 ± 5.24 (m, 1H; CH), 4.89 ± 4.80 (m, 2H; CH2), 3.40 ± 3.27 (m, 2H; CH2),
1.99 (s, 3H; CH3), 1.30 (d, 3J(H,H)� 6.7 Hz, 3H; CH3); 13C NMR
(75.4 MHz, CDCl3, 25 �C): �� 207.25, 170.74, 139.23, 129.16, 128.49,
126.54, 104.52, 78.31, 69.93, 36.45, 21.37, 19.22; IR (neat): �� � 1958
(C�C�C), 1737 cm�1 (C�O); APCI MS: m/z : 217 [M��H]; elemental
analysis calcd (%) for C14H16O2: C 77.78, H 7.40; found C 77.75, H 7.30.


Synthesis of (S)-(�)-3-(2�-phenylethyl)penta-3,4-dien-2-ol and (R)-(�)-3-
(2�-phenyl)ethylpenta-3,4-dien-2-yl acetate : Treatment of racemic 3-(2�-
phenylethyl)penta-3,4-dien-2-ol (l00 mg) with Novozym-435 (70 mg) af-
forded (S)-(�)-1g (50 mg, 50%) and (R)-(�)-2g (54 mg, 44%). (S)-(�)-
1g : 98.6% ee (HPLC conditions: Chiralcel AD column (�0.46 cm�
25 cm); �� 254 nm; rate: 0.7 mLmin�1; hexane/iPrOH 95:5); liquid;
1H NMR (300 MHz, CDCl3, 25 �C): �� 7.44 ± 7.04 (m, 5H; C6H5), 5.00 ±
4.80 (m, 2H; CH2), 4.33 ± 4.09 (m, 1H; CH), 2.79 (t, 3J(H,H)� 7.3 Hz, 2H;
CH2), 2.40 ± 2.22 (m, 2H; CH2), 1.84 (s, 1H; OH), 1.32 (d, 3J(H,H)� 3.7 Hz,


3H; CH3); 13C NMR (75.4 MHz, CDCl3, 25 �C): �� 203.95, 141.91, 128.38,
128.25, 125.83, 108.24, 79.33, 67.83, 33.95, 29.63, 21.95; IR (neat): �� � 3368
(OH), 1955 cm�1 (C�C�C); APCI MS: m/z : 189 [M��H]; HRMS: calcd
for C13H17O [M��H]: 189.1279, found: 189.1280.
(R)-(�)-2g : 94.3% ee (HPLC conditions: Chiralcel OJ column
(� 0.46 cm� 25 cm); �� 254 nm; rate: 0.7 mLmin�1; hexane/iPrOH
97:3); liquid; 1H NMR (300 MHz, CDCl3, 25 �C): �� 7.42 ± 7.04 (m, 5H;
C6H5), 5.44 ± 5.24 (m, 1H; CH), 4.96 ± 4.84 (m, 2H; CH2), 2.74 (t, 3J(H,H)�
7.9 Hz, 2H; CH2), 2.40 ± 2.11 (m, 2H; CH2), 2.03 (s, 3H; CH3), 1.34 (d,
3J(H,H)� 6.3 Hz, 3H; CH3); 13C NMR (75.4 MHz, CDCl3, 25 �C): ��
205.72, 170.28, 141.68, 128.26, 128.16, 125.75, 104.30, 78.72, 70.12, 33.71,
29.98, 21.07, 18.74; IR (neat): �� � 1958 (C�C�C), 1737 cm�1 (C�O); APCI
MS: m/z : 231 [M��H]; HRMS: calcd for C13H15O [M��COCH3]:
187.1123, found: 187.1118.


Synthesis of (S)-(�)-3-allylpenta-3,4-dien-2-ol and (R)-(�)-3-allylpenta-
3,4-dien-2-yl acetate : Treatment of racemic 3-allylpenta-3,4-dien-2-ol
(l00 mg) with Novozym-435 (70 mg) afforded (S)-(�)-1h (31 mg, 31%)
and (R)-(�)-2h (51 mg, 38%). (S)-(�)-1h : 99.7% ee (GC conditions:
column: RT-�DEXcst (30 m, � 0.25 m, 0.25 �m DF); carrier: N2, 10 psi;
injector: 250 �C; detector (FID, H2, 0.218 MPa): 250 �C; oven temperature:
120 �C (50 min), then 1.0 �Cmin�1 to 135 �C); liquid; 1H NMR (300 MHz,
CDCl3, 25 �C): �� 5.84 ± 5.64 (m, 1H; CH), 5.09 ± 4.96 (m, 2H; CH2), 4.84 ±
4.76 (m, 2H; CH2), 4.29 ± 4.04 (m, 1H; CH), 2.84 ± 2.60 (m, 2H; CH2), 1.57
(s, 1H; OH), 1.23 (d, 3J(H,H)� 6.7 Hz, 3H; CH3); 13C NMR (75.40 MHz,
CDCl3, 25 �C): �� 204.70, 135.90, 116.24, 107.01, 78.63, 67.61, 33.34, 22.10;
IR (neat): �� � 3342 (OH), 1957 cm�1 (C�C�C); MS (70 eV): m/z (%): 124
(0.7) [M�]; HRMS: calcd for C8H11 [M��OH]: 107.0861, found 107.0856.
(R)-(�)-2h : 98.8% ee (GC conditions: column: RT-�DEXcst (30 m, �
0.25 m, 0.25 �m DF); carrier: N2, 10 psi; injector: 250 �C; detector (FID,
H2, 0.218 MPa): 250 �C; oven temperature: 100 �C (35 min)); liquid;
1H NMR (300 MHz, CDCl3, 25 �C): �� 5.89 ± 5.67 (m, 1H; CH), 5.40 ± 5.23
(m, 1H; CH), 5.10 ± 5.00 (m, 2H; CH2), 4.91 ± 4.78 (m, 2H; CH2), 2.84 ± 2.63
(m, 2H; CH2), 2.05 (s, 3H; CH3), 1.32 (d, 3J(H,H)� 6.1 Hz, 3H; CH3);
13C NMR (75.40 MHz, CDCl3, 25 �C): �� 206.06, 170.55, 135.08, 116.17,
103.10, 78.31, 69.77, 33.53, 21.18, 18.74; IR (neat): �� � 1959 (C�C�C),
1738 cm�1 (C�O); APCI MS:m/z : 167 [M��H]; HRMS: calcd for C8H12O
[M��COCH2]: 124.0889, found: 124.0864.


Synthesis of (S)-(�)-4-(n-butyl)hexa-4,5-dien-3-ol and (R)-(�)-4-(n-bu-
tyl)hexa-4,5-dien-3-yl acetate : Treatment of racemic 4-(n-butyl)hexa-4,5-
dien-3-ol (l01 mg) with Novozym-435 (70 mg) afforded (S)-(�)-1 i (49 mg,
49%) and (R)-(�)-2 i (55 mg, 43%). (S)-(�)-1 i : 99.0% ee (GC conditions:
column: RT-�DEXcst (30 m, � 0.25 m, 0.25 �m DF); carrier: N2, 10 psi;
injector: 250 �C; detector (FID, H2, 0.218 MPa): 250 �C; oven temperature:
100 �C (30 min), then 1.0 �Cmin�1 to 180 �C (20 min)); liquid; 1H NMR
(300 MHz, CDCl3, 25 �C): �� 4.93 ± 4.76 (m, 2H; CH2), 4.04 ± 3.99 (m, 1H;
CH), 2.09 ± 1.80 (m, 2H; CH2), 1.80 ± 1.16 (m, 7H; 3CH2 and OH), 1.00 ±
0.71 (m, 6H; 2CH3); 13C NMR (75.4 MHz, CDCl3, 25 �C): �� 204.64,
107.52, 78.70, 73.38, 30.04, 28.54, 27.76, 22.72, 14.17, 9.92; IR (neat): �� � 3342
(OH), 1956 cm�1 (C�C�C); APCI MS: m/z : 155 [M��H]; HRMS: calcd
for C10H19O [M��H]: 155.1436, found: 155.1431.
(R)-(�)-2 i : 99.5% ee (determined after conversion to the corresponding
acetate); liquid; 1H NMR (300 MHz, CDCl3, 25 �C): �� 5.20 ± 5.04 (m, 1H;
CH), 4.93 ± 4.68 (m, 2H; CH2), 2.04 (s, 3H; CH3), 2.00 ± 1.80 (m, 2H; CH2),
1.76 ± 1.64 (m, 2H; CH2), 1.49 ± 1.20 (m, 4H; 2CH2), 1.00 ± 0.71 (m, 6H;
2CH3); 13C NMR (75.4 MHz, CDCl3, 25 �C): �� 206.33, 170.75, 103.50,
77.89, 75.56, 29.80, 28.00, 26.08, 22.55, 21.31, 14.08, 10.05; IR (neat): �� �
1958 (C�C�C), 1740 cm�1 (C�O); APCI MS: m/z : 197 [M��H]; HRMS:
calcd for C10H18O [M��COCH2]: 154.1357, found: 154.1346.


Synthesis of (S)-(�)-4-(n-propyl)hexa-4,5-dien-3-ol (1 j) and (R)-(�)-4-(n-
propyl)hexa-4,5-dien-3-yl acetate : Treatment of racemic 4-(n-propyl)hexa-
4,5-dien-3-ol (l01 mg) with Novozym-435 (70 mg) afforded (S)-(�)-1j
(45 mg, 45%) and (R)-(�)-2 j (48 mg, 37%). (S)-(�)-1 j : 99.7% ee (GC
conditions: column: RT-�DEXcst (30 m, � 0.25 m, 0.25 �m DF); carrier:
N2, 10 psi; injector: 250 �C; detector (FID, H2, 0.218 MPa): 250 �C; oven
temperature: 100 �C (30 min), then 1.0 �Cmin�1 to 180 �C (20 min)); liquid;
1HNMR (300 MHz, CDCl3, 25 �C): �� 4.96 ± 4.74 (m, 2H; CH2), 4.00 ± 3.82
(m, 1H; CH), 2.02 ± 1.80 (m, 2H; CH2), 1.80 ± 1.24 (m, 5H; 2CH2 and OH),
1.02 ± 0.80 (m, 6H; 2CH3); 13C NMR (75.4 MHz, CDCl3, 25 �C): �� 204.64,
107.30, 78.63, 73.36, 30.15, 28.52, 21.08, 14.14, 9.91; IR (neat): �� � 3361
(OH), 1955 cm�1 (C�C�C), MS (70 eV): m/z (%): 140 (8) [M�].
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(R)-(�)-2j : 96.4% ee (determined after conversion to the corresponding
acetate); liquid; 1H NMR (300 MHz, CDCl3, 25 �C): �� 5.19 ± 5.06 (m, 1H;
CH), 4.89 ± 4.63 (m, 2H; CH2), 2.02 (s, 3H; CH3), 1.97 ± 1.74 (m, 2H; CH2),
1.74 ± 1.52 (m, 2H; CH2), 1.41 (q, 3J(H,H)� 7.2 Hz, 2H, CH2), 1.00 ± 0.70
(m, 6H; 2CH3); 13C NMR (75.4 MHz, CDCl3, 25 �C): �� 206.02, 170.49,
103.01, 77.61, 75.25, 30.11, 25.77, 21.06, 20.59, 13.73, 9.79; IR (neat): �� � 1958
(C�C�C), 1740 cm�1 (C�O);MS (70 eV):m/z (%): 140 (3) [M��COCH2];
HRMS: calcd for C9H16O [M��COCH2]: 140.1201, found: 140.1192.


Synthesis of (S)-(�)-4-(n-pentyl)hexa-4,5-dien-3-ol and (R)-(�)-4-(n-pen-
tyl)hexa-4,5-dien-3-yl acetate : Treatment of racemic 4-(n-pentyl)hexa-4,5-
dien-3-ol (l01 mg) with Novozym-435 (70 mg) afforded (S)-(�)-1k (39 mg,
39%) and (R)-(�)-2k (48 mg, 38%). (S)-(�)-1k : 99.4% ee (GC con-
ditions: column: RT-�DEXcst (30 m, � 0.25 m, 0.25 �m DF); carrier: N2,
10 psi; injector: 250 �C; detector (FID, H2, 0.218 MPa): 250 �C; oven
temperature: 120 �C (40 min), then 1.0 �Cmin�1 to 130 �C (20 min)); liquid;
1H NMR (300 MHz, CDCl3, 25 �C): �� 5.00 ± 4.76(m, 2H; CH2), 4.04 ± 3.80
(m, 1H; CH), 2.04 ± 1.80 (m, 2H; CH2), 1.80 ± 1.08 (m, 9H; 4CH2 and OH),
1.08 ± 0.80 (m, 6H; 2CH3); 13C NMR (75.4 MHz, CDCl3, 25 �C): �� 204.36,
107.19, 78.28, 73.11, 31.56, 28.23, 27.65, 27.24, 22.46, 13.99, 9.64; IR (neat):
�� � 3353 (OH), 1955 cm�1 (C�C�C); MS (70 eV): m/z (%): 168 (2) [M�].


(R)-(�)-2k : 99.7% ee (determined after conversion to the corresponding
acetate); liquid; 1H NMR (300 MHz, CDCl3, 25 �C): �� 5.03 ± 4.97 (m, 1H;
CH), 4.74 ± 4.57 (m, 2H; CH2), 1.93 (s, 3H; CH3), 1.91 ± 1.79 (m, 2H; CH2),
1.75 ± 1.50 (m, 2H; CH2), 1.47 ± 1.00 (m, 6H; 3CH2), 0.96 ± 0.59 (m, 6H;
2CH3); 13C NMR (75.4 MHz, CDCl3, 25 �C): �� 206.03, 170.48, 103.26,
77.67, 75.29, 31.43, 27.99, 27.05, 25.81, 22.42, 21.07, 13.98, 9.81; IR (neat): �� �
1958 (C�C�C), 1740 cm�1 (C�O); MS (70 eV): m/z (%): 168 (2) [M��
COCH2]; HRMS: calcd for C11H20O [M��COCH2]: 168.1514, found:
168.1497.


Synthesis of (S)-(�)-4-(n-heptyl)hexa-4,5-dien-3-ol and (R)-(�)-4-(n-hept-
yl)hexa-4,5-dien-3-yl acetate : Treatment of racemic 4-(n-heptyl)hexa-4,5-
dien-3-ol (l02 mg) with Novozym-435 (70 mg) afforded (S)-(�)-1 l (49 mg,
49%) and (R)-(�)-2 l (58 mg, 47%). (S)-(�)-1 l : 99.7% ee (GC conditions:
column: RT-�DEXcst (30 m, � 0.25 m, 0.25 �m DF); carrier: N2, 10 psi;
injector: 250 �C; detector (FID, H2, 0.218 MPa): 250 �C; oven temperature:
120 �C (40 min), then 1.0 �Cmin�1 to 130 �C (20 min)); liquid; 1H NMR
(300 MHz, CDCl3, 25 �C): �� 5.00 ± 4.67 (m, 2H; CH2), 4.09 ± 3.80 (m, 1H;
CH), 2.13 ± 1.80 (m, 2H; CH2), 1.80 ± 1.00 (m, 13H; 6CH2 and OH), 1.00 ±
0.80 (m, 6H; 2CH3); 13C NMR (75.4 MHz, CDCl3, 25 �C): �� 204.32,
107.34, 78.57, 73.10, 31.82, 29.36, 29.16, 28.30, 27.84, 27.63, 22.63, 14.09, 9.67;
IR (neat): �� � 3344 (OH), 1955 cm�1 (C�C�C); MS (70 eV): m/z (%): 196
(5) [M�]; HRMS: calcd for C13H24O [M�]: 196.1827, found: 196.1781.


(R)-(�)-2 l : 99.4% ee (determined after conversion to the corresponding
acetate); liquid; 1H NMR (300 MHz, CDCl3, 25 �C); �� 5.20 ± 5.12 (m, 1H;
CH), 4.86 ± 4.65 (m, 2H; CH2), 2.05 (s, 3H; CH3), 1.97 ± 1.83 (m, 2H; CH2),
1.80 ± 1.57 (m, 2H; CH2), 1.51 ± 1.07 (m, 10H; 5CH2), 0.96 ± 0.74 (m, 6H;
2CH3); 13C NMR (75.4 MHz, CDCl3, 25 �C): �� 206.05, 170.56, 103.29,
77.71, 75.34, 31.80, 29.23, 29.11, 28.06, 27.41, 25.84, 22.62, 21.13, 14.05, 9.86;
IR (neat): �� � 1958 (C�C�C), 1740 cm�1 (C�O); MS (70 eV):m/z (%): 196
(14) [M��COCH2]; HRMS: calcd for C13H24O [M��COCH2]: 196.1827,
found: 196.1849.


AgNO3-catalyzed cycloisomerization of 1a : Synthesis of (R)-3-butyl-2-
methyl-2,5-dihydrofuran ((S)-3a): AgNO3 (170 mg, 1 mmol) was added to
a solution of (S)-1a (ee� 99%) (140 mg, 1 mmol) in acetone/water (1:1)
(2 mL) under nitrogen. After refluxing for 8 h, with TLC monitoring, the
reaction was quenched with brine (10 mL), the mixture was extracted with
diethyl ether (3� 20 mL), and the combined extracts were washed twice
with brine and dried over sodium sulfate. After evaporation of the solvent,
the residue was purified by flash chromatography on silica gel (petroleum
ether/diethyl ether 100:1) to afford (S)-3-butyl-2-methyl-2,5-dihydrofuran
((S)-3a) (84 mg, 60%) with �99% ee (GC conditions: column: �-cyclo-
dextrin butyryl (20 m� 0.25 mm); carrier: N2, 6 psi; injector: 250 �C;
detector (FID, H2, 0.218 MPa): 250 �C; oven temperature: 50 �C (40 min),
then 1.0 �Cmin�1 to 120 �C); liquid; 1H NMR (300 MHz, CDCl3, 25 �C): ��
5.40 ± 5.26 (m, 1H; CH), 4.77 ± 4.40 (m, 3H; OCH and OCH2), 2.09 ± 1.77
(m, 2H; CH2), 1.54 ± 1.20 (m, 4H; 2CH2), 1.14 (d, 3J(H,H)� 5.4 Hz, 3H;
CH3), 0.83 (t, 3J(H,H)� 6.6 Hz, 3H); 13C NMR (75.4 MHz, CDCl3, 25 �C):
�� 144.34, 118.24, 82.94, 74.06, 29.48, 26.47, 22.53, 20.43, 13.91; IR (neat):
�� � 1661 cm�1 (C�C); MS (70 eV):m/z (%): 140 (8) [M�] HRMS: calcd for
C9H16O [M�]: 140.1201, found: 140.1219.


PdII-catalyzed coupling cyclization of 1a with allylic bromide : Synthesis of
(S)-4-allyl-3-butyl-2-methyl-2,5-dihydrofuran [(S)-4a]: A mixture of (S)-1a
(ee� 99%) (140 mg, 1 mmol), allylic bromide (5 mmol), and PdCl2 (8.9 mg,
0.05 mmol) was stirred in N,N-dimethylacetamide (6 mL) at room temper-
ature. When the reaction was complete, as monitored by TLC, diethyl ether
was added. The resulting mixture was washed with brine (three times) and
dried over anhydrous sodium sulfate. The product was purified by column
chromatography on silica gel (petroleum ether/diethyl ether 100:1) to
afford (S)-4-allyl-3-butyl-2-methyl-2,5-dihydrofuran (122 mg, 68%) with
�99% ee (GC conditions: column: �-cyclodextrin butyryl (20 m�
0.25 mm); carrier: N2, 6 psi; injector: 250 �C; detector (FID, H2,
0.218 MPa): 250 �C; oven temperature: 80 �C (40 min), then 1.0 �Cmin�1


to 120 �C (20 min)); liquid; 1H NMR (300 MHz, CDCl3, 25 �C): �� 5.80 ±
5.60 (m, 1H; CH), 5.11 ± 4.90 (m, 2H; CH2), 4.90 ± 4.71 (m, 1H; CH), 4.60 ±
4.38 (m, 2H; CH2), 2.81 (d, 3J(H,H)� 6.3 Hz, 2H; CH2), 2.26 ± 2.03 (m, 1H;
CH), 2.00 ± 1.83 (m, 1H; CH), 1.54 ± 1.03 (m, 4H; 2CH2), 1.22 (d,
3J(H,H)� 6.4 Hz, 3H; CH3), 0.89 (t, 3J(H,H)� 6.3 Hz, 3H; CH3);
13C NMR (75.4 MHz, CDCl3, 25 �C): �� 136.53, 135.14, 128.97, 115.67,
83.87, 76.13, 30.17, 29.72, 24.51, 22.71, 20.59, 13.85; IR (neat): �� � 1639
(C�C), 1071 cm�1 (C�O); MS (70 eV): m/z (%): 180 (3) [M�].


