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In the paper by P. Jaitner, F. Kˆhler, J. J. Novoa, J. Veciana et al. published in Chem. Eur. J. 2004, 10, 1355±1365, there is an
error in Equation (3) on p. 1361, which should read as given below; the numerical results are not affected.
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Chemical Routes for Production of Transition-Metal Phosphides on the
Nanoscale: Implications for Advanced Magnetic and Catalytic Materials


Stephanie L. Brock,* Susanthri C. Perera, and Kimber L. Stamm[a]


Introduction


The advance of nanotechnology is predicated on our ability
to create and organize matter on length scales of 1±100 nm.
However, despite significant advances in synthetic method-
ologies, the chemical complexity that can be achieved on the
nanoscale, in terms of range of elements and compositions,
is still relatively primitive. One class of compounds for
which very few preparative methods have been explored is
the transition-metal phosphides. These materials represent a
synthetic challenge, as they can adopt a wide range of stoi-
chiometries and structures. Additionally, phosphide sources
tend to be very reactive, necessitating the use of rigorous air
sensitive techniques. The impetus for meeting these chal-
lenges lies in the host of novel properties exhibited in bulk
transition-metal phosphides, and the promise of unique,
size-tunable properties in nanoscale phases. Of particular
note in this review is the high catalytic activity for hydropro-
cessing of fuels, and the unique magnetic properties, which
have implications for diluted magnetic semiconductor devi-
ces.


This article will provide an overview of the various chemi-
cal methods (excluding physical routes, such as ball milling
and molecular beam epitaxy) by which nanocrystalline tran-
sition-metal phosphides have been produced. These can be
broken up into two categories: unsupported and supported
particles. Research on the former is concerned with general
synthetic methodology development and/or magnetic mate-
rials, whereas supported systems are largely of interest for
their catalytic function. The influence of the nanoscale di-
mensions on the resultant physical properties will be dis-
cussed and new opportunities in this emerging area present-
ed.


Unsupported Transition-Metal Phosphide
Nanoparticles


State of the science–the solvothermal approach : The solvo-
thermal approach is the most common reported method for
the preparation of nanocrystalline transition-metal phos-
phides (Table 1). These reactions are conducted at tempera-
tures above the normal boiling point of the solvent and at a
pressure above normal atmospheric, typically in a sealed
vessel (autogeneous pressure). Such Chimie Douce methods
are ideal for producing metastable phases (as, in this case,
nanoparticles), since the reactions take place at relatively
low temperatures (<250 8C).[1]


The original methodology, reported first in 1997 by Qian
and co-workers, involved reaction of sodium phosphide with
transition-metal salts in benzene or toluene in a teflon-lined
autoclave at temperatures of 150±190 8C.[2] This route was
successfully applied to CoP/Co2P,


[2] Ni2P,
[3]and FeP.[4] Subse-


quently, the Qian group showed that white phosphorous
(P4) could also be used as a phosphide source in solutions of
ammonium hydroxide or ethylene diamine. This permitted
single phase Co2P, Ni2P, and Cu3P to be formed.[5,6] Crystal-
lite sizes range from 1±200 nm, depending on the reaction,
but in all cases there appears to be a large (though frequent-
ly unreported) polydispersity. Although the authors postu-
late mechanisms for nanoparticle production and the role of
various agents in particle formation and shape generation,
there is still much that is not understood, including how the
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particular phase and crystallite size can be controlled. An-
other drawback is the need for highly reactive phosphide
sources (i.e., Na3P or P4). Furthermore, by the solvothermal
pathway, nanoparticles are produced as insoluble aggregates,
thus making size/physical-property evaluation difficult in
these materials (indeed, no physical properties have been
reported).


Very recently, there have been some promising results
that suggest that a number of these hurdles can be over-
come. In 2003, Qian and co-workers reported that red phos-
phorus can be used to produce nanocrystalline Ni2P, al-
though an acrylamide surfactant is needed to obtain suc-
cess.[7] Additionally, other groups have shown that surfac-
tant-aided solvothermal routes can be an effective way of
controlling shape in nanoparticles of MoS2


[8] and CdS.[9] Ap-
propriate modification of these synthetic routes can be ex-
pected to lead to better control of size and shape for transi-
tion-metal phosphide nanopar-
ticles as well.


Arrested precipitation reactions
with organometallic precur-
sors–a fresh approach : In an
effort to develop a route for the
preparation of transition-metal
phosphide nanoparticles that
would be able to address con-
cerns of particle size, solubility,
shape, phase, and polydispersi-
ty, we have focused our attention on organometallic decom-
position pathways. These methods are well developed for
main-group-metal phosphides (i.e., InP, GaP)[10±14] and fre-
quently involve reaction of the highly reactive phosphine,
tris(trimethylsilyl)phosphine, with metal salts or complexes
in the presence of a coordinating solvent [Eq. (1)].[15±17] Sol-


MX3 þ PðSiMe3Þ3 ! MPþ 3XSiMe3 ð1Þ


vents include trioctylphosphine oxide (TOPO) or trioctyl-
phosphine (TOP), which act to prevent aggregation of nu-
cleating phosphide particles by coordinating to the surface
of the growing particle. These solvents have high boiling
points, therefore permitting reactions to be conducted at
temperatures up to 350 8C (TOPO) to enhance crystallinity
in the nanoparticles. Additionally, since TOP and TOPO
bind tightly to the surface of the nanoparticles, they also


have the added benefit of conferring solubility on the nano-
particles in nonpolar solvents, consequently facilitating isola-
tion. Thus, appropriate control of temperature, time, and co-
surfactants can result in highly soluble nanoparticles with
low polydispersity and with good control of particle size and
shape.[15±18] We reasoned this method should be equally ame-
nable to transition-metal phosphides, with the added benefit
that there would be phase control inherent in the reaction,
since this procedure is formally nonredox. This is important
for transition metals, since they can easily adopt a wide
range of oxidation states and stoichiometries when com-
bined with phosphorous, in contrast to their main group
congeners.


We initiated our investigation with a study of iron and
manganese phosphides, since these phases have a wide
range of stoichiometries and associated magnetic properties
of interest (Table 2). Nanocrystalline iron phosphides are


implicated in the soft ferromagnetic properties associated
with the alloy Ferrophos,[19] whereas nanocrystalline MnP
precipitates have been found to form in Mn-doped InP,[20]


and may, therefore, be a contributor to the ferromagnetism
observed in a number of reported Mn-doped diluted mag-
netic semiconductors (e.g., Mn-doped CdGeP2).


[21±23]


Our initial reactions of [Fe(acac)3] with P(SiMe3)3 in
TOPO invariably led to a black, largely amorphous precipi-
tate with only a small amount of pyridine-soluble colloid.[24]


We soon found that co-surfactants such as dodecylamine
(DA) or myristic acid (MA) are essential to moderate the
reactivity, thus resulting in a high yield (85% based on iron
consumption) of soluble colloid.[25] Consistent with our as-
sumptions about redox-neutral reactions, the powder X-ray
diffraction (PXRD) pattern revealed that the likely product
was nanocrystalline FeP (Figure 1a). Furthermore, transmis-
sion electron microscopy (TEM) indicated that, in contrast


Table 1. Summary of solvothermal methods for production of transition-metal phosphide nanoparticles.


Phase Conditions and Comments Average Crystallite Size (Determination Method) and Morphology Ref.


FeP Na3P/FeCl3 in benzene, 180±190 8C/24 h ~200 nm (TEM) non-uniform aggregates [4]
CoP/
Co2P


Na3P/CoCl2 in benzene, 150 8C/8 h; product is
mixed phase


~25 nm (XRD) for CoP; spindle-shaped aggregates; ~49 nm (XRD) for Co2P;
spherical aggregates


[2]


Co2P P4/CoCl2 in en, 80±140 8C/12 h ~50 nm (TEM); plate-like aggregates [5]
Ni2P Na3P/NiCl2 in toluene, 150 8C/8 h 10 nm (XRD); 1±20 nm, ave. 8±12 nm (TEM); spheres [3]


P4/NiCl2 in NH4OH, 160 8C/12 h 16 nm (XRD); 28 nm (TEM); spherical aggregates [6]
P4/NiCl2 in en, 80±140 8C/12 h 50 nm (TEM); plate-like aggregates [5]
red P/NiCl2 in en/polyacrylamide, 120±180 8C/20 h 20 nm (TEM, 180 8C) 200 nm (TEM, 120 8C); spherical aggregates [7]


Cu3P P4/CuCl2 in NH4OH, 140 8C/10 h ~26 nm (XRD); 24±40 nm, ave. 30 nm (TEM); plate-like aggregates [6]
P4/CuCl2 in en, 80±140 8C/12 h ~30±90 nm (TEM); spherical aggregates [5]


Table 2. Structures and physical properties of selected phosphides of iron and manganese.


Phase Structure-type Electronic and Magnetic Properties Ref.


Fe3P Fe3P (D0e) metallic, ferromagnetic (Tc=716 K) [27]
Fe2P Fe2P (C22) metallic, ferromagnetic (Tc=266 K) [27]
FeP MnP (B31) metallic, helimagnetic (TN=120 K) [27±29,48]
FeP2 Marcasite (C18) semiconducting, (Eg=0.37 eV)


paramagnetic [27]
MnP MnP (B31) metallic, ferromagnetic (Tc=291 K);


helimagnetic (TN~50 K) [27,30, 31]
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to the solvothermal method, discrete spherical nanoparticles
(ca. 5 nm) can be produced with a low polydispersity (Fig-
ure 1b). Interestingly, similar reactions with [Mn(acac)3]
proved unfruitful. Although a clear change in solution color
occurred upon annealing with P(SiMe3)3 in TOPO, it was
never possible to isolate a product from this solution.


The ability to selectively form FeP led us to investigate
whether we could similarly target the more metal-rich iron
phosphide Fe2P. However, according to the redox-neutral
strategy, an unlikely iron precursor oxidation state of +1.5
would be required. Thus, we sought to test if mixing zerova-
lent and trivalent precursors in appropriate stoichiometry
would permit access to nanocrystalline Fe2P, according to
Equation (2).


½FeðacacÞ3� þ ½FeðCOÞ5� þ PðSiMe3Þ3 ! Fe2P ð2Þ


Stoichiometric reactions of [Fe(acac)3] with [Fe(CO)5] and
P(SiMe3)3 in TOPO produced FeP nanoparticles as the only
crystalline product. In order to determine whether
[Fe(CO)5] played a role in FeP production we subsequently
explored reactions of [Fe(CO)5] with P(SiMe3)3. Once again,


FeP nanoparticles were produced, suggesting that in addi-
tion to serving as a phosphide source, P(SiMe3)3 may also
function as an oxidant.[26] Although the mechanism for this
chemistry remains unclear, this strongly implies that ™redox
neutrality∫ does not hold for reactions between iron precur-
sors and phosphines, but rather that there is a thermody-
namic drive towards FeP.


This ™redox active∫ route, then, provides an alternate
pathway to explore for MnP nanoparticle formation.
Indeed, treatment of [Mn2(CO)10] with P(SiMe3)3 in TOPO
with suitable co-surfactants leads to well-formed, crystalline
MnP spherical nanoparticles of size 5±7 nm (depending on
temperature) and low standard deviations (5±10%)
(Figure 2).[26] Furthermore, preliminary evidence suggests
this method is equally amenable to CoP.[26]


Despite the ability to prepare FeP and MnP nanoparticles
with excellent solubility and size control, these reactions still
suffer from the drawback of requiring the highly reactive
(and expensive) P(SiMe3)3 reagent. We wondered if more
conventional phosphines would also yield the desired prod-
ucts. Specifically, we explored using trioctylphosphine
(TOP) as both a phosphine source and a coordinating sol-
vent and discovered that nanocrystalline MnP and FeP can
be prepared equally well by the reaction of appropriate
metal carbonyls with TOP. Indeed, under some conditions
we even have access to unusual shapes, including rods and
cubes. Importantly, this discovery provides an alternate
strategy for targeting arsenides (e.g., MnAs) that precludes
the use of As(SiMe3)3, which is not only toxic and pyrophor-
ic, but not commercially available. These studies represent a
current focus of research in our group.