Pd0-catalyzed coupling cyclization of 1a with PhI : Synthesis of (S,S)-2-
butyl-3-methyl-2-(1�-phenylvinyl)oxirane ((S,S)-5a): [Pd(PPh3)4] (58 mg,
0.05 mmol) was added to a mixture of (S)-1a (ee� 99%) (140 mg, 1 mmol),
phenyl iodide (216 mg, 1.06 mmol), and potassium carbonate (552 mg,
4.01 mmol) in DMF (4 mL) under Ar, and the resulting mixture was heated
at 75 ± 80 �C for 18 h with monitoring by TLC. The reaction was then
quenched with brine (10 mL), the mixture was extracted with diethyl ether
(3� 20 mL), and the combined extracts were washed twice with brine and
dried over sodium sulfate. After evaporation of the solvent, the residue was
purified by flash chromatography on silica gel (petroleum ether/diethyl
ether 200:1) to afford (S,S)-2-butyl-3-methyl-2-(1�-phenylvinyl)oxirane
((S,S)-5a) (127 mg, 59%) with 99.4% ee (GC conditions: column: RT-
�DEXcst (30 m,� 0.25 m, 0.25 �mDF); carrier: N2, 8 psi; injector: 250 �C;
detector (FID, H2, 0.218 MPa): 250 �C; oven temperature: 140 �C (20 min),
then 1.0 �Cmin�1 to 180 �C); liquid; 1H NMR (300 MHz, CDCl3, 25 �C): ��
7.31 ± 7.19 (m, 5H; C6H5), 5.35 (d, 3J(H,H)� 1.5 Hz, 1H; CH), 5.25 (d,
3J(H,H)� 1.5 Hz, 1H; CH), 3.07 (q, 3J(H,H)� 5.4 Hz, 1H; CH), 1.80 ± 1.60
(m, 1H; CH), 1.30 (d, 3J(H,H)� 3.9 Hz, 3H; CH3), 1.31 ± 1.02 (m, 4H;
2CH2), 0.80 (t, 3J(H,H)� 2.6 Hz, 3H; CH3); 13C NMR (75.4 MHz, CDCl3,
25 �C): �� 148.38, 138.49, 128.28, 127.69, 126.46, 112.73, 64.83, 60.84, 28.72,
27.13, 22.58, 13.87, 13.77; IR (neat): �� � 1627 cm�1 (C�C); MS (70 eV): m/z
(%): 216 (14) [M�]; HRMS: calcd for C15H20O [M�]: 216.1514, found:
216.1513.
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DFT Description of the Magnetic Properties and Electron Localization in
Dinuclear Di-�-oxo-Bridged Manganese Complexes


Vincenzo Barone,[a] Alessandro Bencini,*[b] Dante Gatteschi,[b] and Federico Totti[b]


Abstract: Density functional theory (DFT) was applied to describe the magnetic and
electron-transfer properties of dinuclear systems containing the [MnO2Mn]n� core,
with n� 0,1,2,3,4. The calculation of the potential energy surfaces (PESs) of the
mixed-valence species (n� 1,3) allowed the classification of these systems according
to the extent of valence localization as Class II compounds, in the Robin ± Day
classification scheme. The fundamental frequencies corresponding to the asymmetric
breathing vibration were also computed.


Keywords: density functional calcu-
lations ¥ electron transfer ¥ magnetic
properties ¥ manganese ¥ mixed-
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Introduction


Mixed-valence transition metal complexes are an important
class of compounds since they show a number of peculiar
physicochemical properties of relevance in different fields of
science including chemistry, biology, and physics. Mixed-
valence species can be regarded as formed by two or more
transition metal centers bearing fractional formal charges, or,
better, by integer valence-localized centers and ™extra∫
electron(s) which can hop from one center to the other.
When the metal centers have magnetic ground states, the
interplay between electron delocalization and magnetic
interactions plays a crucial role in determining their magnetic
behavior, which is of current interest, for instance, in solid-
state chemistry (bulk magnets and superconductors[1, 2]),
inorganic chemistry (mixed-valence clusters and heteropo-
lyblues[3]) and biology (iron ± sulfur proteins[4, 5]).


The simplest mixed-valence systems are dinuclear com-
plexes. They are simple enough to allow a very accurate
experimental characterization of their physicochemical prop-
erties, and at the same time the use of the most sophisticated
quantum-mechanical models to describe their electronic
structure. Since the hopping electron retains its spin orienta-
tion during the transfer, in homonuclear transition metal
dimers with more than one unpaired electron per metal site
the spin state with the maximum spin multiplicity is always
stabilized. This spin-dependent electron delocalization has


been traditionally indicated with the term double-ex-
change.[6±8] The magnetic properties of dinuclear mixed-
valence compounds are commonly rationalized through the
use of a phenomenological spin Hamiltonian, which includes a
super-exchange isotropic interaction between localized spin
and an electron delocalization parameterized term.[9] A
possible form of the double-exchange spin Hamiltonian is
given by Equation (1), where the * indicates the atomic center
onto which the ™extra∫ electron with se� 1/2 is localized and
Sk*� Sk � se.


H� J(S*A ¥SB �SA ¥ S*B��BTAB (1)


The BTAB term splits the localized states, �S*ASBSMs� and
�SAS*BSMs�, (S� S*A � SB � SA � S*B� according to Equation 2


with B� �


2S0 � 1
.


TAB � S*ASBSMs�� (S� 1/2) � SAS*BSMs�
TAB � SAS*BSMs�� (S� 1/2) � S*ASBSMs� (2)


�(or tab, or Hab) is the effective electron transfer integral
between the magnetic orbitals occupied by the ™extra∫
electron[10, 11] and S0 is the spin of centers A and B (in the
absence of the ™extra∫ electron). The energy of the states with
total spin S, E(S), takes the form given in Equation 3, where a
positive J value means an antiferromagnetic exchange inter-
action.


E�(S)� J/2[S(S� 1)]�B(S� 1/2) (3)


As mentioned above, the double-exchange parameter B
always stabilizes the spin state with maximum spin, S� Smax�
S*A � SB. Depending on the B/J ratio, the Smax state can be the
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ground state even overcoming an antiferromagnetic exchange
interaction which stabilizes the Smin �� S*A � SB ��� SA� S*B �
state. The double-exchange interaction doubles the number of
spin levels which correspond to the two linear combinations,
E�(S), of the localized spin eigenfunctions. In the most
favorable cases, transitions between E�(S) and E�(S) can be
observed in the electronic absorption spectrum allowing the
direct measurement of B. This transition is often indicated as
Eop. It must be stressed at this point that the measurement of
the temperature dependence of the magnetic susceptibility
alone does not permit (in most of the cases experimentally
encountered) the independent estimate of J and B, since, the
susceptibility depends only on the low-lying thermally popu-
lated excited states, which share the same symmetry (� or � )
when B� J : therefore J and B are often strongly correlated.


The magnetic properties of mixed-valence dimers result
from the interplay of double- and super-exchange interac-
tions. In actual compounds double-exchange interactions are
modulated by trapping effects which, reducing the double-
exchange effect, lead sometimes to an antiferromagnetic
ground state. These trapping effects can be static, that is
caused by chemical differences in the A and B sites, or
dynamic, that is caused by vibronic interactions. In a widely
used classification scheme,[12] mixed-valence systems are
divided into three classes depending on the amount of
delocalization of the ™extra∫ electron: in Class III compounds
the ™extra∫ electron is completely delocalized and in Class I
systems it is completely localized on one of the metal ions.
Class II compounds have an intermediate behavior, which
often leads to a temperature-dependent degree of localization.


The theoretical characterization of mixed-valence com-
pounds requires a computational approach which is able to
model super- and double-exchange interactions including the
dependence of the electron localization on the nuclear
displacements. Recently, we have applied density functional
theory (DFT) to characterize the electronic properties of two
Class III mixed-valence complexes, namely the Creutz ±
Taube cation[13] and the [Fe2(OH)3(tmtacn)2]2� complex
(tmtacn�N,N�,N��-trimethyl-1,4,7-triazacyclonorane)[14] and
we developed a computational approach for the character-
ization of mixed-valence transition metal dimers which
includes a vibronic analysis of the potential energy surface
(PES) of the ground and lowest excited states of the systems.
To further investigate the reliability of our approach, we
decided to compute the electronic structure of doubly,
oxygen-bridged pseudo-octahedral MnIII/MnIV dimers, since
a number of complexes of general formula [MnO(L4)]2


3�


(L4 � nitrogen ligand) have been synthesized in the last few
years[15, 16] to mimic the active site of biologically important
metalloenzymes,[17] and have been experimentally assigned to
Class II. No analogous MnII/MnIII systems of the formula
[MnO(L4)]2


� have been reported so far. Recently a Class II
MnII/MnIII couple was reported with Mn in a tetrahedral
coordination.[18] To include a full characterization of the
magnetic interactions in dimanganese systems we have
computed the electronic and magnetic structures of the
integer valence systems, [MnO(L4)]2


0/2�/4�, covering the whole
range of stable oxidation states, and completing the calcu-
lation already performed by other groups.[19, 20] Also in this


case, complexes with zero charge, formally formed by MnII


ions, have not yet been synthesized. In all the known
complexes with formula [MnO(L4)]2


2�/4� the manganese ions
were found to be antiferromagnetically coupled; the J values
ranged from 170 to 300 cm�1 according to the nature of the L4


ligand and to the oxidation state.[16a±d, 21]


To eliminate the dependence of the computed properties on
the specific nature of the terminal ligand, we used the model
complex [Mn2O2(NH3)8]n� (Figure 1) in all the calculations.


Figure 1. Schematic structure of the model complex [Mn2O2(NH3)8]n� (n�
0 ± 4) used in the DFT calculations.


Following previous studies,[14, 20] the four nitrogen atoms of the
ligands were replaced by ammonia molecules. It has to be
stressed here that the replacement of the real ligands by
simpler molecules can affect the computed J values in a
significant way, so that a quantitative comparison with the
experimental values can be questionable; on the other hand
relative variations of the magnetic parameters and magneto-
structural correlations can always be extracted.[22] A striking
example is provided by the [(tert-butpy)2Cu(N3)2Cu(tert-
butpy)]2� (tert-butpy� tert-butylpyridine) compound: a cou-
pling constant in good agreement with experimental data
could be computed only using pyridine as ligand, whereas the
ammonia model leads to incorrect results almost irrespective
of the computational level.[22] It is also known that inclusion of
some HF exchange in the functional (B3LYP functional,[23] for
instance), stabilizes the high-spin states and, in general,
improves the agreement with the experimental data. The
results are, however, strongly dependent on the ratio (�)
between HF and local exchange,[22, 24] and optimized values of
� are not yet available for magnetic properties. As a
consequence we will use only conventional density functionals
here.


Computational Details


DFT calculations were performed with the Amsterdam Density Functional
(ADF) program package, version 2.3.[25, 26] The standard basis sets provided
within the package were used throughout. Double-� STO basis sets were
employed to describe the valence orbitals of all non-hydrogen atoms,
except the manganese 3d orbitals which were represented by using a triple-
� function. The shells up to 2p for Mn and 1s for all the other non-hydrogen
atoms were treated as frozen cores. Single-� STO basis sets were used for
hydrogen atoms. An overall C2v symmetry, which is a subgroup of the
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highest D2h molecular symmetry, was used in the calculations, if not
otherwise specified.


The X� functional[27] was used for the exchange and Vosko, Wilk, and
Nusair functionals[28] for the correlation potential (LSDA approximation).
The Stoll×s dynamical correlation correction[29] was also applied in all the
calculations. Anharmonic frequencies needed for the estimation of vibronic
couplings (vide infra) were computed by the DiNa package.[30]


The calculation of the exchange-coupling constant, J, involved the
determination of the energies of the spin multiplets of the dimer. This
task cannot be accomplished within a single determinant formalism like
DFT, and some approximate procedure must be used.[31] A widely used
formalism, the broken symmetry approach,[32] is based, for weakly
interacting magnetic ions, on a one-to-one mapping of the exact Hamil-
tonian over the spin Hamiltonian. This mapping is performed by equating
the energy of an appropriate single determinant issuing from an SCF
computation to the energy of its counterpart on a product spin basis
{i � SiMSi


�} expressed as a function of the spin Hamilitonian parameter J. The
highest spin state (that is the ferromagnetic one), is usually approximated
by a single Slater determinant, allowing the density functional to account
for the short-range or dynamic correlation effects. The energy of this
determinant, which is also an eigenstate of S2 to a good approximation, is
compared with the matrix element of the highest spin eigenfunction,
�i � SiMSi


�, computed with the isotropic spin Hamiltonian. The lowest spin
state (that is the antiferromagnetic one), is approximated by a determinant
built with molecular orbitals localized on the different spin centers of the
clusters bearing each center in its internal high spin state, but with overall
spins opposed to each other: the broken symmetry state. This determinant
is in general an eigenfunction of Sz only. The orbitals obtained through this
procedure originate from a spin-unrestricted SCF calculation, and are
localized with a non-orthogonal spatial part. Therefore they can be
identified with the natural magnetic orbitals of the system.[9] The energy of
the broken symmetry determinant is compared with the matrix element of
the spin Hamiltonian in the basis {�i�j(�SiMSi


� � Si � MSi
�)}. For dinuclear


systems this procedure yields the general expression given in Equation 4
for J, where Smax stays for the highest spin state of the system.


J�E�Smax� � E�SBS�
2SASB


(4)


Since Equation (4) holds only for weakly interacting magnetic systems, that
is when the squared overlap between the magnetic orbitals is much lower
than 1, J values computed in this way provide an upper limit of the
exchange-coupling constant. In the opposite situation, when a strong
bonding interaction occurs, the energy of the broken symmetry state is close
to the energy of the lowest energy multiplet, as discussed at some length in the
recent literature.[22, 31, 33, 34] Since the computed magnetic orbitals (vide
infra) are rather well localized on the two manganese centers in the integer
valence systems, we will use Equation (4) to compute the J values.


The procedure for the calculation of the spin Hamiltonian parameters for
the mixed-valence complexes[32e] will be briefly explained in the text.


Geometry optimizations were performed by using the Broyden ± Fletcher ±
Goldfarb ± Shanno hessian update and default criteria of convergence on
energy, cartesians, and gradient were applied. Optimizations were always
performed on the high-spin state since it can be meaningfully described
using a single Slater determinant. We prefer this approach to the use of the
broken symmetry wavefunction which in general does not represent any
pure spin state.


Results and Discussion


Structural considerations: The geometrical structure of the
model complexes was optimized for [Mn2O2(NH3)8] (MnII/
MnII, Smax � 5), [Mn2O2(NH3)8]� (MnII/MnIII, Smax � 9/2),
[Mn2O2(NH3)8]2� (MnIII/MnIII, Smax � 4), [Mn2O2(NH3)8]3�


(MnIII/MnIV, Smax�7/2), [Mn2O2(NH3)8]4� (MnIV/MnIV, Smax�3).
The results of the calculations are summarized in Table 1 and
Table 2 for the integer and the mixed-valence systems,


respectively. In the same tables the available experimental
data (MnIII/MnIII, MnIII/MnIV, MnIV/MnIV)[16] are also reported
together with the results of previous calculations by Stranger
and McGrady[20] on MnIII/MnIII, MnIII/MnIV, MnIV/MnIV com-
plexes. The optimizations were performed by using the
broken symmetry wavefunction and the Becke ± Perdew[35]


gradient-corrected functional. A comparison between the
two results shows that the Mn�Mn and Mn�N bond lengths


Table 1. Comparison between computed relevant geometrical parameters
for the [Mn2O2]n�, n� 0, 2, 4, and the available experimental data.[a]


MnII/MnII MnIII/MnIII [b,c] MnIV/MnIV [b,d]


Mn�Mn 2.656 2.703 (2.674 ± 2.686) 2.780 (2.672 ± 2.748)
Mn�O 1.975 1.851 (1.830 ± 1.842) 1.845 (1.774 ± 1.811)
Mn�Nax 2.329 2.337 (2.323 ± 2.427) 2.046 (2.007 ± 2.010)
Mn�Neq 2.357 2.119 (2.098 ± 2.123) 2.099 (2.060 ± 2.076)
O-Mn-O 96.7 86.2 (86.1 ± 86.7) 82.3 (78.5 ± 85.0)


[a] Distances in ä, bond angles in �. [b] Experimental data in parenthesis.
The observed range of values are reported. Structural data for MnIII/
MnIII(bispicen)2,[16a,q] Mn2


III/MnIII(bispyzen)2,[16a] Mn2
III/MnIII(6-Me2tm-


pa)2,[16a] Mn2
IV/MnIV(bispicen)2,[16b] Mn2


IV/MnIV(phen)2,[16c] Mn2
IV/MnIV(6-


MeL1)2.[16d] Ligands: bispicen�N,N�-bis(2-pyridylmethyl)-1,2-ethanedia-
mine, bispyzen�N,N�-bis(pyrazin-2-ylmethyl)ethane-1,2-diamine, 6-Me2-
tmpa�N,N-bis[(6-methylpyridin-2-yl)methyl]-N-(pyridin-2-ylmethyl)a-
mine, phen� 1,10-phenanthroline, 6-MeL1�N-[(6-methylpyridin-2-yl)-
methyl]-N,N-bis(pyridin-2-ylmethyl)amine. [c] The values computed on
the broken symmetry state using the Becke ± Perdew functional[20] are:
Mn�Mn 2.716 ä, Mn�O 1.840 ä, Mn�Nax 2.504 ä, Mn�Nax 2.231 ä,
O-Mn-O 84.8�. [d] The optimized values on broken symmetry using the
Becke ± Perdew functional[20] are, respectively: Mn�Mn 2.866 ä, Mn�O
1.842 ä, Mn�Nax 2.137 ä, Mn�Nax 2.215 ä, Mn-O-Mn 77.9�.


Table 2. Comparison between computed relevant geometrical parameters
for the [Mn2O2]n�, n� 1,3 and the available experimental data.[a]


Mn2
II/MnIII Mn2


III/MnIV [b,c]


C2v D2h[d] C2v D2h[d]


Mn�Mn 2.693 ± 2.746 (2.643 ± 2.741) ±
MnII�O 2.015 1.930 ± ±
MnIII�O 1.822 1.930 1.907 (1.814 ± 1.862) 1.850
MnIV�O ± ± 1.794 (1.774 ± 1.827) 1.850
MnII�Nax 2.281 2.322 ± ±
MnIII�Nax 2.385 2.322 2.341 (2.128 ± 2.349) 2.150
MnIV�Nax ± ± 2.031 (2.013 ± 2.220) 2.150
MnII�Neq 2.348 2.265 ± ±
MnIII�Neq 2.176 2.265 2.096 (2.079 ± 2.132) 2.118
MnIV�Neq ± ± 2.117 (2.053 ± 2.128) 2.118
O-MnII-O 85.2 91.5 ± ±
O-MnIII-O 96.8 91.5 83.8 (80.6 ± 84.0) 83.8
O-MnIV-O ± ± 96.8 (82.8 ± 86.8) 83.8


[a] Distances in ä, bond angles in �. [b] Experimental data in parenthesis.
The observed range of values are reported. Structural data for MnIII/
MnIV(6-MeL1)2,[16d,q] MnIII/MnIV(bispicen)2,[16e,q] MnIII/MnIV(tren)2,[16f]


MnIII/MnIV(bpy)2,[16c,g,h,i] MnIII/MnIV(phen)2,
[16c,g,h] MnIII/MnIV(tmpa)2,[16l,m]


MnIII/MnIV(cyclam)2
[16n,o] MnIII/MnIV(pmap)2.[16p] Ligands: 6-MeL1 �N-


[(6-methylpyridin-2-yl)methyl]-N,N-bis(pyridin-2-ylmethyl)amine, bispicen
�N,N�-bis(2-pyridylmethyl)-1,2-ethanediamine, tren� tris(2-aminoethyl)-
amine, bpy� 2,2�-pyridine, phen� 1,10-phenantroline, tmpa� tris(2-pyri-
dylmethyl)amine, cyclam� 1,4,8,11-tetraazacyclotetradecane, pmap�
bis[2-(2-pyridyl)ethyl]-2-pyridylmethylamine. [c] The values computed
from optimizations on the broken symmetry state using the Becke ± Per-
dew functional[20] are, respectively: MnIII�MnIV 2.783 ä, MnIII�O 1.873 ä,
MnIV�O 1.800 ä, Mn�Nax 2.459 ä, MnIV�Nax 2.117 ä, MnIII�Neq 2.210 ä,
MnIV�Neq 2.227 ä, O-MnIII-O 79.5�, O-MnIV-O 85.2�. [d] Optimization
performed on a geometry constrained to D2h symmetry, that is equivalent
metal centers (see text).
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are generally overestimated in the latter approach and the
broken symmetry geometries are in worse agreement with the
experimental data.