Magnetic properties of FeP and MnP : For the first time, we
have investigated the magnetic properties of FeP and MnP
as function of crystallite size.[25,26] As bulk phases, both crys-
tallize in the MnP structure type,[27] and both demonstrate a
complex low-temperature magnetic structure (helimagnet)
with net antiferromagnetic interactions, and a magnetic unit
cell dimension of ~28 ä along the helical propagation
axis.[28±31] For FeP, the transition occurs at 125 K, above
which FeP is a paramagnet, whereas for MnP, the transition
occurs at 50 K, and MnP is ferromagnetic above this temper-
ature up until the Curie temperature (Tc=291 K).


Figure 2. Synthetic scheme for production of MnP nanoparticles and as-
sociated TEM micrographs. Average particle size=6.67�0.33 nm. The
lattice spacing visible in high resolution images (0.242 nm) corresponds
to the (111) plane of MnP. Reproduced with permission from J. Am.
Chem. Soc. 2003, 125, 13960±13961. Copyright 2003 Am. Chem. Soc.


Figure 1. a) Powder X-ray diffraction spectrum of FeP nanoparticles pre-
pared using Fe/dodecylamine (1:1 mol) at 260 8C. The line diagram illus-
trates the positions and relative intensities for reflections of FeP (JCPDS
39-0809), with major reflections indexed. The * denotes a background
peak from the sample holder. b) Corresponding TEM micrograph (î
40 K); average particle size for FeP=4.65 � 0.74 nm (N=425). Repro-
duced with permission from Chem. Mater. 2003, 15, 4034±4038. Copyright
2003 Am. Chem. Soc.
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From magnetic susceptibility measurements on nanocrys-
talline FeP and MnP, we find that in both cases the transi-
tion to a helimagnetic state is completely shut down in the
nanoparticles.[25,26] We attribute this to the fact that the
nanoparticle dimension (4±8 nm) is approaching that of the
magnetic unit cell for the helimagnetic configuration, there-
by destabilizing this state. The consequence is that nanopar-
ticulate FeP appears to be paramagnetic over the entire
temperature range studied (300±5 K, Figure 3), whereas


nanoparticulate MnP is ferromagnetic at all temperatures
less than Tc (Figure 4). Also apparent for nanoparticulate
MnP is a temperature-dependent transition to a superpara-
magnetic state (TB). Between Tc and TB (the blocking tem-
perature), there is no hysteresis in the magnetization versus
field data (i.e., no coercivity) due to thermal fluctuations of
the magnetic spin. However, upon cooling below TB the
MnP nanoparticles become coercive, as they are no longer
able to fluctuate on the timescale of the measurement (Fig-
ure 4b). As expected, the blocking temperature is depen-
dent on crystallite size, with larger crystallites demonstrating
higher blocking temperatures than smaller ones, due to the
fact that they are more stable to thermal fluctuations
(Figure 4). Thus, in contrast to bulk MnP, which loses its fer-
romagnetism below 50 K, nanoparticulate MnP remains a
robust magnet with coercivities of several thousand oersted.


Based on this study, we conclude that FeP nanoparticles
are not likely to be responsible for the soft-ferromagnetism
observed in Ferrophos alloys, but that nanoparticulate MnP
can give rise to ferromagnetic exchange at temperatures
below the helimagnetic transition, thus complicating mag-
netic interpretation of Mn-doped diluted magnetic semicon-
ductors. Finally, we suspect the behavior observed for nano-
scale MnP and FeP is likely to be characteristic of other
helimagnetic phases that adopt the MnP structure-type (e.g.,
CrAs),[32] a subject that we will continue to investigate.


Supported Transition-Metal Phosphide
Nanoparticles


Impregnation methods : The interest in supported transition-
metal phosphides has been driven by their function as het-
erogeneous catalysts,[33] with the most recent attention on
their activity as hydrotreatment catalysts. This area has been
recently reviewed,[34] so only an outline will be presented
here. The traditional method of preparation is based on im-
pregnation, in which a solid support (typically silica or alu-
mina) is treated with a liquid phase containing the catalyst
precursor, followed by annealing. In the case of transition-
metal phosphides, the precursors are solutions of metal
phosphate, which are evaporated to dryness in the presence
of the support. Upon reductive annealing, the dispersed
phosphate phase undergoes transformation to transition-
metal phosphide nanoparticles, the active catalyst.[35] Hydro-
treatment activity has been studied for metal-rich phos-
phides, including MoP,[36] WP,[37] Ni2P,


[38,39] Fe2P,
[38] and


CoP,[38] as both supported and bulk phases. Not surprisingly,
supported materials have higher activities, attributed to the
greater surface area of nanoparticles (sizes range from ca.
5 nm to 30 nm) relative to the bulk. Among supported cata-


Figure 3. Temperature dependence of molar susceptibility (c) and inverse
molar susceptibility (c�1) for 4.7(7) nm FeP nanoparticles synthesized at
260 8C, and bulk FeP (inset), for H=3.0 T. Reproduced with permission
from Chem. Mater. 2003, 15, 4034±4038. Copyright 2003 Am. Chem. Soc.


Figure 4. a) Temperature dependence of the magnetization for field
cooled (circles and squares) and zero-field-cooled (triangles) MnP nano-
particles under an applied magnetic field of 500 Oe. b) Corresponding
variation of magnetization as a function of field for the 5.1(5) nm parti-
cles at various temperatures. Reproduced with permission from J. Am.
Chem. Soc. 2003, 125, 13960±13961. Copyright 2003 Am. Chem. Soc.
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lysts, Ni2P is (to date) the most effective catalyst for both
hydrodenitrogenation and hydrodesulfurization, and is even
more active than commercial sulfide-based catalysts.[34]


Organometallic methods : In addition to impregnation, orga-
nometallic methods have also been applied to form transi-
tion-metal phosphide nanocomposites with silica. Lukehart
and co-workers reported that trialkoxysilane-functionalized
transition-metal phosphine complexes could be cross-linked
with silica sol to form molecularly doped xerogels, which,
upon annealing, spontaneously resulted in formation of tran-
sition-metal phosphide nanoparticles within the matrix.[40]


This method was reported for Fe2P, RuP, Co2P, Rh2P, Ni2P,
Pd4P2, and PtP2 in silica, producing particles with an average
size that ranged from 2 to 35 nm, depending on phase. As
for the phosphate reduction method outlined above, this
method produces single-phase phosphides, and the authors
noted that the composition formed was usually that of the
congruently melting phase with the greatest phosphorus
content. Although an elegant method for composite forma-
tion, these materials may be less desirable as catalysts, since
the particles form within the matrix and may therefore have
fewer accessible catalytic sites.


Using a similar approach, nanoparticles of Co2P have
been produced within the pores of a mesoporous silica.[41]


This was achieved by grafting a bis(phosphane)-terminated
ligand to the surface and then using this to anchor a zerova-
lent cobalt carbonyl cluster. Upon annealing, crystalline
Co2P nanoparticles (ca. 60 nm) were observed to form in
the pores. A comparative study with a silica xerogel resulted
in particles of approximately 200 nm and a broader size dis-
tribution, suggesting that the pores were acting to control
the particle growth, as well as the spatial arrangement.


Getting a handle on particle size control–nanoparticle pre-
cursors for supported phosphides : One issue with all of the
supported transition-metal phosphide materials produced to
date is the poor control of particle size and polydispersity in
the final material. We reasoned that the most rational way
to tune the particle size of the phosphide would be to find a
way to control the particle size of the phosphate precursor.
Our initial work in this area has focused on the preparation
of discrete, nanoparticulate iron phosphates and their trans-
formation to iron phosphides.


Iron phosphate precursor nanoparticles were synthesized
by modification of a method reported for LaPO4.


[42] Thus,
refluxing of FeCl3 with crystalline phosphoric acid in a coor-
dinating solvent (tris-2-ethylhexylphosphonate) in the pres-
ence of base resulted in formation of an amorphous, colloi-
dal phosphate that could be isolated as a yellow powder by
precipitation with methanol. AFM analysis of nanocrystals
dispersed on mica suggests the particles are produced in a
size range of 2.2�1.2 nm. If this sample is subsequently an-
nealed in a hydrogen-rich atmosphere, the particles become
sintered to the mica substrate, and their size decreases to
1.4�0.5 nm, consistent with transformation of phosphate
nanoparticles to a phosphide (volume reduction ~75%,
Figure 5). This data, in combination with XPS data that con-
firm the presence of reduced phosphide in the particles, sug-


gests this approach is appropriate for production of support-
ed transition-metal phosphide nanoparticles with modest
polydispersities.


Although we have shown that we can directly transform
phosphate particles to phosphides, this is only effective
when the particles are sufficiently diluted or dispersed.
Thus, when the bulk nanoparticulate precipitate is reduced,
sintering occurs prior to reduction, resulting in highly crys-
talline phases, with FeP forming at 700 8C, and transforming
to Fe2P by 1100 8C (Figure 6). Sintering is also evident when


large quantities of precursor nanoparticles are loaded on the
mica substrate. As illustrated in Figure 7, when the initial
coverage is relatively high, aggregation occurs, resulting in
larger, less uniform particles.


Consequently, this precursor approach, if applied to a
high surface-area substrate may produce supported particles
far smaller than those achieved by incipient wetness, and
with a smaller polydispersity, although whether these mate-
rials will be more catalytically active than current materials
remains to be seen. Our current focus is on demonstrating
the generality of the method for other systems, particularly


Figure 5. Scheme illustrating the transformation of iron phosphate nano-
particles dispersed on mica to iron phosphide nanoparticles upon reduc-
tive annealing (AFM topographic images). Reproduced with permission
from J. Am. Chem. Soc. 2003, 125, 4038±4039. Copyright 2003 Am.
Chem. Soc.


Figure 6. X-ray diffraction patterns of precipitated iron phosphate nano-
particles annealed under H2/Ar at 700 8C and 1100 8C (inset), and corre-
sponding line diagrams for FeP (JCPDS: 78-1443) and Fe2P (JCPDS: 85-
1725). Reproduced with permission from J. Am. Chem. Soc. 2003, 125,
4038±4039. Copyright 2003 Am. Chem. Soc.
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those that would be expected to be more catalytically active
(e.g., Ni2P, MoP).


Conclusion


Although remarkable progress has been made over the last
few years on developing new methodologies for preparation
of nanoparticles (in general) and transition-metal phosphide
nanoparticles (in particular), our synthetic toolbox is still
very limited. Furthermore, there is no one-size-fits-all ap-
proach that can be applied to main-group and transition-
metal phosphides. Thus, desilylation strategies are successful
for FeP and InP nanoparticle production, but not MnP;
phosphate reduction is effective for preparing supported
Ni2P and MoP, but not main-group phosphides (i.e., GaP,
InP).[35] Studies to date on the influence of particle size on
magnetic and/or catalytic properties are very provocative
and provide an impetus for the development of new synthet-
ic methodologies that will permit control of phase, particle
size, particle shape, and sample polydispersity. Additional
opportunities in the synthesis of transition-metal phosphide
nanoparticles include developing new methodologies (or ex-
tending old ones) to target early transition-metal phosphides
and more complex compositions (ternary, quaternaries). Fi-
nally, there are plenty of opportunities among the heavier
pnictides (arsenides, antimonides), which have been even
less studied than the phosphides.[43±47]
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Tetrahedral Chalcogenide Clusters and Open Frameworks