A regular variation of some geometrical parameters is
observed: on passing from MnII/MnII to MnIV/MnIV the
Mn�Mn distance and the Mn-O-Mn angle increase. The
Mn�O distances decrease in the MnII/MnII, MnIII/MnIII, and
MnIV/MnIV cases and becomes quite different in the mixed-
valence species. In the MnN4 coordination polyhedron the
axial Mn�N bond lengths are slightly shorter than the
equatorial ones in MnII/MnII and MnIV/MnIV, and larger in
MnIII/MnIII. The distortions may be due to the trans effect of
the oxygen atoms (MnII/MnII and MnIV/MnIV) and to a static
Jahn ± Teller distorsion active in the MnIII ion. The elongated
coordination of MnIII is, of course, present also in the MnII/
MnIII and MnIII/MnIV systems. These computed geometries
will be used in the following for the calculation of the static
magnetic parameters.


Antiferromagnetism in the integer valence MnII/MnII, MnIII/
MnIII, and MnIV/MnIV species: The values of the exchange
coupling constant J, computed using Equation (4), are shown
in the first-row of Table 3 and compared with the available
experimental data. While our computations indicate that in all
the compounds the Mn ions are antiferromagnetically cou-
pled, as experimentally observed in the MnIII/MnIII and MnIV/
MnIV cases, the calculated strength of the coupling is over-
estimated compared to the experiment. This overestimation
of J is a common drawback of broken symmetry calculations,
and has been already discussed.[22, 34, 36] This can be due to the
assumption (implicit in deriving Equation (4)) of a weak
bonding interaction between
the magnetic centers, or to the
modeling of the system, or to
the combination of both effects.
Applying the strong bonding
approach, as is sometimes done
in the literature,[37] the J values
obtained for the complexes
[Mn2O2(NH3)8]2� and
[Mn2O2(NH3)8]4� were 382 and
524 cm�1, respectively. Al-
though these values are closer
to the experimental data, a
good quantitative agreement is
still lacking: in our opinion, this
is due to the actual modeling of
the complexes which includes
deviation from the real systems
in the bonding nature of the
terminal ligands and in some of
the geometrical parameters. A
similar overestimation of the J
values was found also in refer-
ence [19], where GGA func-
tionals were used. An estimate
of the limit of validity of Equa-
tion (4) can be obtained by
computing the average value


of S2 on the broken symmetry state, 	S2�. This value should
be close to 0 (pure singlet state) when there is a strong overlap
between magnetic orbitals, and to the number of � electrons
occupying the magnetic orbitals when they are orthogonal.
The computed values for MnII/MnII, MnIII/MnIII, and MnIV/
MnIV are 4.8, 3.6, and 2.6, respectively, indicating that the
weak bonding approximation is reasonable.


In the DFT description of the magnetism of the molecule,
quantitative relationships with individual exchange pathways
are lost, since they are strictly related, in a molecular orbital
model, to a configuration interaction development of the wave-
function.[9, 38] Qualitative considerations on the exchange path-
ways can be, however, derived by looking at the composition
of the magnetic orbitals as obtained by the broken symmetry
approach and already outlined in reference [20].


The computed J value decreases when the formal charge on
manganese is reduced from �4 to �2. This behavior is due to
two main factors: the variation of the composition of the
magnetic orbitals and the geometrical changes, in particular
the Mn-O-Mn angle, associated to the charge of the com-
plexes. The magnetic orbitals of all the model complexes are
shown in Figure 2.


Table 3. J values[a] for [Mn2O2]n�, n� 0, 2, 4.


MnII/MnII MnIII/MnIII MnIV/MnIV


J 78 478 (172 ± 201)[b] 697 (252 ± 288)[c]


Js[d] ± 344 548


[a] Values incm�1. [b] Experimental value in parenthesis. The observed
value is reported in references[16a,q]. [c] Experimental value in paren-
thesis. See references [16b,c]. [d] Values computed in reference [19]
properly transformed for the spin Hamiltonian of Equation (1).


Figure 2. Isosurface representations of the magnetic orbitals for the complexes 1, 3, and 5. The surfaces drawn
correspond to ��� 0.05 au.
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MnIV/MnIV: In the ground
state each MnIV ion (3d3) has
all the t2g-like (�*) orbitals
semioccupied (t2g


3 configura-
tion in a octahedral crystal
field). These orbitals can be
labeled in the C2v point group
symmetry as: dx2�y2 
 a1, dyz
 a2 ,
dxz
b2. The empty eg-like (�*)
orbitals, dz2 and dxy span the a1
and b1 irreducible representations, respectively. The comput-
ed magnetic orbitals, shown in Figure 2, are mainly localized
on one metal center, with a significant distribution of electron
density onto the bridging oxygen atoms and on the other
metal center. Only the � components are shown, the
corresponding � components being isoenergetic and localized
on the other half of the molecule. Larger delocalization
generally means a better overlap between the � and �


magnetic orbitals. In particular, the contribution of metal d
orbital on the other center can be effective in transmitting the
exchange interaction. We will call this contribution a ™direct∫
interaction between the magnetic orbitals, which has to be
added to the superexchange one which occurs through the
electron delocalization onto the ligands. This direct interac-
tion can lead to a, say �, electron delocalization on the other
center onto the same orbital in which the, say �, electron is
localized, or in an orbital which is orthogonal to it. In the first
case a ™direct∫ antiferromagnetic contribution can be ex-
pected, while a ferromagnetic interaction is expected in the
latter case. The strength of the interaction will be roughly
proportional to the transferred electron density.[39] Since both
the dx2�y2 and the dz2 orbitals belong to the a1 irreducible
representation, they can be admixed, as is apparent from the
composition of the 20a1 and 21a1 orbitals. According to the
orbital models for the magnetic interaction,[9] three antiferro-
and three ferromagnetic exchange pathways originate from
the d3 ± d3 interaction, namely Ja1a1, Ja2a2, Jb2b2, and Ja1a2 , Ja2b2,
Ja1b2. Owing to the delocalization of the electron density on
the bridging ligands, which favors the overlap between the
magnetic orbitals and the antiferromagnetic interactions, the
overall exchange coupling constant, J� (Ja1a1 � Ja2a2 � Jb2b2 �
2Ja1a2� 2Ja2b2 � 2Ja2b2)/9, should be antiferromagnetic. The
strength of the Jij couplings is expected to be proportional
to the square of the overlap integrals between the magnetic
orbitals, which we report in Table 4 for MnII/MnII, MnIII/MnIII,
and MnIV/MnIV. The leading term in MnIV/MnIV is the
interaction between the dxz orbitals which are mostly delo-
calized and efficiently overlap through the � interaction with
the pz orbitals of the bridging oxygens (Figure 2). Therefore, it
can be expected that Jb2b2 � Ja2a2 � Ja1a1. 	b2 � b2� is smaller in
the MnIII/MnIII, and MnII/MnII complexes. It can be seen from
Figure 2 that on passing from Mn2


IV/MnIV to Mn2
II/MnII the


™direct∫ contribution to the exchange interaction also de-
creases.


MnIII/MnIII : The two electrons added to the MnIV/MnIV dimer
go in magnetic orbitals (21a1) mainly localized on dz2 orbitals
on the two centers (see Figure 2). Therefore further exchange
pathways are present which involve dz2 : the dz2± dz2 and the


dx2�y2 ± dz2 . The computed overlap integrals, 0.0583 and 0.311,
respectively, indicate that the first interaction should be
weakly antiferro- or even ferromagnetic, while a significant
antiferromagnetic coupling is expected from the dx2�y2 ± dz2


interaction. Indeed, Figure 2 shows that the 21a1� magnetic
orbital is significantly delocalized onto the dx2�y2 orbital of the
other Mn center onto which the 20a1�, magnetic orbital is
localized. This ™direct∫ mechanism thus favors a ferromag-
netic dz2 ± dz2 interaction and a more sizable antiferromagnetic
dx2�y2 ± dz2 interaction. The other magnetic orbitals, mainly t2g-
like, closely resemble those computed for MnIV/MnIV, but the
overlap integrals (Table 4) are smaller leading to a smaller
antiferromagnetic effective interaction. A decrease in the
overall J value is therefore expected.


MnII/MnII : The smallest J value (J� 78 cm�1) was computed
for this system. The eg-like orbitals are semioccupied and the
number of ferromagnetic interactions increases, while the
overlaps between the magnetic orbitals are comparable to or
smaller than those computed for the MnIII/MnIII case (Ta-
ble 4). The overall decrease of the overlap integrals on going
from MnIV/MnIV to MnII/MnII follows the decrease of the Mn-
O-Mn bridge from 97.7� in MnIV/MnIV to 83.9� in the actual
case. A similar trend has been observed for the Mn�Mn
distance which is reduced from 2.780 ä in MnIV/MnIV to 2.656
in the case under scrutiny.


Electron delocalization and antiferromagnetism in the mixed-
valence MnII/MnIII and MnIII/MnIV species : The ™extra∫
electron added to MnIII/MnIII to form the MnII/MnIII species
goes in one of the two possible linear combinations of the dxy
orbitals. The energy difference between the two configura-
tions will be used later to compute the electron delocalization
parameter. In a similar way the MnIII/MnIV species is formed
by adding the ™extra∫ electron to the MnIV/MnIV in one of the
MOs originating from the dz2 atomic orbitals. Modeling of
valence trapping effects requires the knowledge of the
potential energy surface of the system as a function of the
position of the atomic nuclei. In the simplest model of the
valence trapping,[9] that is two uncoupled harmonic oscillators
centered on the two Mn complexes, the localization of the
™extra∫ electron is bound to the antisymmetrical breathing
vibration, Q, which, for the MnIII/MnIV case, is schematically
represented in the Scheme 1.


The MnIII center is in an axially elongated environment.
The optimized geometrical parameters reported in Table 2
show that a similar scheme is also valid for the MnII/MnIII case,
albeit with a smaller distortion. In this picture, Q� 0
corresponds to the symmetrical situation (D2h symmetry,


Table 4. Squared overlap integrals between the magnetic orbitals for the [Mn(N)
2O2(NH3)8]n� (n� 0, 2, 4; N� II,


III, IV) cations.[a]


n/N 	b2 � b2�2 	a2 � a2�2 	a1 � a1�2 	a1(z2) � a1(z2)�2 	b1 � b1�2 	a1 � a1(z2)�2


4/IV 0.96 0.058 0.019 ± ± ±
2/III 0.015 0.046 0.0051 0.0034 ± 0.097
0/II 0.024 0.0020 0.064 0.00 0.048 0.0039


[a] The magnetic orbitals are labeled according to the C2v symmetry group (see text).
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Scheme 1.


Table 2) located at higher energy. In previous papers[13, 14] we
showed that the Q coordinate could be traced with good
approximation by following the geometrical rearrangements
of the molecules upon displacement of the bridging groups
from the equilibrium geometry, computed with constrained
geometrical optimizations. In the present case, geometry
optimizations were performed on the MnII/MnIII and MnIII/
MnIV systems with the Mn�Mn distance fixed at the optimized
values (2.693 ä and 2.746 ä for MnII/MnIII and MnIII/MnIV,
respectively) and displacing the O2 moiety along the Mn�Mn
(x axis) direction. All the other geometrical parameters were
free of varying. This geometrical variation can be parame-
terized with the coordinate QO, computed as the distance
between neighboring structures in mass-weighted coordi-
nates. Of course, the structures issuing from the calculations
must be properly oriented to eliminate spurious rotational
components.[40] In this way we obtained an effective adiabatic
potential energy curve (PEC). The calculations were per-
formed on the high-spin states of the systems (S� 9/2 and S�
7/2 for MnII/MnIII and MnIII/MnIV, respectively). The comput-
ed PECs are plotted in Figure 3. It must be pointed out that,
contrary to the simple model of Scheme 1, the maximum of
the PEC at QO� 0 does not correspond to the symmetric
structure (D2h) but to a structure in which the MnIII is weakly
compressed. This can be understood by taking into consid-
eration that an axial elongation (reminiscent of the Jahn ±
Teller effect) stabilizes the dz2 orbital of MnIII and, as a
consequence, the whole system, and indicates that the Jahn ±
Teller stabilization can play a significant role in the electron
delocalization mechanism. From this PEC, an effective one-
dimensional Schrˆdinger equation can be derived,[41] whose
numerical solution[30] provides the anharmonic frequencies
associated to the motion along Q. All these steps are fully
automated in the program package DiNa.[30] The vibrational
eigenstates and frequencies computed by the above approach
are shown in Figure 3. The motion is strongly anharmonic and
the force constants corresponding to the harmonic component
are k1 � 1409 cm�1 ä�2, and k2 � 5618 cm�1 ä�2 for the MnII/
MnIII and MnIII/MnIV cases, respectively. From Figure 3 it is
quite apparent that the minimum energy structure is signifi-
cantly more distorted with respect to the delocalized arrange-
ment for the MnII/MnIII than for the MnIII/MnIV system
(Qmin,�� 3 and �1 amu1/2bohr, respectively). At the same
time, the activation energies governing the motion along Q0


are comparable (�600 and �800 cm�1, respectively). The
consequence of this behavior is that only the MnIII/MnIV


system shows a non negligible splitting between the first pair
of symmetric and antisymmetric states (16 cm�1).


Figure 3. Computed potential energy curves for [Mn2O2(NH3)8]� (top) and
[Mn2O2(NH3)8]3� (bottom). Vibrational eigenstates (left and right) and
harmonic (�) and aharmonic (�k) frequencies computed as described in the
text are indicated.


Since the displacement of the ammonia molecules contrib-
utes significantly to the QO coordinate, particularly in the
MnIII/MnIV complex, we computed a two-dimensional poten-
tial energy surface (PES) including explicitly the variation of
the distances of the ammonia ligands as a further degree of
freedom. To this end we introduced the normal coordinate


qN�
qIII
N � qIV


N

2


where the local coordinates qi
N


are given by Equation (5).


qiN � 2�Riax � �Rieq

3


(5)


In Equation (5) �Riax and �Rieq represent the deviation of
the axial and equatorial ammonia molecules from their
equilibrium positions for the MnIII and MnIV centers. The
equilibrium position corresponds to qN� 0 ä and the sym-
metrical geometry to �qN �� 0.073 ä. Calculations were per-
formed for different values of qO defined as the displacement
in ä of the oxygen atoms from the equilibrium position along
the x axis. The computed points are shown in a pseudo-three-
dimensional representation in Figure 4. A rather flat saddle
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Figure 4. Pseudo-three-dimensional representation of the potential energy
surface computed for [Mn2O2(NH3)8]3�. The qN and q0 coordinates are
defined in the text.


surface is computed for qO� 0.07 ä, which corresponds to the
symmetric oxygen bridge between the two manganese ions:
this shows that the motion of the nitrogen atoms alone is not
efficient enough to localize the ™extra∫ electron.


The above analysis was performed on the high-spin states.
These are actually excited states of the systems since the
calculation of the magnetic coupling provides an overall
antiferromagnetic interaction in both MnII/MnIII and MnIII/
MnIV complexes. To extend the above results to the lower spin
states independent calculations should be performed for each
spin state. This procedure cannot be followed within density
functional theory, since the lower spin states do not have a
single determinant representation. Therefore, we follow the
model developed by Girerd et al., which is based on a spin
Hamiltonian approach.[8, 9] Within this formalism, the energies
of the spin states are obtained by diagonalizing the 2� 2
potential energy matrix, Mƒ , between two localized states of
spin S, namely �S*ASBSMs� and �SAS*BSMs�, A and B labeling
the center on which the unpaired electron is localized.


Here we have added the
anharmonic cubic term g, to
the vibrational potential, � is
the electron transfer integral
between the A and B centers,
and S0 is the spin of the center
without the ™extra∫ electron.


By diagonalization of Mƒ two energies are obtained. The
energies computed with g� 0 for a generic spin state S are
graphically shown in Figure 5, where relevant points on the
potential curve are shown and labeled according to standard


Figure 5. General soltion of the Hamiltonian matrix (Equation (5)) label-
ing the relevant points of the energy curve.


conventions. The � parameter appearing in Mƒ for the MnII/
MnIII and MnIII/MnIV systems can be computed from the high-
spin states (HS) by using Equation 6[8, 9] by computing the
excitation of the ™extra∫ electron between the symmetric and
antisymmetric linear combinations of dxy and dz2 , for the MnII/
MnIII and MnIII/MnIV cases respectively.


2��E(HSdeloc,u)�E(HSdeloc,g) (6)


With these calculations we obtained �� 1045 cm�1 and
696 cm�1, respectively.


The Eop transition, usually referred to as the metal-to-metal
charge transfer, was computed on the more stable geometry
using the Slater transition state[42] procedure at 14300 cm�1


and 13800 cm�1 for the MnII/MnIII and MnIII/MnIV systems
respectively. The latter figures compare nicely with the
transition around 12 000 cm�1 experimentally observed in a
number of compounds.[43]


Using the lowest energy root of Mƒ the points on the curves
of Figure 3 can be fitted by a least-squares procedure keeping
� fixed at the values previously computed, and using J, k, l, and
g as free parameters. The results of the fit are shown in
Table 5, were also the computed � and Eop values are
reported. When using matrix Mƒ to fit the data of Figure 3,
the exchange-coupling constant J assumes the role of a scale
factor, since the zero of the energy in Figure 3 is the minimum


Table 5. Vibronic parameters, transfer integrals Eop and E0 computed for the [Mn(N)
2O2(NH3)8]n� (n� 1, 3; N�


II/III, III/IV) cations.[a]


n l [cm�1 bohr�1] k [cm�1 bohr�2] g [cm�1 bohr�3] � [cm�1] Eop [cm�1] E0 [cm�1]


1 805(12) 179(9) 1.3(1) 1045 14300 660
3 3272(45) 3082(25) 17.7(1) 696 13800 875


[a] Standard deviations are reported in parenthesis.
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of the potential curve. We point out that from the results of
the calculation of the PEC, it can be anticipated that matrixMƒ


cannot be a good description for the MnIII/MnIV system, since
the oscillators on the two metal centers seem to be signifi-
cantly coupled and a more general approach would be
required. The harmonic frequency computed for this system
�loc � 627 cm�1) is comparable to that obtained from the PES
study (�� 459 cm�1). For the MnII/MnIII case, for which the
model of the uncoupled oscillators seems more appropriate,
the computed frequency is �loc � 147 cm�1. This value can be
related[44] to that obtained from the PES analysis (��
218 cm�1), using the model of two localized oscillators of
unitary mass: in that case, �� ���


2




�loc, which yields ��
207 cm�1.


Using the data of Table 5 it is possible to compute the ratio
�/�, �� l2/� for the two mixed-valence species as 3.5 and 3.3
for MnII/MnIII and MnIII/MnIV, respectively. This value is in
agreement with the assignment of both systems to Class II
mixed-valence compounds.[45] The calculation of J was, there-
fore, performed by using the broken symmetry formalism
(Equation (4)) on the geometry of minimum energy. The
computed J values were
200 cm�1 and 651 cm�1 for
MnII/MnIII and MnIII/MnIV, re-
spectively. The experimental
values for the MnIII/MnIV com-
pounds are close to 300 cm�1, in
qualitative agreement with the
computed value, as already ob-
tained for the integer valence
systems. The computed ex-
change-coupling constants are
antiferromagnetic in both cases.
Following the same qualitative
description of the exchange
pathways used for the integer
valence systems, we computed
the square of the overlap inte-
grals, which are reported in
Table 6. The overlap integrals
decrease on passing from the
MnIII/MnIV to the MnII/MnIII


systems, probably as a conse-
quence of the increase in the
bridging Mn-O-Mn angle. In
the MnIII/MnIV case the overall
decrease of the overlap inte-
grals is balanced by the large
overlap between dx2�y2 and dz2


(0.1935) and the computed J
value is close to that of the
MnIV/MnIV case.