Xianhui Bu,*[b] Nanfeng Zheng,[a] and Pingyun Feng*[a]


Introduction


Because of the technological importance of porous materi-
als, there has been a constant effort to develop new porous
materials during the past several decades. The early work
generally involves the substitution of framework cations
(i.e., Al3+ or Si4+) in zeolites by other cations such as Ga3+ ,
Ge4+ , and P5+ . This approach has resulted in a large
number of microporous oxides, most of which are based on
silicates and phosphates.[1]


The replacement of framework anions (i.e. , O2�) with
chalcogens (e.g., S2�) or organic ligands (e.g., nitriles, car-
boxylates, amines) represents a more recent approach for
generating microporous materials. Useful concepts involving
the organic ligand approach are the focus of a recent review


by Yaghi et al.[2] Here, we review the recent advance related
to open framework chalcogenides. Since the initial work in
1989 by Bedard, Flanigen, and their co-workers, porous
chalcogenides have generated a lot of interest.[3] These chal-
cogenides are capable of integrating porosity with electrical
or optical properties and hold promise for applications such
as solid electrolytes, semiconductor electrodes, sensors, and
photocatalysis.


Tetrahedral Chalcogenide Clusters


While the concept of microporous chalcogenides received
wide attention after the work by Bedard et al. , recent devel-
opments in porous chalcogenides also benefit from the early
efforts by Krebs, Dance, and their co-workers on isolated
chalcogenide clusters.[4±6] This is because many three-dimen-
sional (3D) chalcogenides are constructed from clusters.
Thus the concepts regarding the synthesis and structure of
chalcogenide clusters serve as a useful guide for the devel-
opment of porous chalcogenides.
A variety of chalcogenide clusters are known.[6] Here our


interest is limited to tetrahedral clusters, loosely defined as
those behaving like pseudo-tetrahedral atoms in an extend-
ed framework structure. Metal cations appearing in tetrahe-
dral chalcogenide clusters are usually from Groups 12±14
(e.g., Zn, Cd, Ga, In, Ge, Sn). Other cations include Mn, Fe,
Co, Cu, and Li.
The tetrahedral coordination of metal cations is common


in both zeolites and chalcogenides. However, tetrahedral
clusters are far more common in chalcogenides. This is relat-
ed to the coordination geometry of chalcogen anions. For
example, the typical value for the T�S�T angle is approxi-
mately between 105 and 1158, much smaller than the typical
T�O�T angle in zeolites, which usually lies between 140 and
1508. The tendency for the T�S�T angle to be close to 1098
means that in sulfides with tetrahedral cations, all frame-
work elements can adopt tetrahedral coordination. As a
result, clusters can be formed that have structures similar to
the fragment of the cubic ZnS type lattice.
The most common series of tetrahedral clusters are called


supertetrahedral clusters. Supertetrahedral clusters are regu-
lar, tetrahedrally shaped fragments of the cubic ZnS type
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Abstract: By integrating porosity with electrical or opti-
cal properties, microporous chalcogenides may have
unique applications. Here we review recent advances
and discuss concepts in the synthesis and crystal struc-
ture of tetrahedral clusters and their frameworks. These
chalcogenides can be viewed as trivalent metal chalco-
genides doped with tetra-, di-, or monovalent metal cat-
ions. Low-valent cations help to increase the cluster
size, while high-valent cations have the opposite effect.


Keywords: chalcogens ¥ cluster compounds ¥ conducting
materials ¥ microporous materials ¥ supertetrahedral
clusters ¥ transition metals ¥ zeolites


Chem. Eur. J. 2004, 10, 3356 ± 3362 DOI: 10.1002/chem.200306041 ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3357


CONCEPTS







lattice (Figure 1). They were denoted as 2{n} by Dance et al.
and recently as Tn by Yaghi et al. , where n is the number of
metal layers.[7,8] The compositions of T1, T2, T3, T4, and T5
clusters are MX4, M4X10, M10X20, M20X35, and M35X56, respec-
tively, where M is a metal cation and X is a chalcogen
anion.[8]


While a T2 cluster consists of only dicoordinate anions
(e.g., S2�), a T3 cluster has both di- and tricoordinate
anions. Starting from the T4 cluster, tetrahedral coordina-
tion begins to occur for anions inside the cluster.[9,10] The co-
ordination number of anionic sites is important, because it is
related to the valence of the metal cations surrounding
them. Such a relation follows Pauling×s electrostatic valence
rule, which states the valence of an anion is exactly or
nearly equal to the sum of the electrostatic bond strengths
to it from adjacent cations. Here we use the local charge-
density matching concept to describe this situation, in con-
trast with the global charge-density matching concept that
we use to describe the charge-density matching between the
negative framework and the positively charged extra-frame-
work species.
It is also helpful to distinguish between surface atoms and


core atoms in a cluster. Surface atoms are those at corners,
edges, and faces of the cluster, while core atoms are those
inside the cluster. There are no core atoms for T1, T2, and
T3 clusters. For the T4 cluster, the core atom is a single
sulfur atom. For T5 or larger clusters, the core atoms consti-
tute a T(n�4) cluster. In general, core metal cations have a
valence equal to or lower than that of surface atoms.
The largest supertetrahedral cluster synthesized so far is


the T5 cluster with the composition of [M13In22S56]
20� (M=


Zn, Mn) or [Cu5In30S56]
17�.[11,12] These T5 clusters occur in


covalent 3D superlattices and are not known in the isolated
form yet. For isolated regular supertetrahedral clusters, the
largest one known so far is T3. Some examples are
[(CH3)4N]4[M10E4(SPh)16], in which M=Zn, Cd, E=S, Se,
and Ph is a phenyl group.[13]


The second series of tetrahedral clusters are called penta-
supertetrahedral clusters (Figure 2) denoted as 5{n} by Dance


et al. and as Pn by Feng et al.[7,14] Each Pn cluster can be
conceptually constructed by coupling four Tn clusters onto
each face of an anti-Tn cluster. An anti-Tn cluster is defined
here as having the same geometrical feature as that of a Tn
cluster; however, the positions of cations and anions are ex-
changed. Using this concept, a P1 cluster consists of four T1
clusters (MX4) at corners and one anti-T1 cluster (XM4) at
the core, resulting in the composition of (MX4)4(XM4) (i.e.,
M8X17). Examples of P1 clusters include [SCd8(SBu)12](CN)4/2
and [K10M4Sn4S17] (M=Mn, Fe, Co, Zn).[7,15] A P2 cluster
has the composition of (M4X10)4(X4M10) (i.e. , M26X44). There
are two examples of P2 clusters, [Li4In22S44]


18� in ICF-26 and
[Cu11In15Se16(SePh)24(PPh3)4].