Using the computed J and �


values in matrix Mƒ and the
values of l, k, and g from
Table 5, the energies of the spin
states shown in Figure 6 are
obtained. As expected, �E0 in-
creases on going to the lower


symmetry states, and the localization of the electron increases
consequently.


Conclusion


A complete characterization of the magnetic interactions in
di-manganese systems of general formula [MnO(L4)]2 (L4 �
nitrogen ligand) has been performed using DFT and effective
vibrational methods. The variation of the squared overlap
integrals between the magnetic orbitals was used to ration-


Table 6. Squared overlap integrals between the magnetic orbitals for the
[Mn(N)


2O2(NH3)8]n� (n� 1, 3; N� II/III, III/IV) cations.[a]


n 	b2 � b2�2 	a2 � a2�2 	a1 � a1�2 	a1(z2) � a1(z2)�2 	b1 � b1�2 	a1 � a1(z2)�2


1 0.00 0.044 0.038 0.006 ± 0.046,0.041[b]


3 0.055 0.001 0.066 ± ± 0.19


[a] The magnetic orbitals are labeled according to the C2v symmetry group
(see text). [b] The two values refer to the overlap 	a1� � a1(z2)��2 and 	a1� �
a1(z2)��2, respectively.


Figure 6. Dependence of the energies of the different spin states for [Mn2O2(NH3)8]� (top) and [Mn2O2(NH3)8]3�


(bottom) on the nuclear displacement Q.
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alize the trend of J values computed on passing from the MnII/
MnII to MnIV/MnIV systems. The magnetic orbitals were
directly obtained from the eigenvectors of the broken
symmetry state. Our effective vibrational method was found
helpful for analyzing the potential energy surface of the
mixed-valence complexes. This allows one to estimate B and
the delocalized nature of the compound and it can be of help
in the experimental characterization of the magnetic proper-
ties of mixed-valence systems.
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Design of Coordination Polymer Gels as Stable Catalytic Systems


Bengang Xing, Ming-Fai Choi, and Bing Xu*[a]


Abstract: Here we report the first ex-
ample of catalytic metallogels, which are
formed irreversibly in dimethylsulfoxide
via the creation of cross-linked, three-
dimensional coordination polymer net-
works by using transition-metal ions
with multiple sites available for coordi-
nation and multidentate ligands. Con-


formational flexibility of the ligands and
slow formation of the coordination poly-
mers apparently favor the gelation.
These metallogels are stable in water


and most organic solvents and can
catalyze the oxidation of benzyl alcohol
to benzaldehyde by using their PdII


moieties as the catalytic centers. The
best catalytic turnover of the metallogel
is twice that of [Pd(OAc)2] under similar
reaction conditions.


Keywords: catalysis ¥ gels ¥
oxidation ¥ palladium ¥ polymers


Introduction


This paper reports the formation of coordination polymer gels
(™metallogels∫) and their enhanced catalytic activity and
remarkable stability. Gel materials[1±5] have presented many
useful properties (e.g., phase transitions upon external
stimuli[1, 6]) and applications (e.g., gel electrophoresis,[7] cata-
lysts screening,[8] chemical sensing,[9] and as actuators[10]).
Conventionally, one or a combination of four kinds of
forces–ionic bonds, covalent bonds, hydrogen bonds, and
hydrophobic interactions–leads to the formation of gels.
Transition-metal-ligand bonds, however, have been less ex-
plored in terms of the design and construction of gel
materials,[4, 5, 11, 12] despite their common usage for the for-
mation of coordination polymers in crystal engineering.[13, 14]


We have demonstrated recently that coordination of transi-
tion-metal ions to tetradentate ligands (Figure 1A) resulted in
a remarkably stable metallogel, in which the tetradentate
ligand 3 (Scheme 1) coordinates with [Pd(en)(H2O)2]2� (5)
(en: ethylenediamine) to form a cross-linked coordination
polymer network that traps dimethylsulfoxide (DMSO) in its
interstitial spaces.[12] This metallogel is capable of ™uptaking∫
neutral organic molecules from the aqueous phase.[12] This
™uptake∫ process, resembling the uptake processes of alkanes
in alkylotrophs,[15] causes the transfer of organic molecules
from solution to the metal sites, and thus presents a system for


designing catalytic metallogels that may mimic the function
of alkylotrophs.[12] The immobilization of catalytic metal
centers in a gel network can inherently prevent loss of
metal ions into the solution phase,[12] and reduce contami-
nation and bimolecular decomposition of catalysts. Addi-
tionally, the insolubility of metallogels in common sol-
vents allows simple and easy separation or recovery of the
catalyst.


We report herein the design and formation of a number of
metallogels and their catalytic properties. Our results indicate
that conformational flexibility of ligands and slow formation
of coordination polymers favor the formation of metallogels.
These metallogels are stable in water and most organic
solvents except acetone, and can catalyze the oxidation of
benzyl alcohol to benzaldehyde by using their PdII moieties as
catalytic centers and air as the source of molecular oxygen.
The gel-based PdII catalysts do not form Pd black; the best
catalytic turnover of the metallogel is twice that of
[Pd(OAc)2]. To the best of our knowledge, this is the first
example of catalytic metallogels.


Figure 1. Three-dimensional networks of coordination polymers formed
using a tetradentate ligand (A) or a tridentate ligand (B) to coordinate with
a transition-metal ion (represented as blue balls) with two bonding sites
available.
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Results and Discussion


Although precise prediction of gelation in an organic
solvent[5, 16] remains a challenge,[3] coordination polymers
tend to form metallogels[12] in appropriate solvents. According
to our previous observations,[12] a cross-linked, three-dimen-
sional network, generated by a proper combination of multi-
dentate ligands and transition-metal ions that have multiple
coordination sites, is important for forming the metallogels.
Figure 1 illustrates two possible modes of cross-linking
between the metal ions and the ligands that should allow
the formation of metallogels. To further explore the structural
and kinetic criteria for the formation of a metallogel, we
evaluated combinations of transition-metal ions with several
multidentate ligands illustrated in Scheme 1 (ligands 1, 2, 3,
and 4) for making metallogels (Table 1). Based on others×
works, in which [Pd(en)]2� acted as a linker to generate
extended molecular structures,[13, 17] and our previous experi-
ence,[12] we chose [Pd(en)(H2O)2](NO3)2 (5) and [Pd(OAc)2]
(6) as the sources of transition-metal ions.


We began with treating ligand 1 or 2 to 5 (molar ratio of
metal/ligand� 3:2) in DMSO. Coordination occurred imme-
diately after adding 5 to the solution of 1 or 2 in [D6]DMSO;
this was indicated by changes in 1H NMR signals, and the
peaks of protons on the pyridine rings and of the benzyl
protons broadened upon addition (the broadness of the peaks
interferes the observation of the supposed peak shifts upon
coordination). Insoluble solids, however, precipitated from


the solution without any gelat-
ion, which was partially due to
inadequate solvent being trap-
ped in the networks of coordi-
nation polymers (Table 1, en-
tries 1 and 2).


Reasoning that rapid poly-
merization may hinder trapping
of solvent molecules in the net-
works× interstitial spaces, we
switched to [Pd(OAc)2] (6) in-
stead. The slow dissociation of
OAc� from [Pd(OAc)2] can
regulate the concentration of
[Pd(OAc)]� in solution and
provide a kinetically slower
polymerization process that
would assist solvent trapping.
Treating ligand 1 with 6 formed
a transparent metallogel A in


solution in DMSO in 12 hours (Figure 2 and entry 4 in
Table 1). The same procedure was applied to ligand 2, but
no metallogel was observed. The 1H NMR spectra show
broadening (less than that of other cases) and shifting of the


Figure 2. Formation of the metallogels by using PdII ions and ligands 1 (A),
3 (B), and 4 (C); the optical images of the reaction mixtures in the catalytic
oxidation of benzyl alcohol after two hours (a) by using B as the catalyst
(no palladium black formed) and (b) by using 6 as the catalyst (Pd black
formed). The images were taken using a flatbed scanner with the vials
containing metallogels or catalytic reaction mixtures.


peaks of the protons on the pyridine rings and benzyl
positions, suggesting the formation of oligomer (entry 3 in
Table 1). The short distances, between NHs and the Ns on the
picolylamine rings of 2, may only allow the formation of
oligomers, which are inadequate for gelation.


For comparison, we also add-
ed 6 into the solution of ligand 3
in DMSO. The metallogel B
(Figure 2 and entry 5 in Ta-
ble 1) formed in six hours. The
longer gelation time of B com-
pared with D, formed by treat-
ing 5 with ligand 3[12] (entry 7 in
Table 1) under similar condi-
tions, is consistent with the slow-
er dissociation of [Pd(OAc)2].
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Scheme 1. Multidentate ligands 1 ± 4 and metal complexes 5 and 6.


Table 1. The conditions used for gelation.


samples ligand metal
ion


solvent time [h] solvent/gelator
[molar ratio]


PdII/ligand diameter of fibers
in gel [nm]


1 polymer 1 5 DMSO ± ± ± ±
2 polymer 2 5 DMSO ± ± ± ±
3 oligomer 2 6 DMSO ± ± ± ±
4 Gel A 1 6 DMSO 12 270 1.3 ± 1.5 20
5 Gel B 3 6 DMSO 6 950 2.0 70 ± 120
6 Gel C 4 5 DMSO 1680 420 1.7 ± 2.0 10
7[12] Gel D 3 5 DMSO 4 1000 1.8 ± 2.0 50
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The physical properties of metallogel B are similar to those of
the metallogel D[12] (entry 7 in Table 1). Gels (B and D) made
from ligand 3 have a higher molar ratio of solvent and gelator
(Table 1) than gel (A) made from ligand 1. The cone shape
and the conformational flexibility of calix[4]arene (3) may
facilitate trapping solvent and contribute to the higher solvent
content in the corresponding metallogels.


We used 4 as a new ligand to evaluate the structural
requirements for forming metallogels. Unlike 3, the porphy-
rin-based, tetradentate ligand 4 is rigid and planar, lacking the
conformational flexibility and three-dimensional geometry.
Reacting 5 and ligand 4 in DMSO formed the gel C (Figure 2
and entry 6 in Table 1) after ten weeks (4 alone did not form a
gel in DMSO under the same conditions). This process is
much slower than the formation of D under similar con-
ditions,[12] suggesting that the conformational freedom of the
ligands also affects the kinetics of the gelation.


As shown in Figure 3, transmission electron microscopy
(TEM) shows the fibrous structures in the metallogels. The
fibers have diameters of �20 nm in gel A, 70 ± � 120 nm in
gel B, and �50 nm in gel D, which are all consistent with their


Figure 3. Transmission electron micrographs (TEM) of the metallogels
(the gels were dried on Cu meshes prior to being coated with carbon) made
from 1 and 6 (A), 3 and 6 (B), 4 and 5 (C), and 3 and 5 (D).


transparency (the deep colors of gel B and gel C result from
the absorption of the azocalixarene and the porphyrin-based
ligands, respectively). Finer fibers (�10 nm) are present in
gel C, with the coexistence of colloids. The fibers in all the
metallogels display open cellular structures, as typically
observed in gels.


All the above metallogels form irreversibly (i.e. , the
addition of DMSO will not dissolve them) and are stable
and insoluble in common organic solvents (e.g., toluene,
hexane, THF, and dichloromethane) and water over a long
period of time (�one year) or at elevated temperatures
(�100 �C). The metallogels, when treated with large amounts
of acetone, form precipitates, which do not gel again in DMSO
or other solvents, and we used acetone to isolate the cross-
linked coordination polymers (™dry gels∫). Small-angle X-ray
diffraction studies of those metallogels indicate the absence of


mesophases (e.g., lamellar or columnar organizations) and
suggest that these metallogels are analogues of the hydrogels
formed by cross-linking of polyacrylamides.


The stability of the metallogels and their chemical resem-
blance to the reported catalytic systems[18, 19] prompted us to
test the catalytic activity of the metallogels. We added the
freshly prepared metallogels into pure benzyl alcohol (molar
ratio of catalyst and substrate is �1:104), and introduced
molecular oxygen by bubbling air into the reaction mixture.
We monitored the conversion of benzyl alcohol into benzal-
dehyde, which did not affect the stability of the metallogels, by
HPLC every ten minutes over two hours. Equal molar metal
sites of corresponding dry gels were tested under the same
reaction conditions. The catalytic turnovers of all the gels
were calculated and compared with the catalytic turnovers of
5 or 6 under similar reaction conditions.


Figure 4a shows the turnovers of different catalysts after
two hours of reaction. For the reactions involving [Pd(OAc)�]
moieties, the turnovers follow the order: B�A� 6� dry
A� dry B. The catalytic turnover of A is more than twice
that of the corresponding dry gel and �1.5 times that of
6 ; the catalytic turnover of B is twice that of [Pd(OAc)2], three


Figure 4. a) The catalytic turnovers (cumulative) for the oxidation of
benzyl alcohol by air (1 atm) by using metallogels, their corresponding dry
gels (formed by precipitating coordination polymers in acetone), and their
corresponding transition-metal complexes as catalysts; b) The catalytic
turnovers versus time of gel B and compound 6.
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times that of the corresponding dry gel, and four times that
of similar systems[19] reported. Pyridine is not required in
this oxidation reaction[19] since pyridine moieties are part
of the polymer networks that form the gels. This eliminates
the purification step of separating[19] pyridine from benzal-
dehyde.


The reactions involving 5 exhibited overall lower turnovers
than the reactions involving 6. This is likely to relate to the
inherently low catalytic activity of [Pd(en)]2� centers in this
type of reaction. Even in this case, the gels still showed higher
(D) or comparable (C) catalytic activity than that of 5.


We attribute the higher catalytic turnovers of metallogels to
the superior stability of the catalysts under the reaction
conditions. Since excess benzyl alcohol and O2 were employed
for all the experiments, the turnovers were dominated by the
activity of the catalysts. As an example, Figure 4b plots the
turnovers versus time of gel B and compound 6. The turnover
plot of 6 becomes flat at around 40 minutes, much earlier than
that of the gel B. The loss of catalytic activity of 6 under these
reaction conditions is probably due to the rapid decomposi-
tion of the catalyst. In fact, palladium black was observed
after ten minutes until the end of the reaction (b, Figure 2).
For 6, the metallogel-based catalysts were stable, and no
palladium black was observed (a, Figure 2). The turnover plot
of B levels off starting at about two hours. This implies that
the rate of the catalytic reaction is probably controlled by the
diffusion of the substrates from surrounding media to the
catalytic sites in the gel and the diffusion of the products from
the gel to the surroundings. The saturation of the gel phase
with benzaldehyde might be responsible for the plot leveling
off. Although the overall catalytic turnovers of dry gels are the
lowest, the dry gels don×t form palladium black, which further
confirms the immobility of PdII centers in the polymer
networks. The lower catalytic activity of dry gels, compared
with that of their corresponding gels and PdII complexes, is
likely to relate respectively to: 1) lack of the metallogel×s
solution in the DMSO phase to deliver the reaction substrates
to the metal sites; 2) relatively smaller surface area of the
insoluble coordination polymers in this heterogeneous cata-
lytic reaction.


Conclusion


In conclusion, we have demonstrated a simple method to
construct the stable, catalytic metallogels from the coordina-
tion polymeric networks and an amphiphilic organic solvent.
We also tested reusability of the metallogel (gel B); it indeed
showed catalytic activity, but with lower turnover, which is
possibly due to a small amount of benzaldehye remaining in
the gel. We are currently designing and exploring better
metallogels to overcome this problem. We believe that this
metallogel approach offers a convenient path to explore and
utilize otherwise (mostly) insoluble coordination polymers,
which ultimately will lead to a gel system that integrates
™uptake∫ and catalytic processes.


Experimental Section


Chemical reagents and solvents were used as received from commercial
sources. We synthesized [1,3,5]triazine-based tridentate ligands 1, 2, and
calix[4]rene-based tetradentate ligand 3,[12] and purchased 4 from Aldrich.


Synthesis of 1 and 2 : Cyanuric chloride (500 mg, 2.71 mmol) was added to
an ice cold solution of 2-picolylamine (0.83 mL, 8.13 mmol) and N,N-
diisopropylethylamine (DIEA, 1.43 mL, 8.13 mmol) in anhydrous THF
(40 mL). The solution was stirred for five hours at 0 �C under nitrogen
before it was warmed up to 25 �C and stirred for another five hours. Then
the mixture was heated at reflux for two days, after which the solvent was
removed under reduced pressure. The residue was redissolved in MeOH
(40 mL). After filtration, the filtrate was collected and dried under reduced
pressure, and the resulting yellow solid was purified by column chroma-
tography, (silica, 10% MeOH/CHCl3), and the final product (1) was
obtained (368 mg, 34%).
1H NMR (300 MHz, [D6]DMSO, 298 K): �� 4.49 (s, 1H; CH2), 4.62 (s, 1H;
CH2), 7.30 (t, 2H; pyridine), 7.81 (d, 1H; pyridine), 8.55 (d, 1H; pyridine);
13C NMR (75 MHz, 298 K): �� 166, 160, 148, 136, 122, 121, 45.6; MS
(FAB�): m/z (%): 400 (100) [M�H�]; elemental analysis calcd (%) for
C21H21N9: C 63.14, H 5.30, N 31.56; found: C 63.36, H 5.25, N 31.31.


Product 2 was synthesized (55%) using a similar procedure to that for
making 1.
1H NMR (300 MHz, [D6]DMSO, 298 K): �� 4.48 (d, 2H; CH2), 7.40 (t, 1H;
pyridine), 7.78 (d, 1H; pyridine), 8.50 (d, 1H; pyridine), 8.60 (d, 1H;
pyridine); 13C NMR (75 MHz, 298 K): �� 166, 149, 148, 136, 135, 123, 41;
MS (FAB�): m/z (%): 400 (100) [M�H�]; elemental analysis calcd (%) for
C21H21N9 : C 63.14, H 5.30, N 31.56; found: C 63.27, H 5.21, N 31.23.


General preparation of the metallogel : Sample gels were prepared by
dissolving 1 (4.2 mg) and [Pd(OAc)2] (3.5 mg) in hot DMSO (0.2 mL) in
sealed vials (1.5� 5.0 cm). Once the solutions were homogeneous, they
were allowed to cool down to room temperature in order to form the gels.


The measurement of the catalytic activity of the metallogel : The freshly
prepared gel (0.006 mmol, based on PdII) was added into the benzyl alcohol
(7 mL, 67 mmol) in a two-necked flask (20 mL). Atmospheric oxygen was
bubbled into the flask, and the mixture was heated to 90 �C for two hours.
Products were diluted with chloroform and were determined by TLC and
HPLC. The control experiments using dry gel (crushed out by acetone)
were carried out under the same conditions; the controls using 5 or 6 were
also carried out under similar conditions, but with the addition of a small
amount of pyridine or sodium acetate.[19]
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Dramatically Synergetic Effect of Carboxylic Acid Additive on Tridentate
Titanium Catalyzed Enantioselective Hetero-Diels ±Alder Reaction:
Additive Acceleration and Nonlinear Effect


Yu Yuan, Jiang Long, Jie Sun, and Kuiling Ding*[a]


Abstract: This paper describes the suc-
cessful development of a group of highly
efficient chiral tridentate titanium cata-
lysts for hetero-Diels ±Alder reaction of
Danishefsky×s diene and a variety of
aldehydes through ligand and additive
diversity. Dramatically synergetic effect
of carboxylic acid additives and influ-
ence of substituent in chiral Schiff base
ligands on the enantioselectivities of the
reaction are reported. It was found that
a chiral drug Naproxen (A21) was a
highly efficient additive for Ti-catalyzed
HDA reaction, affording 2-substituted


2,3-dihydro-4H-pyran-4-one in up to
97% ee and �99% yields. Quantitative
study of the effect of chiral carboxylic
acid A21 revealed that the reaction
could be accelerated by one order of
magnitude. Another interesting feature
of present catalytic system is the exis-
tence of significant positive nonlinear
effect, which indicates that the hetero-


chiral Schiff base-titanium complexes
may have higher stability than their
homochiral counterparts. As a result,
the homochiral Schiff base ± titanium
complexes with higher ee than that of
starting ligand will react with carboxylic
acid additive to form the more active
species and predominate the catalytic
process. The isolation and characteriza-
tion of stable heterochiral ((�)-L1)2Ti
complex has also been successful, which
strongly supported the explanation for
positive nonlinear effect observed in the
catalytic system.