[14, 16] Similarly, a P3 cluster has
the composition of (M10X20)4(X10M20) (i.e., M60X90). The
same procedure can be used to derive the composition of
other Pn clusters. Clusters larger than P2 have not been syn-
thesized.
In 1988, Dance et al. reported the first member (i.e.,


[S4Cd17(SPh)28]
2�) of the third series of tetrahedral clusters


denoted as 7{n}.[7] Recent developments in this series include
the synthesis of the 3D network based on the first member
with the formula of [Cd17S4(SCH2CH2OH)26] and the synthe-
sis of an isolated cluster for the second member with the for-
mula of [Cd32S14(SC6H5)36]¥4DMF.[17,18]


All above three series of clusters have no cavities inside.
A series of hollow clusters can be generated if each tetrahe-
dral site in a Tq cluster is replaced with a Tp cluster. These
clusters are called super-supertetrahedral clusters and are
denoted as Tp,q by Yaghi et al.[19] Two members of super-su-
pertetrahedral clusters have been reported. One is T2,2
found in UCR-22 and ICF-22, and the other is T4,2 found
in CdInS-420. The T2,2 cluster is also called the coreless T4
cluster by Feng et al., because it is similar to a regular T4
cluster without the core SM4 anti-T1 unit (Figure 3).


[20]


By adding atoms into or removing atoms from above reg-
ular tetrahedral clusters, other variations of clusters are pos-
sible. These include the coreless T5 cluster, in which the
central metal site of a T5 cluster is not occupied (Figure 3)
and the stuffed T2 and T3 clusters in which there is an
oxygen atom in each adamantane cage.[21±24]


Chalcogenides with Tetravalent Cations


Some zeolites such as ZSM-5 and sodalite can be made in
the neutral SiO2 form. Neutral porous frameworks are also


Figure 1. Ball-and-stick diagrams of T2, T3, T4, and T5 supertetrahedral
clusters.


Figure 2. Ball-and-stick diagrams of P1 and P2 penta-supertetrahedral
clusters.
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known in AlPO4 and GeO2 forms. It is therefore reasonable
to expect that open framework sulfides with the framework
composition of GeS2 or SnS2 may exist. The Ge�S and Sn�S
systems were among the earliest compositions explored by
Bedard, Ozin, and co-workers. A number of new com-
pounds have been made in these compositions. Frequently,
molecular, one-dimensional, or layered structures are
found.[24±26]


The early success in the preparation of open framework
sulfides came from the use of mono- or divalent cations
(e.g., Cu+ , Mn2+) to join together chalcogenide clusters
(e.g., Ge4S10


4�). These low-valent cations help generate neg-
ative charges on the framework that are subsequently
charge-balanced by structure-directing agents. Among the
most interesting examples was the synthesis of several com-
pounds with the formula of [(CH3)4N]2[MGe4S10] (M=


Mn2+ , Fe2+ , Cd2+).[27] [(CH3)4N]2[MGe4S10] has a non-inter-
penetrating diamond type lattice (the single diamond type)
with alternating T2 and T1 clusters occupying tetrahedral
nodes. Another 3D solid with alternating T1 and T2 clusters
is an oxyselenide, [TMA]2[Sn(Sn4Se10O)] with stuffed T2
clusters.[25]


In the Ge�S (or Ge�Se) system, the largest supertetrahe-
dral cluster is T2. Larger clusters have not been synthesized,
because the charge at cation sites is too high to satisfy the
coordination environment of tricoordinate anion sites in
clusters larger than T2. For the same reason, no regular T3
cluster is known in the Sn�S (or Sn�Se) system. However,
there is one 3D framework with the formula [Sn5S9O2]
[HN(CH3)3]2.


[28] This material is built from ™stuffed∫ T3 clus-
ters, [Sn10S20O4]


8�. Each [Sn10S20] T3 cluster has four ada-
mantane-type cavities that can accommodate one oxygen
atom per cavity to give a cluster [Sn10S20O4]


8�. Because each
corner sulfur atom is shared between two clusters. The over-
all framework formula is [Sn10S18O4]


4�. The isolated form of
the [Sn10S20O4]


8� cluster is also known in [Cs8Sn10S20O4]¥
13H2O.


[23]


Chalcogenides with Trivalent Cations


In late 1990s, Parise, Yaghi, and co-workers reported several
open framework indium sulfides.[8,29±31] Using the In�S com-
position to build porous materials is quite unique, because
50% or more framework cation sites in zeolite-like oxides
have a valence �4. The linkages such as In�O�In and Al�


O�Al are not expected in zeolite-like oxides, because of the
Loewenstein rule that states the ratio of M4+/M3+ be larger
or equal to one.
The most interesting feature in the In�S system is the oc-


currence of the T3 cluster, [In10S20]
10�. The lower charge on


In3+ compared to Ge4+ and Sn4+ makes it possible to form
tricoordinate sulfur sites needed for the formation of T3
clusters. Very recently, Feng et al. extended the In�S compo-
sition to Ga�S, Ga�Se, and In�Se compositions.[32,33] The
use of the nonaqueous synthesis method is responsible for
the success in the Ga�S composition.
The synthesis of the [Cd4In16S35]


14� T4 cluster by Yaghi
et al.[9] shows that to access regular clusters larger than T3,
divalent cations are necessary in addition to the In�S com-
position. Four divalent cations are needed to surround the
core tetrahedral anion in T4 to achieve the local charge bal-
ance. The work by Feng et al. demonstrates that the combi-
nation of monovalent and trivalent cations could provide
the required local charge matching around the tetrahedral
S2� site.[11]


Because Cd2+ and In3+ are isoelectronic, the unambigu-
ous assignment of Cd2+ and In3+ sites in the [Cd4In16S35]


14�


cluster is difficult through the refinement of X-ray diffrac-
tion data. Further evidence on the distribution of di- and tri-
valent cations in the T4 cluster comes from the UCR-1 and
UCR-5 series of materials, which incorporate the first-row
transition-metal cations such as Mn2+ , Fe2+ , Co2+ , and Zn2+


in the predominantly In�S composition.[10] An exciting
recent development is the synthesis of several compounds
consisting of T5 clusters, [M13In22S56]


20� (M=Zn, Mn) and
[Cu5In30S54]


13�.[11,12]


Chalcogenides with Tetravalent and Trivalent
Cations


In terms of chemical compositions, chalcogenides with tetra-
valent (M4+) and trivalent (M3+) metal cations bear the
closest resemblance to aluminosilicate zeolites. The difficul-
ty with the synthesis of the M4+/M3+ chalcogenides is the
phase separation, because either cation can form chalcoge-
nides of its own. Recently, Feng and co-workers found that
the use of the nonaqueous synthesis method could lead to
the integration of M4+ and M3+ ions into the same frame-
work. A series of open framework sulfides and selenides
were made by combining tetravalent (i.e., Ge4+ , Sn4+) and
trivalent metal (i.e., Ga3+ , In3+) ions.[20] The M4+/M3+ ratio
in these chalcogenides can be, however, much smaller than
that in zeolites and so far falls within the range from about
1.3 to 0.21. Despite the low M4+/M3+ ratio, some sulfides in
this series possess adequate stability toward ion exchange
and thermal treatment. The Cs+ exchanged UCR-20GaGeS-
TAEA (TAEA= tris(2-aminoethyl)amine) exhibits the
type I isotherm typical of a microporous solid and its pore
size is as large as 9.5 ä.


Figure 3. Ball-and-stick diagrams of coreless T4 (left) and coreless T5
(right) tetrahedral clusters.


Chem. Eur. J. 2004, 10, 3356 ± 3362 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3359


Chalcogenide Clusters 3356 ± 3362



www.chemeurj.org





Assembly of Chalcogenide Clusters


As discussed above, the type of metal cations present in the
solvothermal system places a limitation on the formation of
individual clusters. If only the trivalent cation is present,
clusters larger than T3 are unlikely to form. On the other
hand, if both trivalent and divalent cations are present, the
system has the flexibility to form a variety of clusters such
as T3, T4, and T5.
Given the simultaneous availability of various clusters,


different assemblies can be envisioned. The most common
situation is for clusters of the same size to crystallize into a
uniform superlattice (Figure 4). For example, in UCR-1 and


UCR-8, only T4 clusters are present.[10,34] Hybrid superlat-
tices containing clusters of the different size are also possi-
ble. For example, in UCR-19, T3 and T4 clusters alternate
to form a 3D double diamond-type superlattice
(Figure 4).[32] UCR-15 has an unusual structure, in which a
regular T3 cluster alternates with a coreless T5 cluster to
form a double diamond structure.[21]


Tetrahedral clusters are usually joined together with a
single S2� (or Se2�) bridge. However, in UCR-18, one fourth
of the bridges are provided by polysulfur ions (S3


2�) and in
UCR-8, each S2� bridge connects to three T4 clusters
(Figure 5).[32,34]


A number of factors control the type of superlattices that
can crystallize. The geometry and charge distribution of or-
ganic molecules are among the most important factors. The
global charge density matching was considered to be a


factor in the crystallization of UCR-15.[21] For gallium sul-
fides, the size of organic amines appears to correlate with
the size of clusters (i.e., T3, T3-T4, or T4) in the 3D lat-
tice.[32] Unlike in oxides, hydrogen bonding is much weaker
in chalcogenides. Therefore, the host±guest electrostatic in-
teraction, further enhanced by the highly negative frame-
work, is expected to play a significant role in chalcogenides.


Framework Topological Types


At least nine 3D topological types have been realized from
the assembly of tetrahedral clusters (Figure 6). Among
these, the single and double diamond-type lattices are by far
the most common. For small T2 and T3 clusters, both single
and double diamond-type structures are known.[20,29,30, 35]


However, for T3-T4, T4, or larger clusters such as P2 and
T5, only the double diamond-type structure has been ob-
served so far.[9,32, 34]


Other structure types include ABW, CrB4, SOD, cubic-
C3N4, UCR-1, ICF-24, and ICF-25. The ABW type occurs


Figure 4. Three examples showing different combinations of tetrahedral
clusters in 3D open framework chalcogenides: a) T3-T3, b) T3-T4, and
c) T4-T4.


Figure 5. Examples of different bridging patterns between tetrahedral
clusters: a) through the ±S�S�S- bridge, b) through the tricoordinate S2�


bridge, and c) through the dicoordinate S2� bridge.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 3356 ± 33623360


CONCEPTS P. Feng, X. Bu, and N. Zheng



www.chemeurj.org





with T1-T2 clusters.[36] ICF-24 and ICF-25 types have only
been made with T2 clusters.[12] The CrB4 and sodalite types
have been realized with either T2 or T3 clusters.[8,20] UCR-1
and cubic-C3N4 types only occur with the T4 cluster.