Keywords: asymmetric catalysis ¥
Diels ±Alder reaction ¥ nonlinear
effect ¥ titanates ¥ tridentate ligands


Introduction


Asymmetric catalysis of organic reactions that provide
enantiomerically enriched products is of central importance
to modern synthetic and pharmaceutical chemistry.[1] Enan-
tioselective hetero-Diels ±Alder (HDA) reaction of carbonyl
compounds with 1,3-dienes constitutes one of the most
important asymmetric C�C bond forming reactions in organic
synthesis.[2, 3] The reaction between 1-methoxy-3-(trimethyl-
silyloxyl)buta-1,3-diene (Danishefsky×s diene) (1) and alde-
hydes 2 provides a powerful access to 2-substituted 2,3-
dihydro-4H-pyran-4-one (3), a type of heterocycles with
extensive applications for natural or unnatural product syn-
thesis. Various chiral Lewis acids, such as aluminum, boron,
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transition and lanthanide metal complexes, have been em-
ployed for this type of reaction.[4±11]


Recently, 2-amino-2�-hydroxy-1,1�-binaphthyl (NOBIN, 4),
a non-C2 symmetric chiral scaffold, and its derivatives have
received extensive interests in asymmetric catalysis.[12] Partic-
ularly, chiral TiIV Lewis acid (5) modified by NOBIN-derived
tridentate Schiff base ligand and 3,5-di-tert-butylsalicylic acid
showed excellent asymmetric induction in aldol type reac-
tions.[12a±c] As the extension of our previous work on the HDA
reaction,[6d] in the present paper we report our new results on
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Supporting information (experimental details for the evaluation of
catalyst library and full data of characterization of the dihydropyrone
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the first development of highly efficient tridentate TiIV


catalysts derived from NOBIN scaffold for enantioselective
HDA reaction of Danishefsky×s diene with aldehydes through
ligand and additive diversity-based approach. The effect of
carboxylic acid additive on the efficiency and enantioselec-
tivity of the reaction is also reported. On the basis of observed
nonlinear effect and the racemic titanium complex [((�)-
L1)2Ti] isolated in the present catalytic system, a possible
working model for asymmetric induction process is also
discussed.


Results and Discussion


Preparation of the NOBIN-derived schiff base ligand library :
The NOBIN-derived Schiff base ligands (S)-L1 ± (S)-L22
were prepared by simple condensation of (S)-2-amino-2�-
hydroxy-1,1�-binaphthyl [(S)-4] with the corresponding sali-
cylaldehydes by parallel solution-phase synthesis in 58 ± 99%
yields. Enantiomerically pure NOBIN could be easily ob-
tained by optical resolution of racemic 4 through molecular
complexation with N-benzylcinchonidium chloride,[13a] where
racemic NOBIN was prepared by effcient cross-coupling of
2-naphthol and 2-naphthylamine with FeCl3 in water.[13b] The
22 Schiff base ligands shown in Scheme 1 were all charac-
terized by 1H NMR, MS, IR and elemental analysis.
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(S)-L15: R3 = tBu, R1 = R2 = R4 = H
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Scheme 1. Preparation of a library of chiral Schiff base ligands.


Molecular structures of (R)-L1, (R)-L7 and (R)-L12 : In order
to understand the possible coordination pattern of chiral
ligands in their metallic complexes, molecular structures of
three kinds of Schiff base ligands (R)-L1, (R)-L7 and (R)-L12
were determined by X-ray crystallographic analysis. As shown
in Figure 1, two binaphthyl rings adopt a nearly perpendicular
arrangement and their dihedral angles range from 75.61 to
102.60� with different substituents situated at salicylidene
moiety (Table 1). The imino naphthyl ring and salicylidene
phenyl ring are almost coplanar in the cases of (R)-L7, where
the dihedral angle is 1.86�. The imino naphthyl ring and


Figure 1. The X-ray structures of (R)-L1 (top), (R)-L7 (middle) and (R)-
L12 (bottom).


salicylidene phenyl ring in (R)-L1 and (R)-L12 take a slightly
twist arrangement with dihedral angles of 23.51 and 22.78�,
respectively. The short distances of N1�H(O2) (1.47 ± 1.75 ä)
suggested that the imino nitrogen atom forms strong intra-
molecular hydrogen bond with hydroxy group of salicylidene
moiety rather than that of naphthyl unit.


Table 1. Comparison of dihedral angles in Schiff base ligands (R)-L1, (R)-
L7 and (R)-L12.


Ligand Dihedral angle between Dihedral angle between
plane I[a] and II[b] [�] plane I and III[c] [�]


(R)-L1 75.61 23.51
(R)-L7 96.61 1.86
(R)-L12 102.60 22.78


[a] Plane I: imino naphthyl ring. [b] Plane II: hydroxy naphthyl ring.
[c] Plane III: salicylidene phenyl ring.
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Asymmetric catalysis of HDA reaction of Danishefsky×s diene
(1) and benzaldehyde (2a) with (S)-L1/Ti complex : We
started this work by focusing our effort on the investigation
of the influence of titanium complex of Schiff base ligand (S)-
L1 on the asymmetric induction for HDA reaction of
Danishefsky×s diene and benzaldehyde. It was observed that
Danishefsky×s diene 1 slowly underwent cycloaddition with
freshly distilled benzaldehyde (2a) at room temperature in
the presence of 10 mol% of Schiff base-TiIV complex pre-
pared by in situ reaction of (S)-L1 and Ti(OiPr)4. However,
the product, 2-phenyl-2,3-dihydro-4H-pyran-4-one (3a), was
found to be nearly racemic with 46% yield (Table 2, entry 1).


The addition of activated 4 ä molecular sieves (MS) to the
reaction system slightly enhanced the enantioselectivity
(entry 2). Interestingly, the reaction of aged benzaldehyde
under the same conditions afforded (S)-3a in 68% ee and
75% yield. GC analysis of the aged benzaldehyde showed that
4.8% of benzoic acid was present due to its auto-oxidation
under air. The reaction was therefore carried out with freshly
distilled benzaldehyde in the presence of 5 mol% of benzoic
acid (A1) and 4 ä MS. The enantioselectivity of the reaction
could be dramatically increased to 85% (entry 4). Upon
further increase of the loading of A1 to 10 mol%, the
enantioselectivity and yield of the reaction dropped to some
extent (entry 5). The solvent effect was found to be evident in
the present catalytic system. Only trace amount of product
was obtained when the reaction was carried in dichloro-
methane (entry 6) and the reaction in diethyl ether showed
much lower enantioselectivity (40% ee) and overall reactivity
(44% yield) than those in toluene (entry 4 vs 7). Therefore, in
the following screening of chiral ligands and carboxylic acid
additives, the reaction was carried out in toluene with a molar
ratio of ligand/Ti(OiPr)4/additive/substrate 0.2:0.1:0.05:1 as
the standard conditions.


Substituent effect of Schiff base ligands on the enantioselec-
tivity of the reaction–Screening of highly efficient chiral
ligands : A key issue to obtain an efficient catalyst for
asymmetric reactions is the tuning of the catalyst to make


the perfect match between chiral ligand, metallic ion, additive,
substrate. The combinatorial approach has been found to be
highly efficient for tuning a variety of modifications in lead
optimization and also for determining the most efficient
catalysts for asymmetric reactions.[14] With the lead results
mentioned above, we turned our efforts to improve the
enantioselectivity of the reaction through ligand diversity by
altering the substituents attached to salicylidene moiety.
Accordingly, a library of 22 different NOBIN-derived Schiff
bases (Scheme 1) was rapidly screened in the presence of
benzoic acid and 4 ä MS. As shown in Figure 2, Schiff bases


Figure 2. Ligand optimization by variation of substituent(s) in NOBIN-
derived Schiff bases.


(S)-L1, (S)-L5-(S)-L8 and (S)-L13 in which the ortho-position
of phenol is without any substituents, were found to be more
effective in the Ti-catalyzed HDA reaction, whereby 85.0 ±
90.7% ee could be achieved. This result is obviously different
from that observed in Schiff base/titanium complex catalyzed
aldol-type reactions,[12a±c] in which the steric hindrance at the
ortho-position of phenol of Schiff base ligand is critical to
obtain high levels of enantioselectivity.


The effect of various carboxylic acid additives on the
enantioselectivity of the reaction–Screening of highly effi-
cient acid additive : Encouraged by the dramatically syner-
getic effect of benzoic acid additive on the enantioselectivity
of the reaction mentioned above, we then tried to further
improve the enantioselectivity of the reaction through car-
boxylic acid diversity. Accordingly, 36 carboxylic acids (A1 ±
A36, Scheme 2), including aromatic, aliphatic, salicylic, amino
acids, were used to obtain asymmetric induction in the (S)-L1/
Ti-catalyzed HDA reaction. As shown in Figure 3, achiral
carboxylic acids could improve the enantioselectivity of the
titanium catalysts in many cases. Interestingly, one chiral
carboxylic acid, (S)-(�)-2-(6-methoxy-2-naphthyl)propionic
acid (Naproxen, A21), was found to be particularly effective
in the reaction with a quantitative yield and 97% ee of the
product. A catalyst prepared by combining (R)-L1, Ti(OiPr)4
and A21 showed much lower enantioselectivity (R, 76% ee)
for the reaction; this indicates a mismatch between the
chiralities of ligand and additive. Moreover, the addition of
salicylic acids (e.g. A26, A29) to the (S)-L1/Ti catalyst system
gave the product in low to moderate enantioselectivities. It
can be assumed that the carboxylic acid additive was involved
in the coordination sphere of titanium catalyst, although the


Table 2. Effect of additives on chiral Schiff base-TiIV catalyzed asymmetric
HDA reaction of Danishefsky×s diene with benzaldehyde.[a]


PhCHO+
1)   (S)-L1-Ti /additives


2)   CF3COOH2a


(S)-3a1


4 ä MS Solvent Benzoic acid
[%]


Yield
[%][b]


ee
[%][c]


1 0 toluene 0 46 1.0
2 � toluene 0 34 13
3 0 toluene 0[d] 75 68
4 � toluene 5 80 85
5 � toluene 10 69 78
6 � dichloromethane 5 trace ±
7 � diethyl ether 5 44 40


[a] All of the reactions were carried out with ligand/Ti(OiPr)4/substrate�
0.2:0.1:1 at room temperature. [b] Isolated yields for two steps. [c] The
enantiomeric excesses were determined by HPLC on Chiralcel OD
column. [d] Aged benzaldehyde was used.
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Figure 3. Effect of various carboxylic acid additives on the enantioselec-
tivity of the reaction.


effect of salicylic acids in the pres-
ent catalytic system was significant-
ly different from that observed in
aldol-type reaction.[12a±c] In our pre-
vious work on H4-BINOL- and H8-
BINOL-Ti complexes catalyzed
HDA reaction, solvent-free condi-
tions were found to be critical to
carry out the reaction at a lower
catalyst loading.[6d] Therefore,
1 mol% of (S)-L1/Ti combined
with 0.5 mol% of A21 was used in
the reaction in the absence of
solvent. Unfortunately the ee value
(54%) of the product dropped sig-
nificantly even though the yield of
product was as high as 96%, which
again demonstrates the importance
of the solvent effect on the reaction.


Screening of highly efficient chiral
catalysts for the reaction : Two-
stage screenings of chiral ligands
and carboxylic acid additives led us
to understand the importance of
less steric hindrance in Schiff base


ligands and chiral carboxylic acid additives. To combine the
advantages of these two aspects, the catalysts prepared by
combination of the superior Schiff base ligands (S)-L1, (S)-
L5-(S)-L8 or (S)-L13 with Ti(OiPr)4 and the best additiveA21
in the presence of 4 ä MS were finally evaluated for the
reaction at room temperature. We were pleased to find that
the catalysts derived from (S)-L1 and (S)-L5-(S)-L8 showed
excellent activity and enantioselectivity for the reaction of
Danishefsky×s diene and benzaldehyde, affording the product
in quantitative yields and 93.5 ± 97% ee. With these catalysts
at hand, the adaptability between catalysts and substrates
were then screened in parallel manner, because there is not
one catalyst that is universal for all substrates. As shown in
Table 3, the optimized catalysts were applicable for the
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Scheme 2. Carboxylic acid additives employed for the modification of chiral titanium catalyst.


Table 3. Parallel screening of matched substrate/catalyst pairs for Schiff base-TiIV catalyzed HDA reaction of Danishefsky×s diene with aldehydes.[a]


RCHO+
1)   L / T i / A21


2)   CF3COOH


1


2


3


R Yield/%[b] (ee/%)[c]


L1/Ti/A21 L5/Ti/A21 L6/Ti/A21 L7/Ti/A21 L8/Ti/A21


1 phenyl (a) � 99 (97.0) � 99 (93.5) � 99 (95.8) � 99 (95.9) � 99 (96.3)
2 4-chlorophenyl (b) � 99 (96.7) � 99 (85.2) 94 (93.6) � 99 (93.5) � 99 (93.3)
3 4-bromophenyl (c) 98 (95.2) 81 (77.6) � 99 (93.4) � 99 (95.5) 97 (94.9)
4 4-nitrophenyl (d) 91 (83.3) 85 (82.8) 91 (87.8) 93 (89.7) 91 (86.1)
5 3-bromophenyl (e) 83 (85.7) 95 (92.3) 90 (91.6) 51 (69.3) 77 (91.7)
6 3-methylphenyl (f) 81 (95.5) 94 (94.5) 91 (95.7) 87 (96.0) 78 (90.8)
7 3-methoxyphenyl (g) 96 (92.1) 94 (93.2) � 99 (91.4) 97 (91.6) 96 (91.4)
8 2-methoxyphenyl (h) � 99 (81.5) � 99 (80.7) � 99 (81.9) � 99 (55.3) 85 (57.1)
9 2-furyl (i) 90 (74.9) 98 (71.3) 59 (63.7) 51 (45) � 99 (87.6)
10 trans-cinnamyl (j) 96 (83.4) � 99 (91.8) 94 (86.3) 93 (91.3) � 99 (93.4)
11 phenylethyl (k) 83 (75) 81 (76.2) 81(61.6) 57 (42.7) 50 (61.2)


[a] All of the reactions were carried out with Ligand/Ti(OiPr)4/A21/substrate� 0.2:0.1:0.05:1 in toluene in the presence of 4 ä MS at room temperature.
[b] Isolated yields for two steps. [c] The enantiomeric excesses were determined by HPLC on Chiralcel OD or AD column.
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promotion of HDA reaction of 1 with a variety of aldehydes
2a ±k, including aromatic, olefinic and aliphatic derivatives,
to give corresponding 2-substituted 2,3-dihydro-4H-pyran-4-
ones 3a ± k in high yields and enantioselectivities.


Development of exceptionally efficient catalysts for HDA
reaction : Although the selectivities of 97% have been
achieved in the HDA reaction of aldehydes with Danishef-
sky×s diene using tridentated titanium complexes combined
with a chiral carboxylic acid, a major drawback of the catalytic
system has been its high catalyst loading (10 mol%). The
development of extraordinarily active and enantioselective
catalysts for HDA reaction is particularly important in terms
of practical reasons. It was found that titanium complexes
of 5,6,7,8-trtrahydro-1,1�-bi-2-naphthol (H4-BINOL) and
5,5�,6,6�,7,7�,8,8�-octahydro-1,1�-bi-2-naphthol (H8-BINOL)
were exceptionally efficient for the same reaction, especially
under solvent-free conditions, to afford dihydropyrone deriv-
atives 3 with up to quantitative yield and 99.8% ee.[6d] As
shown in Table 4, these two catalyst systems are applicable for
various aldehydes, including aromatic, olefinic, and aliphatic
derivatives. Particularly, in the cycloaddition of furfural to
Danishefsky×s diene, 0.005 mol% of H4-BINOL/Ti/H8-
BINOL could promote the reaction smoothly to give the
corresponding cycloadduct in 63% yield with 96.3% ee. To
the best out our knowledge, this is the lowest catalyst loading
in Lewis acid catalyzed asymmetric reactions.[15] Therefore,
the present catalytic system provides an attractive protocol to
various optically active dihydropyrones in terms of following


features: i) all chemicals are inexpensive and easily available;
ii) the protocol has a broad scope of substrates; iii) the
reaction shows enhanced enantioselectivity when the amount
of catalyst is reduced; iv) the reaction is environmentally
benign and energy-saving because of solvent-free and room-
temperature reaction conditions; v) exceptionally low catalyst
loading (0.1 ± 0.005 mol%) is sufficient to achieve high yields
and optical purities of the products.


Quantitative effect of A21 on the reaction rate and nonlinear
effect in the catalytic system : Although the detailed mecha-
nism for titanium catalyzed HDA reaction of aldehydes with
Danishefsky×s diene remains unknown, the influence of
carboxylic acid additives on the reaction by the catalysis of
tridentated titanium complexes provided a convenient probe
for understanding the activation effect in the catalysis.
Therefore, the quantitative effect of A21 on the reaction rate
was investigated by rapid-quench of the reaction and HPLC
analysis of yields with biphenyl as an internal standard. The
reactions were carried out at 25 �C for 30 min in the absence of
A21 or in the presence of 5 mol% of A21 and then quenched
with trifluoroacetic acid (see Table 5). It was found that 4 ä


Table 4. Solvent-free asymmetric HDA reaction of aldehydes with Danishefsky×s diene.[a]


OH


OH


OH


OH


RCHO


(R)-H4-BINOL (R)-H8-BINOL


+
1)   Cat. (0.1-0.005 mol%)


2)   CF3COOH


1


2


3


Aldehyde (R)-H4-BINOL/Ti/(R)-H4-BINOL (R)-H4-BINOL/Ti/(R)-H8-BINOL
Loading t Yield ee Loading t Yield ee
[%] [h] [%][b] [%][c] [%] [h] [%][b] [%][c]


benzaldehyde (a) 0.05 24 � 99 99.3 0.05 24 82 99.4
4-chlorobenzaldehyde (b) 0.05 48 � 99 91.2 0.05 48 � 99 99.1
4-bromobenzaldehyde (c) 0.05 48 � 99 98.0 0.05 48 � 99 98.4
4-nitrobenzaldehyde (d) 0.05 48 � 99 97.3 0.05 24 � 99 99.4
3-bromobenzaldehyde (e) 0.1 48 � 99 97.4 0.05 48 98.3 97.6
3-tolylaldehyde (f) 0.1 48 95 98.5 0.05 48 92 99.5
3-anisylaldehyde (g) 0.05 48 81 96.6 0.05 48 82.6 99.8
2-anisylaldehyde (h) 0.05 48 95 75.1 0.05 48 � 99 95.1
furfural (i) 0.05 48 � 99 99.2 0.05 48 � 99 99.7
furfural (i) 0.01 96 37 94.7 0.01 96 � 99 97.7
furfural (i) 0.005 144 63 96.2
trans-cinnamaldehyde (j) 0.1 96 82 98.4 0.05 96 56.6 96.6
3-phenylpropionaldehyde (k) 0.05 96 � 99 97.9 0.05 96 � 99 98.3
4-anisylaldehyde (l) 0.05 48 � 99 90.8 0.05 48 � 99 98.0
1-naphthylaldehyde (m) 0.05 48 55 85.6 0.05 48 65 98.5
4-cyanobenzaldehyde (n) 0.1 48 � 99 92.9 0.05 48 98.4 97.9


[a] All of the reactions were carried out at room temperature (20 �C). [b] Isolated yields. [c] Enantiomeric excesses of products were determined by HPLC on
Chiralcel OD or Chiralpak AD column.


Table 5. Quantitative effect of Naproxen on the yield of the reaction
between 1 and 2a.


Catalyst system (S)-L1/Ti (S)-L1/Ti�4 ä MS (S)-L1/Ti/A21�4 ä MS


Yield [%] 2.6 2.0 24.0[a]


[a] With 96% ee in S configuration.
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MS scarcely influenced the catalyst reactivity (2.0 ± 2.6%
yield) and the chiral acid additive A21 significantly enhanced
the reaction rate by one order of magnitude (2.0 ± 2.6% vs
24% yield). It was again confirmed that the carboxylic acid
additive has been involved in the catalytic process and
accelerated the formation of product in high enantioselectiv-
ity.[16]


After considering the dramatically synergetic effect of
chiral acid on the enantioselectivity and reactivity of hetero-
Diels ±Alder reaction, titanium complex of racemic L1
(10 mol%) was employed for asymmetric catalysis in the
presence of 5 mol% of A21. It is interesting to find that 55%
ee (S) of product 3a can be obtained in 70% yield. This result
clearly demonstrates that A21 is able to activate selectively
the (S)-enantiomer of racemic L1/Ti complex and therefore
able to catalyze the reaction enantioselectively.[16]


The search for nonlinear effects (NLE) in a given system
has become a useful probe for analyzing the nature of the
catalytic species or the nonreacting species involved in an
asymmetric synthesis.[17] In order to further understand the
role of acid additive in the catalytic process, partially resolved
(S)-L1 with different ee values was employed for asymmetric
induction in the presence of A21. As shown in Figure 4, 93%


Figure 4. Enantioselectivity for the reaction of 1 with 2a catalyzed by the
titanium complexes of partially resolved (S)-L1 (a) and (R)-L1 (b) in the
presence of A21. The broken lines indicate the expected values when the
reactivity difference between (S)-L1/Ti/A21 and (R)-L1/Ti/A21 was not
considered.


ee of product (S) can be obtained by using 50% ee of (S)-L1,
which is much higher than that expected (curve a). Moreover,
when partially resolved (R)-L1 was utilized in the reaction,
the configuration of product was switched to R (curve b). The
ee of product was found to be higher than that expected as
well, even though its asymmetric induction level is not as high
as that achieved by the catalysis of (S)-L1/Ti/A21. It is obvious
that a significant positive nonlinear effect is present in this
catalytic system. Even in the presence of achiral carboxylic
acid A1, the positive nonlinear effect was evident (Figure 5).
An enantiomeric excess of 82% for the product (S) could be
obtained by using the (S)-L1 with only 45% ee, which is close
to the asymmetric induction level using enantiopure (S)-L1.


Figure 5. Enantioselectivity for the reaction of 1 with 2a catalyzed by the
titanium complexes of partially resolved (S)-L1 in the presence of benzoic
acid (A1). The broken lines indicate the expected values when the
reactivity difference between (S)-L1/Ti/A1 and (R)-L1/Ti/A1 was not
considered.


On the basis of these facts, it can be assumed that when a
partially resolved ligand was used, the higher content of stable
and less reactive heterochiral Schiff base/titanium complex
may be involved in the catalytic system. In fact, it was possible
to successfully isolate the titanium complex of (�)-L1.
Elemental analysis, 1H NMR, IR and MS spectra of the
complex show that ((�)-L1)2Ti complex ((�)-6) has been
formed, which is highly stable under air although its crystal
structure is not clear. As a result, the remaining homochiral
Schiff base ± titanium complex ((S)-7) with a higher ee than
that of starting ligand will react with carboxylic acid additive
to form the active species and operate the catalytic proces-
s.[17a, b]


Mechanistic considerations : Two possible mechanisms for the
enantioselective addition of Danishefsky×s diene to aldehydes
have been reported: Mukaiyama aldol condensation versus a
concerted [4� 2] cycloaddition.[18] In our reaction systems,
1H NMR spectral determination of crude reaction product
before CF3COOH treatment revealed that [4� 2] cycloadduct
was formed exclusively, which supports a concerted cyclo-
addition mechanism. Although the reaction mechanism for
the catalysis of H4-BINOL/Ti/H4-BINOL and H4-BINOL/Ti/
H8-BINOL remains unclear,[6d] the possible asymmetric
induction pathway for the tridentate titanium catalyst system
can be illustrated by using the working model depicted in
Figure 6 on the basis of molecular structures and coordination
constraints of the Schiff base ligands, the sense of asymmetric
induction observed in the products, as well as the positive
nonlinear effect in the catalytic system. It can be assumed that
the catalytically active species should be a monomeric
titanium complex. Imino nitrogen atom and two phenoxy
oxygen atoms of (S)-L1 coordinate in cis form on TiIV atom,
respectively.[19] Naphtholate oxygen atom situated at the axial
position and the carboxylate occupy the opposite axial site. As
a result, the aldehyde will bind in the remaining equatorial
coordination site of TiIV atom and the R group of aldehyde
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adopts down arrangement (Figure 6a) to prevent the repul-
sion between R group and naphthyl ring caused by the spatial
arrangement depicted in Figure 6b. The bound aldehyde can
accept the Danishefsky×s diene from the Si face (Figure 6a) to
give the product in (S)-configuration.


Ti


N O


O


O


H


R


OR'
O


O


Ti


N O


O


O


R


H


OR'
O


Odiene attack
 on Si face


OR' = OAr
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Figure 6. Working model of titanium catalysts with bound benzaldehyde.


Conclusion


In conclusion, a group of highly efficient chiral tridentate
titanium catalysts for HDA reaction of Danishefsky×s diene
and a variety of aldehydes have been discovered through
ligand and additive diversity. Dramatically synergetic effect of
carboxylic acid additives and the influence of substituent in
chiral Schiff base ligands on the enantioselectivities of the
reaction were also reported. It was found that a chiral drug
Naproxen (A21) was a highly efficient additive for Ti-
catalyzed HDA reaction, affording 2-substituted 2,3-dihy-
dro-4H-pyran-4-one in up to 97% ee and �99% yields. The
approach taken in this work is a privileged example which
demonstrate how one can generate a large number of modular
catalysts and screen the various catalyst components. Quanti-
tative study of the effect of chiral carboxylic acid A21
revealed that the catalysis could be accelerated by one order
of magnitude. The positive nonlinear effect found in the
present catalytic system demonstrated that the heterochiral
Schiff base ± titanium complexes probably have higher stabil-
ity than their homochiral counterparts. As a result, the
homochiral Schiff base ± titanium complexes with higher ee
than that of starting ligand will react with carboxylic acid
additive to form the more active species which predominates
the catalytic process. We hope that our finding in this research
will stimulate further work on the understanding of the
asymmetric induction mechanism with tridentate titanium
catalysts and the designing of new catalytic asymmetric
reaction systems with tridentate titanium complexes through
ligand and additive diversity.


Experimental Section


General methods : 1H NMR spectra were recorded in CDCl3 on a Bruker
AM300 at 25 �C. Chemical shifts are reported in ppm with TMS as an
internal standard (�� 0 ppm) for 1H NMR. Optical rotations were
measured with a PE-341 automatic polarimeter. Liquid chromatographic
analyses were conducted on a JASCO 1580 system. EI mass spectra were


obtained on a HP5989A spectrometer. HRMS was determined on a Kratos
Concept instrument. Elemental analysis was performed with an elemental
VARIO EL apparatus. All the experiments which were sensitive to
moisture or air were carried out under argon atmosphere using standard
Schlenk techniques. Commercial reagents were used as received without
further purification unless otherwise noted. Toluene was freshly distilled
from sodium/benzophenone and methanol from magnesium.


Materials : 5-Bromosalicyclaldehyde, 5-chlorosalicyclaldehyde, 2-hydroxy-
5-methoxybenzaldehyde, 2-hydroxy-4-methoxybenzaldehyde, 2-hydroxy-
3-methoxybenzaldehyde, 3,5-di-tert-butyl-2-hydroxybenzaldehyde, 5-bro-
mo-2-hydroxy-3-methoxybenzaldehyde, 2-hydroxy-1-naphthaldehyde and
3-phenylpropionaldehyde were purchased from Aldrich. 3,5-Diiodosalicyl-
aldehyde, 3,5-dichlorosalicylaldehyde, 4-bromobenzaldehyde, 3-bromo-
benzaldehyde, 3-anisaldehyde and Ti(OiPr)4 were purchased from Acros.
4-Chlorobenzaldehyde, 4-nitrobenzaldehyde and (S)-(�)-2-(6-methyl-2-
naphthyl)-propionic acid were purchased from TCI. 3-Methylbenzalde-
hyde, 2-anisaldehyde, 4-anisaldehyde, furfural, cinnamaldehyde, benzalde-
hyde, salicylaldehyde and all carboxylic acids were purchased from
commercial suppliers. 5-Fluorosalicylaldehyde, 5-methylsalicylaldehyde,
3-methylsalicylaldehyde, 5-tert-butyl-2-hydroxybenzaldehyde, 3-tert-butyl-
2-hydroxybenzaldehyde and 3-tert-butyl-2-hydroxy-5-methylbenzaldehyde
were prepared according to the literature procedures.[20] 3,5-Dibromosalic-
ylaldehyde, 3-bromo-2-hydroxy-5-methoxybenzaldehyde, 3-bromo-2-hy-
droxy-5-methylbenzaldehyde, 3-bromo-5-tert-butyl-2-hydroxybenzalde-
hyde and 5-iodosalicylaldehyde were prepared following the literature
methods.[21] 1-Methoxy-3-(trimethyl-silyloxyl)buta-1,3-diene was prepared
according to literature procedure.[22] Racemic NOBIN and enantiopure
NOBIN were prepared following the reported procedure.[13]


General procedure for the preparation of Schiff base library : (S)-2-Amino-
2�-hydroxy-1,1�-binaphthyl (285 mg, 0.1 mmol) and salicylaldehyde
(1.2 equiv, 0.12 mmol) were stirred in absolute methanol (20 mL) and the
mixture was heated to reflux for 24 h. The solvent was removed in vacuo
and the product was isolated by recrystallization or by flash chromatog-
raphy on silica gel (327 mg, 84%). (S)-L1;[12a] m.p. 223 ± 224 �C; [�]20D �
�43� (c� 0.5, THF); IR (KBr): �� � 3412, 3054, 1607, 1570, 1462, 1431, 1382,
1346, 1279, 1152, 1074, 981, 864, 755 cm�1; 1H NMR (CDCl3/TMS): ��8.74
(s, 1H), 8.14 (d, J� 8.8 Hz, 1H), 7.99 ± 7.89 (m, 3H), 7.70 (d, 8.8 Hz, 1H),
7.60 ± 7.50 (m, 1H), 7.20 ± 7.45 (m, 8H), 7.03 (d, J� 8.40 Hz, 1H), 6.86 ± 6.74
(m, 2H), 5.02 (br s, 1H); EIMS: m/z (%): 389 (63.36) [M]� , 372 (100.00),
360 (21.21), 268 (70.62), 239 (20.32).


(R)-L1: Following the same procedure for the preparation of (S)-1 by using
(R)-1 instead of (S)-1. [�]20D ��43.0� (c� 0.5, THF).
(S)-L2 : Yield: 86%; m.p. 120 ± 122 �C; [�]20D ��76.0� (c� 0.5, THF); IR
(KBr): �� � 3450, 3050, 1630, 1610, 1550, 1490, 1440, 1410, 1355, 1310, 1290,
1250, 1180, 1080, 980, 820, 805, 750 cm�1; 1H NMR (DMSO/TMS): � �9.13
(s, 1H), 8.19 (d, J� 8.8 Hz, 1H), 8.06 (d, J� 8.0 Hz, 1H), 7.95 (d, J� 9.6 Hz,
1H), 7.89 ± 7.88 (m, 3H), 7.64 (d, J� 2.8 Hz, 1H), 7.58 (d, J� 2.4 Hz, 1H),
7.53 ± 7.50 (m, 1H), 7.38 ± 7.32 (m, 2H), 7.24 (t, J� 1.9 Hz, 1H), 7.17 ± 7.10
(m, 2H), 6.77 (d, J� 8.40 Hz, 1H), 3.17 (s, 3H); elemental analysis calcd
(%) for C27H17Cl2NO2�CH3OH: C 68.58, H 4.32, N 2.86; found: C 68.91,
H 4.19, N 2.87.


(S)-L3 : Yield: 80%; m.p. 270 ± 271 �C; [�]20D ��27.2� (c� 0.505, THF); IR
(KBr): �� � 3426, 1620, 1557, 1506, 1473, 1431, 1378, 1345, 1278, 1147, 1074,
982, 818, 752 cm�1; 1H NMR (CDCl3/TMS): � �8.62 (s, 1H), 8.13 (d, J�
8.79 Hz, 1H), 8.00 ± 7.86 (m, 3H), 7.65 (d, J� 8.80 Hz, 1H), 7.60 ± 7.51 (m,
2H), 7.34 ± 7.19 (m, 6H), 6.99 (d, J� 8.49 Hz, 1H), 6.64 (d, J� 8.82 Hz, 1H),
4.89 (s, 1H); EIMS:m/z (%): 547 (2.76) [M]� , 467 (40.92), 450 (100.00), 268
(88.71), 239 (32.75); HRMS (EI): calcd for C27H17Br2NO2: 544.9626; found:
544.9586 [M]� .


(S)-L4 : Yield: 96%; m.p. 235 ± 237 �C; [�]20D ��27.5� (c� 0.525, THF); IR
(KBr): �� � 3446, 3054, 2958, 1617, 1603, 1584, 1473, 1431, 1345, 1273, 1154,
1073, 980, 815, 752 cm�1; 1H NMR (CDCl3/TMS): �� 8.38 (s, 1H), 8.11 (d,
J� 8.80 Hz, 1H), 7.99 ± 7.84 (m, 5H), 7.59 ± 7.06 (m, 8H), 6.95 (d, J�
8.30 Hz, 1H), 5.02 (s, 1H); EIMS: m/z (%): 640 (31.97) [M]� , 624
(100.00), 446 (8.91), 374 (19.42), 285 (7.78), 268 (27.26), 239 (8.84);
elemental analysis calcd (%) for C27H17I2NO2: C 50.57, H 2.67, N 2.18;
found: C 50.33, H 2.75, N 2.15.


(S)-L5 : Yield: 90%; m.p. 206 ± 207 �C; [�]20D ��42.2� (c� 0.61, THF); IR
(KBr): �� � 3359, 3054, 1624, 1575, 1489, 1346, 1274, 1251, 1207, 1143, 808,
747 cm�1; 1H NMR (CDCl3/TMS): �� 11.77 (s,1H), 8.62 (s, 1H), 8.12 (d,
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J� 8.82 Hz, 1H), 7.99 ± 7.94 (m, 2H), 7.88 (d, J� 8.09 Hz, 1H), 7.65 (d, J�
8.83 Hz, 1H), 7.52 ± 7.20 (m, 6H), 7.01 ± 6.92 (m, 3H), 6.71 ± 6.70 (m, 1H),
4.92 (s, 1H); EIMS: m/z (%): 407 (31.08) [M]� , 390 (100.00), 378 (20.08),
268 (54.54), 239 (15.51), 119 (1.97); elemental analysis calcd (%) for
C27H18FNO2: C 79.59, H 4.45, N 3.44; found: C 79.39, H 4.32, N 3.41.


(S)-L6 : Yield: 80%; m.p. 261 ± 262 �C; [�]20D ��40.2� (c� 0.50, THF); IR
(KBr): �� � 3398, 3054, 1919, 1828, 1620, 1507, 1475, 1431, 1279, 1198, 982,
925, 773 cm�1; 1H NMR (CDCl3/TMS): � �8.62 (s, 1H), 8.12 (d, J�
8.83 Hz, 1H), 7.98 (d, J� 8.30 Hz, 1H), 7.95 (d, J� 9.12 Hz, 1H), 7.87 (d,
J� 8.09 Hz, 1H), 7.64 (d, J� 8.95 Hz, 1H), 7.54 ± 7.50 (m, 1H), 7.37 ± 7.12
(m, 8H), 6.99 (d, J� 8.31 Hz, 1H), 6.68 (d, J� 8.78 Hz, 1H), 4.92 (s, 1H);
EIMS:m/z (%): 423 (44.36) [M]� , 406 (100.00), 268 (70.28), 239 (20.16), 43
(24.10); elemental analysis calcd (%) for C27H18ClNO2: C 76.50, H 4.28, N
3.30; found: C 76.63, H 4.36, N 3.24.


(S)-L7: Yield: 85%; m.p. 267 ± 268 �C; [�]20D ��37.2� (c� 0.545, THF); IR
(KBr): �� � 3442, 1620, 1507, 1473, 1431, 1345, 1279, 1198, 1176 cm�1;
1H NMR (CDCl3/TMS): � �8.62 (s, 1H), 8.13 (d, J� 8.85 Hz, 1H), 7.99 (d,
J� 8.52 Hz, 1H), 7.96 (d, J� 9.11 Hz, 1H), 7.88 (d, J� 7.96 Hz, 1H), 7.65 (d,
J� 8.81 Hz, 1H), 7.56 ± 7.48 (m, 1H), 7.38 ± 7.00 (m, 8H), 6.95 (d, J�
8.30 Hz, 1H), 6.63 (d, J� 8.85 Hz, 1H), 4.88 (s, 1H); EIMS: m/z (%):
453 (5.11) [M]� , 375 (11.99), 286 (100.00), 268 (16.05), 257 (20.88), 239
(16.80), 120 (11.47); elemental analysis calcd (%) for C27H18BrNO2: C
69.24, H 3.87, N 2.99; found: C 69.11, H 4.02, N 2.94.


(R)-L7: Following the same procedure for the preparation of (S)-7 by using
(R)-1 instead of (S)-1. [�]20D ��37.0� (c� 0.500, THF).
(S)-L8 : Yield: 92%; m.p. 254 ± 255 �C; [�]20D ��39.5� (c� 0.495, THF); IR
(KBr): �� � 3360, 3053, 1622, 1606, 1587, 1505, 1473, 1344, 1281, 1195, 1149,
810, 809, 749 cm�1; 1H NMR (CDCl3/TMS): � �12.50 (s,1H), 9.01 (s, 1H),
8.77 (s, 1H), 8.06 (d, J� 8.83 Hz, 1H), 7.96 (d, J� 8.18 Hz, 1H), 7.86 ± 7.81
(m, 2H), 7.75 ± 7.66 (m, 2H), 7.48 ± 7.13 (m, 7H), 6.92 (d, J� 8.34 Hz, 1H),
6.47 (d, J� 8.72 Hz, 1H); EIMS: m/z (%): 515 (32.15) [M]� , 498 (100.00),
486 (13.39), 371 (3.55), 268 (48.31), 239 (12.15), 170 (1.88), 119 (1.65);
elemental analysis calcd (%) for C27H18INO2: C 62.93, H 3.52, N 2.72;
found: C 62.68, H 3.48, N 2.58.


(S)-L9 : Yield: 96%; m.p. 180 ± 181 �C; [�]20D ��15.5� (c� 0.49, THF); IR
(KBr): �� � 3446, 1620, 1506, 1457, 1431, 1397, 1255, 975, 820, 752 cm�1;
1H NMR (CDCl3/TMS): � �8.61 (s, 1H), 8.06 (d, J� 8.83 Hz, 1H), 7.94 (d,
J� 8.09 Hz, 1H), 7.88 (d, J� 8.91 Hz, 1H), 7.82 (d, J� 7.89 Hz, 1H), 7.57 (d,
J� 8.85 Hz, 1H), 7.35 ± 7.47 (m, 1H), 7.14 ± 7.35 (m, 6H), 6.97 (d, J�
8.32 Hz, 1H), 6.85 ± 6.72 (m, 3H), 5.35 (br s, 1H), 3.72 (s, 3H); EIMS:
m/z (%): 419 (88.34) [M]� , 402 (100.00), 390 (14.48), 384 (8.15), 268 (93.51),
239 (22.13); elemental analysis calcd (%) for C28H21NO3: C 80.17, H 5.05, N
3.34; found: C 79.77, H 5.12, N 3.30.


(S)-L10 : Yield: 90%; m.p. 214 ± 215 �C; [�]20D ��126.8� (c� 0.545, THF);
IR (KBr): �� � 3422, 3053, 1607, 1507, 1458, 1432, 1346, 1297, 1247, 1169,
1074, 977, 816, 752 cm�1; 1H NMR (DMSO/TMS): � �9.05 (d, J� 4.20 Hz,
1H), 8.17 (d, J� 9.00 Hz, 1H), 8.05 (d, J� 7.20 Hz, 1H), 7.95 ± 7.87 (m, 3H),
7.50 (t, J� 7.20 Hz, 1H), 7.38 ± 7.08 (m, 10H), 6.79 (d, J� 8.40 Hz, 1H), 3.68
(s, 3H); EIMS: m/z (%): 419 (100.00) [M]� , 402 (84.73), 390 (11.75), 268
(61.83), 239 (20.32); HRMS (EI): calcd for C28H21NO3: 419.1521; found:
419.1530 [M]� .


(S)-L11: Yield: 91%; m.p. 246 ± 247 �C; [�]20D ��35.7� (c� 0.49, THF); IR
(KBr): �� �3422, 1620, 1575, 1487, 1274, 1161, 1039, 982, 813, 752 cm�1;
1H NMR (CDCl3/TMS): � �8.67 (s, 1H), 8.12 (d, J� 8.84 Hz, 1H), 7.98 (d,
J� 8.47 Hz, 1H), 7.95 (d, J� 9.20 Hz, 1H), 7.88 (d, J� 7.99 Hz, 1H), 7.68 (d,
J� 8.85 Hz, 1H), 7.54 ± 7.49 (m, 1H), 7.38 ± 7.19 (m, 6H), 7.01 (d, J�
8.36 Hz, 1H), 6.87 ± 6.69 (m, 3H), 4.90 (s, 1H), 3.73 (s, 3H); EIMS: m/z
(%): 419 (100.00) [M]� , 402 (84.73), 390 (11.75), 268 (61.83), 239 (14.26);
HRMS (EI): calcd for C28H21NO3: 419.1521; found: 419.1493 [M]� .


(S)-L12 : Yield: 95%; m.p. 193 ± 194 �C; [�]20D ��18.5� (c� 0.50, THF); IR
(KBr): �� � 3426, 1607, 1578, 1505, 1431, 1382, 1345, 1274, 1207, 1147, 1088,
819, 780, 751 cm�1; 1H NMR (CDCl3/TMS): � �8.59 (s, 1H), 8.07 (d, J�
8.79 Hz, 1H), 7.95 (d, J� 8.16 Hz, 1H), 7.90 (d, J� 8.93 Hz, 1H), 7.84 (d,
J� 7.92 Hz, 1H), 7.59 (d, J� 8.81 Hz, 1H), 7.50 ± 7.47 (m, 1H), 7.36 ± 7.19
(m, 6H), 7.09 ± 6.92 (m, 3H), 6.67 (t, J� 6.54 Hz, 1H), 5.08 (s, 1H), 2.16 (s,
3H); EIMS: m/z (%): 403 (81.84) [M]� , 386 (96.85), 374 (20.73), 268
(100.00), 239 (27.78); elemental analysis calcd (%) for C28H21NO2: C 83.35,
H 5.25, N 3.47; found: C 83.35, H 5.32, N 3.38.


(R)-L12 : Following the same procedure for the preparation of (S)-7 by
using (R)-1 instead of (S)-1. [�]20D ��18.6� (c� 0.50, THF).


(S)-L13 : Yield: 91%; m.p. 224 ± 225 �C; [�]20D ��43.2� (c� 0.54, THF); IR
(KBr): �� � 3394, 3052, 1622, 1576, 1488, 1431, 1378, 1345, 1282, 1218, 1157,
1074, 982, 816, 752 cm�1; 1H NMR (CDCl3/TMS): � �8.64 (s, 1H), 8.11 (d,
J� 8.82 Hz, 1H), 7.97 (d, J� 9.12 Hz, 1H), 7.94 (d, J� 9.24 Hz, 1H), 7.86 (d,
J� 8.04 Hz, 1H), 7.65 (d, J� 8.82 Hz, 1H), 7.52 ± 7.49 (m, 1H), 7.37 ± 7.17
(m, 6H), 7.04 ± 6.99 (m, 3H), 6.66 (d, J� 8.30 Hz, 1H), 4.94 (s, 1H), 2.22 (s,
3H); EIMS:m/z (%): 403 (100) [M]� , 386 (94), 374 (20), 268 (76), 239 (20);
elemental analysis calcd (%) for C28H21NO2: C 83.35, H 5.25, N 3.47; found:
C 83.05, H 5.26, N 3.40.


(S)-L14 : Yield: 99%; m.p. 180 ± 181 �C; [�]20D ��89.5� (c� 0.525, THF); IR
(KBr): �� � 3422, 3053, 1905, 1808, 1617, 1587, 1465, 1432, 1389, 1348, 1272,
1175, 1073, 978, 819, 752 cm�1; 1H NMR (CDCl3/TMS): � �8.53 (s, 1H),
8.11 (d, J� 8.80 Hz, 1H), 7.97 ± 7.84 (m, 5H), 7.66 (d, J� 8.80 Hz, 1H),
7.51 ± 7.04 (m, 9H), 6.72 (t, J� 8.60 Hz, 1H), 1.21 (s, 9H); EIMS: m/z (%):
445 (86.33) [M]� , 430 (66.75), 428 (42.00), 402 (46.18), 285 (100.00), 268
(80.61); HRMS (EI): calcd for C31H27NO2: 445.2042; found: 445.2071 [M]� .


(S)-L15 :[12a] Yield: 58%; m.p. 148 ± 149 �C; [�]20D ��28.7� (c� 0.51, THF);
IR (KBr): �� � 3366, 3055, 2958, 2870, 1622, 1576, 1487, 1431, 1380, 1346,
1266, 1181, 1071, 982, 819, 752 cm�1; 1H NMR (CDCl3/TMS): � �8.71 (s,
1H), 8.11 (d, J� 8.86 Hz, 1H), 7.98 ± 7.84 (m, 3H), 7.66 (d, J� 8.70 Hz, 1H),
7.51 ± 7.50 (m, 1H), 7.36 ± 7.19 (m, 8H), 7.00 (d, J� 8.49 Hz, 1H), 6.71 (d, J�
8.40 Hz, 1H), 1.25 (s, 9H); EIMS: m/z (%): 445 (71.99) [M]� , 428 (100.00),
268 (52.77), 239 (12.35), 211 (9.26), 158 (12.29).


(S)-L16 : Yield: 99%; m.p. 98 ± 100 �C; [�]20D ��45.0� (c� 0.515, THF); IR
(KBr): �� � 3426, 3054, 1617, 1578, 1502, 1465, 1436, 1382, 1361, 1273, 1207,
1172, 1073, 978, 820, 776 cm�1; 1H NMR (CDCl3/TMS): �� 8.67 (s, 1H),
8.11 (d, J� 8.78 Hz, 1H), 7.98 (d, J� 8.14 Hz, 1H), 7.90 (d, J� 8.85 Hz,
1H), 7.84 (d, J� 7.83 Hz, 1H), 7.66 (d, J� 8.80 Hz, 1H), 7.51 ± 7.19 (m, 8H),
7.07 ± 7.04 (m, 2H), 1.25 (s, 9H), 1.22 (s, 9H); EIMS: m/z (%): 501 (91.49)
[M]� , 486 (100.00), 458 (36.40), 268 (26.56); elemental analysis calcd (%)
for C35H35NO2: C 83.80, H 7.03, N 2.79; found: C 83.54, H 7.05, N 2.88.


(S)-L17: Yield: 97%; m.p. 78 ± 80 �C; [�]20D ��68.1� (c� 0.475, THF); IR
(KBr): �� � 3422, 3053, 1617, 1596, 1465, 1432, 1382, 1349, 1267, 1210, 1167,
1073, 978, 814, 776 cm�1; 1H NMR (CDCl3/TMS): �� 8.58 (s, 1H), 8.09 (d,
J� 9.00 Hz, 1H), 7.97 (d, J� 8.70 Hz, 1H), 7.89 (d, J� 7.80 Hz, 1H), 7.84 (d,
J� 7.80 Hz, 1H), 7.63 (d, J� 8.70 Hz, 1H), 7.50 ± 7.18 (m, 8H), 7.03 ± 7.00
(m, 2H), 6.86 (d, J� 1.71 Hz, 1H), 2.21 (s, 3H), 1.03 (s, 9H); EIMS: m/z
(%): 458 (4.43) [M]� , 446 (33.56), 285 (100.00), 268 (42.01), 239 (15.65), 44
(24.80); HRMS (EI): calcd for C32H29NO2: 459.2198 [M]� ; found: 459.2153.


(S)-L18 : Yield: 84%; m.p. 237 ± 238 �C; [�]20D ��64.9� (c� 0.615, THF); IR
(KBr): �� � 3446, 3053, 2828, 1797, 1620, 1557, 1456, 1431, 1378, 1346, 1274,
1147, 1074, 977, 817, 752 cm�1; 1H NMR (CDCl3/TMS): ��8.45 (s, 1H), 8.06
(d, J� 8.84 Hz, 1H), 7.94 (d, J� 7.74 Hz, 1H), 7.91 (d, J� 8.69 Hz, 1H), 7.85
(d, J� 8.03 Hz, 1H), 7.54 (d, J� 8.88 Hz, 1H), 7.52 ± 7.46 (m, 1H), 7.36 ± 7.16
(m, 7H), 6.97 (d, J� 8.42 Hz, 1H), 6.88 (s, 1H), 5.18 (s, 1H), 2.17 (s, 3H);
EIMS: m/z (%): 481 (30.33) [M]� , 466 (72.41), 285 (12.33), 268 (100), 239
(18.85), 86 (12.84); HRMS (EI): calcd for C28H20BrNO2: 481.0677; found:
466.0444 [M�CH3]� .


(S)-L19 : Yield: 93%; m.p. 260 ± 262 �C; [�]20D ��68.7� (c� 0.54, THF); IR
(KBr): �� � 3426, 3056, 1618, 1505, 1458, 1431, 1381, 1345, 1274, 1222, 1178,
1075, 983, 867, 819, 778 cm�1; 1H NMR (DMSO/TMS): �� 9.05 (d, J�
3.78 Hz, 1H), 8.18 (d, J� 8.90 Hz, 1H), 8.06 (d, J� 8.10 Hz, 1H), 7.96 ± 7.88
(m, 3H), 7.51 ± 7.40 (m, 1H), 7.37 ± 7.01 (m, 9H), 6.80 (d, J� 8.36 Hz, 1H),
3.71 (s, 3H); EIMS: m/z : (%): 497 (50.57) [M]� , 482 (100.00), 268 (65.87);
HRMS (EI): calcd for C28H20BrNO3: 497.0627; found: 497.0610 [M]� .


(S)-L20 :[12a] Yield: 97%; m.p. 137 ± 139 �C; [�]20D ��76.4� (c� 0.43, THF);
IR (KBr): �� � 3426, 3054, 2958, 1618, 1502, 1457, 1431, 1381, 1347, 1266,
1167, 1074, 982, 818, 752 cm�1; 1H NMR (CDCl3/TMS): � �8.57 (s, 1H),
8.10 (d, J� 8.90 Hz, 1H), 7.94 ± 7.81 (m, 4H), 7.60 (d, J� 8.80 Hz, 1H),
7.52 ± 7.50 (m, 2H), 7.40 ± 7.11 (m, 8H), 1.25 (s, 9H); EIMS: m/z (%): 525
(28.96) [M]� , 508 (100.00), 268 (70.37), 239 (20.91), 43 (27.72); elemental
analysis calcd (%) for C31H26BrNO2: C 71.00, H 5.00, N 2.67; found: C
70.71, H 5.44, N 2.55.


(S)-L21: Yield: 84%; m.p. 286 ± 288 �C; [�]20D ��19.5� (c� 0.485, THF); IR
(KBr): �� � 3446, 1623, 1507, 1465, 1438, 1254, 979, 819, 754 cm�1; 1H NMR
(CDCl3/TMS): � �8.59 (s, 1H), 8.08 (d, J� 8.80 Hz, 1H), 7.96 ± 7.92 (m,
2H), 7.86 (d, J� 7.70 Hz, 1H), 7.65 (d, J� 8.80 Hz, 1H), 7.52 ± 7.46 (m, 1H),
7.37 ± 7.17 (m, 6H), 7.10 (d, J� 8.70 Hz, 1H), 7.00 (d, J� 8.30 Hz, 1H), 6.36
(d, J� 2.3 Hz, 1H), 6.22 (d, J� 2.20 Hz, 1H), 3.68 (s, 3H); EIMS:m/z (%):
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498 (36.57) [M]� , 480 (100.00), 285 (7.06), 268 (90.82), 239 (24.24); HRMS
(EI): calcd for C28H20BrNO3: 497.0627; found: 497.0602 [M]� .


(S)-L22 : Yield: 91%; m.p. 291 ± 293 �C; [�]20D ��60.6� (c� 0.500, THF); IR
(KBr): �� � 3450, 3050, 1630, 1610, 1550, 1490, 1440, 1360, 1310, 1280, 1180,
1150, 1075, 980, 820, 800, 750 cm�1; 1H NMR (DMSO/TMS): ��9.70 ± 9.80
(m, 2H), 8.50 ± 8.48 (m, 2H), 8.29 (d, J� 8.8 Hz, 1H), 8.16 (d, J� 8.0 Hz,
1H), 8.07 (d, J� 8.8 Hz, 1H), 8.00 (d, J� 8.0 Hz, 1H), 7.82 (d, J� 8.4 Hz,
1H), 7.76 (d, J� 7.2 Hz, 1H), 7.59 ± 7.32 (m, 6H), 7.26 (t, J� 8.0 Hz, 1H),
7.17 (d, J� 8.4 Hz, 1H), 6.92 (d, J� 8.4 Hz, 1H), 6.73 ± 6.70 (m, 1H);
elemental analysis calcd (%) for C31H21NO2: C 68.58, H 4.32, N 2.86; found:
C 68.91, H 4.19, N 2.87.


X-ray Crystallographic data for (R)-L1:[23] C27H19NO2, orthorhombic
crystals, space group P212121; a� 9.2152(6), b� 11.4160(8), c�
19.0345(13) ä; V� 2002.4(2) ä3, �calcd� 1.292 gcm�3, Z� 4. A total of
1600 reflections were measured on a Bruker SMART CCD-APEX at 20 �C
using MoK� radiation (�� 0.71073 ä), 11530 reflections were collected and
4149 were unique. The structure was solved by direct methods (SHELX-97)
and refined by full matrix least squares to R� 0.0495, Rw� 0.0684.
X-ray Crystallographic data for (R)-L7:[23] C27H18NO2Br, orthorhombic
crystals, space group P212121; a� 12.978(3), b� 18.512(4), c� 9.039(2) ä;
V� 2171.6(9) ä3; �calcd� 1.43 gcm�3, Z� 4. A total of 2852 reflections were
measured on a Rigaku AFC7R diffractometer at 20 �C using MoK�
radiation (�� 0.71069 ä) with 2�max� 55.0�, 1250 independent reflections
have I� 1.5�I. The structure was solved by direct methods (SHELXS86)
and refined by full matrix least squares to R� 0.042, Rw� 0.045.
X-ray Crystallographic data for (R)-L12 :[23] C28H21NO2, monoclinic
crystals, space group P21; a� 11.104(3), b� 9.086(2), c� 11.139(2) ä; 	�
110.51(2)�, V� 1052.5(4) ä3; �calcd� 1.273 gcm�3, Z� 2. A total of 2706
reflections were measured on a Rigaku AFC7R diffractometer at 20 �C
using MoK� radiation (�� 0.71069 ä) with 2�max� 55.0�, giving 2582
independent reflections of which 2244 have I� 2.00�I, Rint� 0.011. The
structure was solved by direct methods (SHELXS86) and refined by full
matrix least squares to R� 0.038, Rw� 0.046.
General procedure for catalytic enantioselctive hetero-Diels ±Alder reac-
tion : A mixture of (S)-Schiff Base (0.05 mmol), Ti(OiPr)4 in CH2Cl2 (0.5�,
50 �L, 0.025 mmol) and activated powdered 4 ä MS (30 mg) in toluene
(1 mL) was stirred for 2 h at 50 �C. The red solution was cooled to room
temperature and the carboxylic acid (0.025 mmol), aldehyde (0.25 mmol)
and Danishefsky×s diene (60 �L, 0.3 mmol) were added sequentially. The
mixture was stirred for 20 h before quenched with 10 drops of TFA. After
stirring for additional 5 min, the mixture was neutralized with saturated
NaHCO3 (3 mL). After filtration through a plug of Celite, the organic layer
was separated and the aqueous layer was extracted with ethyl acetate (5�
5 mL). The combined organic layers were dried over anhydrous Na2SO4


and concentrated to dryness. The residue was purified by flash chromatog-
raphy to give the cycloadduct. Full characterization data for products 3a ± k
are included in Supporting Information.


Preparation of titanium complex ((�)-6) of racemic L1: A 10 mL Schlenk
tube, equipped with a magnetic stirrer, was charged with (�)-L1 (105 mg,
0.27 mmol). The air in the tube was replaced by argon, and absolute toluene
(4 mL) was added. Titanium tetraisopropoxide in dichloromethane (0.5�,
0.27 mL, 0.135 mmol) was injected and the solution was heated to 50 �C for
2 h. The solvent was removed in vacuo and the solid residue was submitted
to recrystallization in dichloromethane (1.5 mL). The yellow crystals were
collected by filtration (94 mg, 80%). M.p. 275 ± 277 �C; IR (KBr): �� � 3053,
1614, 1590, 1549, 1504, 1463, 1446, 1369, 1325, 1239, 1150, 1072, 953,
754 cm�1; 1H NMR (CDCl3/TMS): � �7.95 (d, J� 7.94 Hz, 1H), 7.83 (s,
1H), 6.79 ± 7.67 (m, 29H), 6.05 ± 6.07 (m, 2H), 5.06 (d, J� 7.95, 1H), 1.57 (s,
4H); EIMS: m/z (%): 822 (2.08) [M]� , 687 (81.17), 625 (78.85), 199 (100);
elemental analysis calcd (%) for C54H34N2O4Ti: C 78.83, H 4.17, N 3.40;
found: C 78.35, H 4.50, N 3.60.


Quantitative study of A21 on the reaction rate : A mixture of (S)-L1 (20 mg,
0.051 mmol), Ti(OiPr)4 in CH2Cl2 (0.5�, 50 �L, 0.05 mmol) and activated
powdered 4 ä MS (30 mg) (or without addition of 4 ä MS) in toluene
(1 mL) was stirred for 2 h at 50 �C. The red solution was cooled to 25 �C and
A21 (2.7 mg, 0.025 mmol), benzaldehyde (25 �L, 0.25 mmol) and Dani-
shefsky×s diene (60 �L, 0.3 mmol) were added sequentially. The reaction
mixture was stirred at 25 �C for 30 min and then quenched with 10 drops of
TFA, following by adding 25 mg (0.16 mmol) of biphenyl as an internal
standard. After stirring for additional 5 min, the mixture was neutralized


with saturated NaHCO3 (3 mL). After filtration through a plug of Celite,
the organic layer was separated and the aqueous layer was extracted with
ethyl acetate (5� 5 mL). The combined organic layers were dried over
anhydrous Na2SO4 and concentrated to dryness. The residue was submitted
to HPLC analysis on a Intersil CN-3 column, hexane/isopropanol 95:5, flow
rate 0.7 mLmin�1, UV detection at �� 254 nm, tR (biphenyl)� 7.2 min
(factor 1.000); tR (3a)� 16.3 min (factor 2.055).
Search for nonlinear effect in the catalytic system : A typical experiment
was exemplified in the system catalyzed by 30% ee of (S)-L1/Ti complex. A
solution of partially resolved (S)-L1 (20 mg, 0.051 mmol) with 30% ee,
Ti(OiPr)4 in CH2Cl2 (0.5�, 50 �L, 0.05 mmol) and activated powdered 4 ä
MS (30 mg) in toluene (1 mL) was stirred for 2 h at 50 �C. The solution was
cooled to 25 �C and then A21 (2.7 mg, 0.025 mmol), benzaldehyde (25 �L,
0.25 mmol) and Danishefsky×s diene (60 �L, 0.3 mmol) were added
sequentially. The mixture was stirred for 20 h at 25 �C before quenched
with 10 drops of TFA. After stirring for additional 5 min, the mixture was
neutralized with saturated NaHCO3 (3 mL). After filtration through a plug
of Celite, the organic layer was separated and the aqueous layer was
extracted with ethyl acetate (5� 5 mL). The combined organic layers were
dried over anhydrous Na2SO4 and concentrated to dryness. The residue was
purified by flash chromatography on silica gel to give the cycloadduct 3a in
75% yield with 87% ee (determined by HPLC on Chiralcel OD column,
hexane/isopropanol 90:10, flow rate 1.0 mLmin�1, tR1� 11.450 min (S)
(major), tR2� 13.467 min (R) (minor)).
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Computational Investigation of the Role of Fluoride in Tamao Oxidations


Mary M. Mader*[b, c] and Per-Ola Norrby*[a]


Abstract: The Tamao oxidation of alkoxysilanes was investigated computationally to
determine the role of fluoride, a key additive, in this reaction. A sequence of fluoride
equilibria as well as possible transition states, mediated by basic and neutral
peroxide, respectively, were examined, and a potential energy surface was calculated
which was consistent with the typical synthetic methods required for the conversion
of alkoxysilanes to alcohols.


Keywords: alcohols ¥ density func-
tional calculations ¥ oxidation ¥
reaction mechanisms ¥ silicates


Introduction


The oxidation chemistry of silanes has been exploited in
natural products syntheses, as silicon×s ability to act as a
™masked∫ hydroxyl group allows it to be used in situations, in
which the presence of an alcohol is unfavorable.[1] The
oxidation requires that at least one of the silicon substituents
is an electronegative heteroatom. Thus, the Tamao oxidation
employs an alkoxysilane[2] [Eq. (1)], whereas the Fleming
protocol[3] converts a phenylsilane to a fluoro- or carboxysi-
lane before the actual oxidation [Eq. (2)]. The reactions have
a similar, yet unique utility, as the silyl substituent effects can
be critical in the success of the oxidation within the context of
a complex molecule. In the synthesis of the antifungal natural
product (�)-pramanicin, for example, a key step is the Tamao
oxidation of a diethoxyphenylsilane; attempts to oxidize
phenyldimethylsilane at the same point of attachment under
Fleming conditions failed.[4] In other cases, the selection of
silyl substituents can be influenced by the number of synthetic
steps between the introduction of the silane and its subse-
quent oxidation, with the phenylsilanes being somewhat more
robust than the alkoxysilanes to multiple synthetic manipu-


lations.[5] Other aryl, heteroaryl, and allyl substituents on
silicon can play the same role as the phenyl group and also are
typically replaced by fluoride prior to oxidation.[1, 6]


(1)


(2)


The oxidizing agents most frequently used are hydrogen
peroxide, m-chloroperbenzoic acid, or peracetic acid. Addi-
tional fluoride (KF and/or KHF2) is required in many, but not
all, existing protocols. Examples demonstrating the variety of
alkoxysilane substrates and four protocols commonly em-
ployed to oxidize them are listed in Table 1. Tamao describes
the ™standard∫ oxidation conditions for an alkoxysilane as
30% H2O2, KHCO3, and KF in a mixed solvent system of 1:1
THF:MeOH, typically at 0.1 to 0.5� for each reagent.[7, 8]


Although the ™standard∫ conditions require 1.2 equiv H2O2


per Si�C bond oxidized,[8] in practice larger excesses of
oxidant are often used. Strongly basic conditions (entry 8) are
rarely cited, but they find use in cases in which silyl ether
protection would be cleaved by fluoride.


We have demonstrated by ab initio methods that the
mechanism of fluorosilane oxidation is dependent on the
basicity of the reaction medium.[16] As in the cases listed in
Table 1 for alkoxysilanes, fluorosilanes can also be oxidized to
alcohols in aqueous H2O2 buffered with KHCO3 in the
presence of excess fluoride in the form of KF or KHF2. The
key rearrangement step, then, could be effected by either
HOO� or HOOH, and both paths were considered (Scheme 1,
X�F). Attack of HOO� upon an alkylfluorosilane 1 results in
a stable pentacoordinate intermediate 3, which then under-
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Scheme 1. Reaction path for the oxidation of fluoro- and alkoxysilanes.


goes migration of an alkyl group to the oxygen atom (TS-5),
with simultaneous loss of hydroxide to yield 6.


Alternatively, addition of fluoride to 1 generates a penta-
coordinate intermediate 2 that rearranges upon equatorial
approach of HOOH with concomitant loss of water. The
activation barrier for the rearrangement via HOO� (TS-5)
was found computationally to be 100 ± 200 kJmol�1 lower in
energy than that for rearrangement via HOOH (TS-4); thus
1� 3� [TS-5]� 6 is the preferred path. Applying a solvent
correction (MeOH) to the gas-phase structures was essential
to obtaining results that were consistent with Tamao×s kinetic
studies on fluorosilanes.[1a] No kinetic studies have been
reported by Tamao for the alkoxysilane substrates, and a
priori a similar mechanism should not be assumed. Thus we
wished to apply the same computational approach to the
rearrangement of the Tamao-type substrates, the alkoxysi-
lanes. Herein we demonstrate that the oxidation of alkoxy-
silanes is also likely to be mediated by basic peroxide rather
than neutral hydrogen peroxide, and that fluoride shifts the
equilibrium to more reactive fluorosilane species, which
undergo oxidation.


Computational Methods


Dimethoxydimethylsilane 1a (X�OMe) was employed as the model in
this study, as the model substrate employed in the development of the
Tamao reaction possessed two alkoxy substituents.[2] Based on our earlier
work, we focused on reaction under Tamao×s ™standard∫ conditions of
fluoride, hydrogen peroxide, weak base, and methanol, and again assumed
formation of pentacoordinate intermediates. In the buffered conditions of a
Tamao oxidation, at least three anions (fluoride, methoxide, and hydro-
peroxide) are typically present, and attack of these three on the silane 1a
were considered in the equilibrium. Stable complexes formed by addition
of neutral species (HOOH or MeOH) to the tetravalent silanes 1 could not
be located computationally. The alkoxysilane reaction sequence is addi-
tionally complicated by the series of equilibria depicted in Scheme 2, in
which fluoride and methoxide are exchanged via the pentavalent species 2
and 7. The naming scheme for alkoxysilanes (X�OMe and/or F) at each
point on Scheme 1 and 2 begins with the neutral, nonfluorinated starting
material 1a and continues by letter for each fluoride added (a: n� 0
fluoride; b: n� 1 fluoride; c: n� 2 fluoride, etc.). Thus, pentavalent
species 2 are formed by sequential addition of fluoride or methoxide to a
tetravalent 1. Products of type 6 are neutral, tetravalent silanes, and the
pentavalent anions of type 7 can be formed directly from TS-4 or upon
addition of fluoride to 6.


For pentavalent intermediates, all structural isomers were calculated, and
the lowest energy isomer was employed in calculating the relative energy
differences for the equilibria and PES. The preferred structural isomers for
the rearrangement TS are depicted in Scheme 3; the Tamao-type transition
states TS-4 are generated by approach of HOOH to 2, and transition


Scheme 2. Anion-exchange equilibria between alkoxy-, fluoro-, and
fluoroalkoxysilanes.


Table 1. Representative reaction conditions for the oxidation of alkoxysilanes.


Substrate Conditions Temperature Description Reference


1 RCH�CHCH2SiPh2OEt H2O2 (4.5 equiv), KHCO3 (6 equiv), KF (4 equiv) 35 ± 40 �C standard [9]
2 RR�CHSi�e2OiPr H2O2 (5 ± 20 equiv), KHCO3 (3 equiv), KF (3 equiv) RT standard [10]
3 Ar2CHSiPh2(OAc) H2O2 (12 equiv), KHCO3 (1 equiv), KF (4 equiv) 60 �C standard [11]
4 RC(�CH2)CH2Si�e2OiPr H2O2 (4.5 equiv), KHCO3 (4 equiv), KF (7.5 equiv) RT standard [12]
5 RCH2Si(OEt)3 H2O2, KHCO3 basic [13][a]


6 RCH2Si�e2OiPr H2O2 (9 equiv), NaHCO3 (1 equiv) reflux basic [14]
7 RCH2Si�e(OEt)2 H2O2 (12 equiv), KHCO3 (1 equiv) reflux basic [2]
8 RR�CHSi�e2OR� H2O2, 15% KOH 50 �C KOH [15][a]


9 RCH2Si�e(OEt)2 H2O2 (12 equiv), KHF2 (2 equiv) 60 �C neutral [2]


[a] No experimental details or stoichiometry reported.
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states TS-5 arise from rearrangement of pentavalent silylhydroperoxides 3
(vide supra). Initial transition state (TS) geometries were located by the
linear synchronous transit, coordinate driving, or direct construction of a
plausible geometry, and conformational searches were conducted at low
levels of theory, with a coarse selection at AM1 in Spartan5.13.[17] Having
previously demonstrated that B3LYP/6-31�G* provides energetic trends
comparable with those obtained by MP2/6-311�G** for these silanes,[13]


the geometries were then optimized at B3LYP/6-31�G*[18] using Jaguar.[19]


Thermodynamic contributions were calculated from normal-mode analysis
at B3LYP/6-31�G* without scaling, using a temperature of 298 K.
Transition states and minima were verified to have exactly one and zero
negative eigenvalues, respectively. Solvation effects in a typical solvent,
MeOH, were estimated at the gas-phase B3LYP/6-31�G* geometries by
using the continuum solvation method PB-SCRF together with the B3LYP/
6-31�G* wavefunction.[20]


Results


Four general observations can be made, and will be expanded
upon in turn.
1) The role of solvation in the computational treatment is


critical.
2) With increasing fluoride substitution, the attack of any of


the three nucleophiles (F�, OR�, or OOH�) becomes
increasingly exothermic, in both gas- and solvent-phase
calculations.


3) The order for apicophilicity of attack is F�OR, and is
consistent with literature reports for gas-phase reactions of
silicates.


4) Berry pseudorotation of the pentavalent intermediates
upon the rearrangement TS is common, and also is
consistent with literature reports.
It has been shown both theoretically and experimentally


that alkoxide tends to add to appropriately substituted,
neutral silanes to form pentavalent silicates in the gas phase
(computationally), and SN2-like displacements by alkoxide
are not observed.[21, 22] A representative series of competing
equilibria for the formation of pentavalent intermediates is
shown in Table 2, and a systematic trend is noted. As might be
expected, the solvent- and gas-phase values differ. The F�,
OMe�, and HOO� anions are not well stabilized in the gas
phase, and combination with neutral molecules yields anions
with the charge distributed over a larger surface area.
Application of a solvent model damps these effects, so that
the reactions are significantly less exothermic with a solvent
correction. The trends for the corrections are consistent
because the magnitude of the correction correlates with the
surface to charge ratio of the anion: the smaller the anion, the
larger the correction, with the order F�OMe�OOH. With
increasing fluoride substitution of the parent tetravalent


species, the correction is less pronounced, and the difference
for attack by the nucleophiles also becomes less pronounced
(from approximately 50 kJmol�1 for attack on 1a to roughly
25 kJmol�1 for attack on difluorodimethylsilane 1c). The
order of reactivity (fluoride forming more stable pentavalent
species than methoxide or hydroperoxide) is predicted by gas-
phase calculations at �P2/6-311��G**,[23] and is borne out
here for B3LYP/6-31�G* as well. It is notable that the
formation of the pentavalent intermediates for all cases is
exothermic in the gas phase, yet is endothermic with the solvent
correction in some cases, notably for attack of any nucleophile
on the dialkoxy starting material 1a and for attack of OOH�


on any silane. Nonetheless, the key intermediate is
[F3Si�e2]� 2d, because under Curtin ±Hammett conditions,
it will be the barrier from this species, the most stable in the
equilibrium, which determines the net rate of the reaction.[24]


The line formulae in Table 2 do not indicate the preferred


structural isomers for each pentavalent intermediate; how-
ever, the energy of each isomer was determined. In all cases,
the more electronegative substituents were found to be
preferred in the axial position, and the apicophilicity of F�


OOH�O�e was observed, presumably to provide the most
stable isomer by optimal overlap in a diaxial relation-
ship.[18, 25, 26] A representative case is shown in Scheme 4 for
the five possible structural isomers of 3c, [F2Si�e2OOH]� ,
with the energy of each isomer indicated relative to the lowest
energy structure, the diaxial difluoride.


Scheme 4. Structural isomers and relative energies of 3c [kJmol�1].


Lastly, our examination of all of the structural isomers of
the pentavalent intermediates 3 formed by attack of hydro-
peroxide reveals that Berry pseudorotation in the rearrange-
ment TS was common, and that the most stable isomer of the
intermediate did not necessarily have the lowest activation
barrier (vide infra). However, these energy differences were
small and consistent with Gordon×s observations of low
barriers to Berry pseudorotation.[21] For this case, specifically


Scheme 3. Structural isomers of rearrangement transition states.


Table 2. Representative equilibrium energies for formation of pentavalent
silicates [kJmol�1].


Equilibrium �Erxn ,
gas phase


�Erxn ,
�eOH


1 �e2Si(O�e)2 (1a)�O�e�� [Si�e2(O�e)3]� (2a) � 71 75
2 �e2Si(O�e)2 (1a)�F�� [FSi�e2(O�e)2]� (2b) � 156 27
3 �e2Si(O�e)2 (1a)�OOH�� [Si�e2(O�e)2OOH]� (3a) � 88 80
4 FSi�e2O�e (1b)�O�e�� [FSi�e2(O�e)2]� (2b) � 103 32
5 FSi�e2O�e (1b)�F�� [F2Si�e2(O�e)]� (2c) � 180 � 10
6 FSi�e2O�e (1b)�OOH�� [FSi�e2(O�e)OOH]� (3b) � 121 38
7 F2Si�e2 (1c)�O�e�� [F2Si�e2(O�e)]� (2c) � 145 � 19
8 F2Si�e2 (1c)�F�� [F3Si�e2]� (2d) � 201 � 34
9 F2Si�e2 (1c)�OOH�� [F2Si�e2OOH]� (3c) � 153 8
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the rearrangement of anion 3c, the activation barriers were
calculated as the difference between the most stable con-
former and the lowest energy TS, in accord with the Curtin ±
Hammett principle.[24]


Discussion


Role of fluoride : The solvated (�eOH) PESs for the
conversion of 1a to product(s) in the presence of fluoride,
methoxide, and hydroperoxide are depicted in Figure 1. Three
general observations can be made: first, that starting materi-


al 1a is converted to progressively more stable species by
sequential addition of fluoride followed by elimination of
alkoxide; second, that fluoride also influences the equilibria
of products; lastly, that the activation barrier to rearrange-
ment is significantly lower via pentavalent TS-5 species than
via Tamao-type, pseudohexacoordinate transition states TS-4.
The lowest TS overall, 5c, is depicted in Figure 2 (the


Figure 2. Transition state 5c. In the almost isoenergetic 5b, the equatorial
fluoride is substituted by a methoxy group.


isoenergetic 5b is very similar). The fairly flat pre-equilibrium
conforms with experimental observations of an exothermic
reaction only upon the addition of the last component to the
reaction mixture, H2O2. At that point, the reaction temper-
ature reportedly rises to approximately 60 �C, whereas no
exothermicity is noted at room temperature in the absence of
the oxidant.[8] Slight exothermicity from trialkoxy 6a� 7b is
supported by the experimental observations of DeShong in
his development of siloxanes as alternatives to the Stille
substrates. In these reactions, addition of a single equivalent
of fluoride to phenyl triethoxysilane occurs in situ in THF
with mild heating at 50 ± 60 �C for 12 ± 48 h to form a


hypervalent fluorosilicate
anion, and polyfluorination is
not reported.[27]


The PES is consistent with
the empirical use of at least
three equivalents of fluoride.
Fluoride will quickly convert
all of dialkoxysilane 1a in a
slightly exothermic reaction to
[F3Si�e2]� 2d, with the exper-
imental conditions requiring
excess fluoride. This is the low
point on the pre-reaction PES.
Although the activation barrier
from 2d� [TS-5c] is moder-
ately high (98 kJmol�1), the
barrier is much less than it
would be without fluoride (e.g.
1a� [TS-5a] , 134 kJmol�1).
The energy of the reactants is
higher without the fluoride, and
Table 3 demonstrates that the
TS energies are also higher in
the absence of fluoride. In ad-
dition, the postreactive equili-


brium consumes fluoride as well, up to a total of four
equivalents. The final equilibrium of 7d� 6d� 7e is prob-
ably in equilibrium with free fluoride, but if less than four
equivalents are used, the reaction should slow appreciably at
the end.


In practice, in the absence of fluoride, base is employed
(either KHCO3 or KOH), and then the paths of attack by
methoxide to generate 2a and hydroperoxide to generate 3a
are approximately comparable and energetically accessible
(approx. 75 kJmol�1 for the initial equilibrium in solvent).
These equilibria would, of course, favor 1a, but formation of


Figure 1. Solvated (�eOH) free energy profile for the oxidation of dimethoxydimethylsilane (1a) [kJmol�1].


Table 3. Activation energies for formation of organosilicates [kJmol�1].


Eact , gas Eact , �eOH


1 �e2Si(O�e)2 (1a)�HOO�� [TS-5a] � 18 134
2 [F3Si�e2]� (2d)�HOO�� [TS-5a] 268 163
3 [F3Si�e2]� (2d)�HOO�� [TS-5b] 207 99
4 [F3Si�e2]� (2d)�HOO�� [TS-5 c] 150 98
5 �e2Si(O�e)2 (1a)�HOOH� [TS-4a] 71 251
6 [F3Si�e2]� (2d)�HOOH� [TS-4b] 269 236
7 [F3Si�e2]� (2d)�HOOH� [TS-4 c] 201 193
8 [F3Si�e2]� (2d)�HOOH� [TS-4d] 145 188
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product 7a is exothermic, driving the reaction to completion.
Under these conditions, the rearrangement very likely occurs
by an anionic transition state, and the activation barrier for
this conversion (1a�TS-5a, via 3a), 134 kJmol�1, would be
accessible by heating the reaction mixture. It is not surprising
that heating is required in the latter protocols, which have
been employed when silyl ether protection could be compet-
itively cleaved by fluoride.[12]


Determination of preferred rearrangement transition state :
Our previous work demonstrated that the rearrangement of
difluorodimethylsilane in the presence of weak base occurs by
means of attack by HOO� to form an anionic, pentavalent
intermediate that undergoes rearrangement, rather than
approach of neutral H2O2 to a pentavalent silicate. Thus, we
hypothesized that with fluoride shifting the equilibrium from
alkoxysilyl species to generate difluorodimethylsilane, TS-5 is
likely to be the preferred TS. Nonetheless, the activation
barriers under both basic and neutral conditions were
determined for all intermediates to confirm this hypothesis.
We additionally sought to confirm that the TS induced by
attack of HOO� would have lower activation barriers,
regardless of substitution pattern, than that of the attack by
HOOH. The preferred geometry for the pentavalent TS-5
requires that there is an axial ± equatorial relationship be-
tween the migrating methyl group and the hydroperoxide
(Figure 2), and thus only structural isomers of this type were
considered as rearrangement substrates. Given the low barrier
to Berry pseudorotation, this seemed reasonable; indeed,
attempts to locate TS from the other geometries also resulted
in the geometry shown (Figure 2) anyway due to pseudo-
rotation.


The activation barriers were calculated from the most
stable fluoride species 2d (Table 3), in accord with the
Curtin ±Hammett principle, although the species reacting
with OOH� must re-equilibrate via the neutral silanes 1 and
hydroperoxide silicates 3. Uniformly, the barriers to the
transition states TS-5 are lower than the activation barriers
to rearrangement mediated by neutral hydrogen peroxide,
TS-4 (Table 3, entries 1 ± 4 vs. entries 5 ± 8) in the solvated
systems. The effect of the solvent correction differs with the
nature of the reactants and the transition state. For TS-5, the
solvent acts to decrease the activation barrier from 2d
because of increased stability of the anionic species in the
solvent. The same principle is at work for entry 1, but with an
opposite outcome: the gas-phase Eact is grossly underestimat-
ed. In the gas phase, the HOO� anion is not well stabilized,
and combination with a neutral molecule 1a yields an anion
with the charge distributed over a larger surface area. In
contrast, TS-4 (entries 5 ± 8) does not gain additional stability
in solvent as the neutral leaving group (H2O) is generated. TS-
4 also differs from TS-5 by the presence of two intramolecular
hydrogen bonds, providing a strong stabilization of the
anionic charge in the gas phase, but a negligible contribution
in solvent. The gas versus solvent differences between entry 5
and entries 6 ± 8 are consistent with the HOO� case, and
reflect the fact that entry 5 is the reaction of two neutral
species, whereas entries 6 ± 8 are the combination of an anion
with a neutral. Regardless of the presence of additional


fluoride, however, we submit that the mechanism of rear-
rangement for silylalkoxide starting materials is the same as
that for fluorosilane starting materials:[16] rearrangement via a
pentavalent intermediate formed by attack of HOO�. De-
pending on the substrate, the barrier to anionic rearrange-
ment is 50 to 120 kJmol�1 lower in energy than rearrangement
mediated by neutral HOOH. These differences are signifi-
cant, and the trends should remain the same regardless of
minor errors inherent in the basis set or solvation parameters.


Conclusion


It has been demonstrated that fluoride, while not essential for
the oxidation of alkoxysilanes, lowers the activation barrier to
the rearrangement step by shifting the equilibrium to more
reactive silylfluorides. In the presence of a weak base that is
typically used in the experimental protocols, the rearrange-
ment step is likely to occur by means of attack by hydro-
peroxide to form a pentavalent intermediate that then
undergoes rearrangement. An additional role for fluoride is
the generation of stable fluorinated species 7 from the initial
products of rearrangement, TS-5. The computational results
are in accord with experimental observations and can provide
insight into the development of reaction conditions and
substituents for novel oxidizable organosilanes.
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