[10,34]


The number of the 3D framework types remains small
now. This is in part due to the inflexibility of the T�S�T
angles. One new direction is to explore other linkers to
bridge chalcogenide clusters. Using this strategy, Feng et al.
recently prepared a 3D framework in which the cubic
[Cd8(SPh)12]


4+ clusters are organized by tetradentate 1,2,4,5-
tetra(4-pyridyl)benzene molecules into a three-dimensional
open framework.[37]


Recent Progress


Even though zeolites were originally made from purely inor-
ganic systems, the success of organic cations as structure-di-
recting agents in the synthesis of high-silica zeolites and
later in aluminophosphates has resulted in a nearly complete
neglect of inorganic systems in the exploratory synthesis of
porous materials. For over two decades, the organic ap-
proach has been chosen preferentially when a new frame-
work composition is attempted. In the area of chalcogenides,


almost all phases reported prior to the recent work by Feng
et al. involve the use of organic species.[12]


Feng and co-workers took a step ™backwards∫ and ex-
tended the traditional organic-free zeolite synthetic method
to the chalcogenide system. Their work resulted in a large
family of hydrated sulfides and selenides.[12] Four different
tetrahedral clusters (i.e., T2, T4, T5, and coreless T4) are
observed in the inorganic system. These materials, denoted
as ICF-n, were prepared in aqueous solutions from simple
inorganic salts. For example, ICF-22InS-Li can be prepared
at 190 8C in 4 days by simply mixing In(NO3)3¥H2O, LiCl,
and Li2S in water.
One of the most interesting properties of these inorganic


chalcogenides is fast-ion conductivity at room temperature
and moderate to high humidity. In particular, lithium com-
pounds such as ICF-22 and ICF-26 exhibit ionic conductivity
significantly higher than previously known crystalline lithi-
um compounds.[12,14]


Conclusion


Impressive synthetic successes have been achieved in the
area of porous chalcogenides and related tetrahedral clus-


Figure 6. Examples of three-dimensional framework topologies formed from tetrahedral clusters: a) single diamond, b) double diamond, c) UCR-1,
d) SOD, e) CrB4, f) ABW, g) cubic C3N4, h) ICF-24, and i) ICF-25.
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ters, leading to new developments in synthetic and structural
principles that will provide useful guidance for the future
exploration of this intriguing and important compositional
domain. Most chalcogenides described here can be viewed
as trivalent metal chalcogenides doped with tetra-, di-, or
monovalent cations. Incorporation of mono- or divalent cat-
ions helps to increase the size of the tetrahedral cluster
(e.g., from T3 to T4 or T5), whereas the incorporation of
tetravalent cations tends to lower the size of the supertetra-
hedral cluster from T3 to T2.
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The Synthesis and Electronic Structure of a Novel [NiS4Fe2(CO)6] Radical
Cluster: Implications for the Active Site of the [NiFe] Hydrogenases


Qiang Wang,[a] J. Elaine Barclay,[b] Alexander J. Blake,[a] E. Stephen Davies,[a]


David J. Evans,[b] Andrew C. Marr,[a, d] Eric J. L. McInnes,*[c] Jonathan McMaster,*[a]


Claire Wilson,[a] and Martin Schrˆder*[a]


Introduction


Methanogenic, acetogenic, photosynthetic, sulfate-reducing
and nitrogen-fixing bacteria consume or produce hydrogen
according to the reaction 2H+ +2e�ÐH2.


[1,2] Members of
the hydrogenase family of enzymes mediate this interconver-
sion and insights into the catalytic principles of these en-
zymes may aid the design of new efficient processes to pro-
duce molecular hydrogen as a source of clean energy.[2] The
hydrogenases may be classified as [NiFe],[2,3] [Fe]-only,[4] or
metal-free[5] according to the metal content of their active
sites, and X-ray crystallographic studies of the [NiFe] hydro-
genases from Desulfovibrio gigas,[6,7] D. vulgaris,[8,9] D. fruc-
tosovorans[10] and D. sulfuricans[11] reveal a heterobimetallic
cluster of Ni and Fe atoms at the catalytic centres of these
enzymes. The active site of the ™as-isolated∫ oxidised form
of the [NiFe] hydrogenase from D. gigas possesses a Ni
centre in a distorted square-pyramidal coordination geome-
try in which three cysteinyl S donors (Cys65, Cys68 and
Cys530) and an exogeneous (hydro)oxo ligand occupy the
equatorial sites; a fourth cysteinyl S donor (Cys533) occu-
pies the apical position.[7] This leads to an NiS4 geometry
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Information contains coordinates for DFT calculations and Mˆss-
bauer spectra for complex 1 a.


Abstract: A novel [Ni−S4×Fe2(CO)6]
cluster (1: −S4×= (CH3C6H3S2)2(CH2)3)
has been synthesised, structurally char-
acterised and has been shown to under-
go a chemically reversible reduction
process at �1.31 V versus Fc+/Fc to
generate the EPR-active monoanion
1� . Multifrequency Q-, X- and S-band
EPR spectra of 61Ni-enriched 1� show
a well-resolved quartet hyperfine split-
ting in the low-field region due to the
interaction with a single 61Ni (I=3/2)
nucleus. Simulations of the EPR spec-
tra require the introduction of a single
angle of non-coincidence between g1
and A1, and g3 and A3 to reproduce all
of the features in the S- and X-band


spectra. This behaviour provides a rare
example of the detection and measure-
ment of non-coincidence effects from
frozen-solution EPR spectra without
the need for single-crystal measure-
ments, and in which the S-band experi-
ment is sensitive to the non-coinci-
dence. An analysis of the EPR spectra
of 1� reveals a 24% Ni contribution to
the SOMO in 1� , supporting a delocali-
sation of the spin-density across the


NiFe2 cluster. This observation is sup-
ported by IR spectroscopic results
which show that the CO stretching fre-
quencies, n(CO), shift to lower fre-
quency by about 70 cm�1 when 1 is re-
duced to 1� . Density functional calcu-
lations provide a framework for the in-
terpretation of the spectroscopic prop-
erties of 1� and suggest that the
SOMO is delocalised over the whole
cluster, but with little S-centre partici-
pation. This electronic structure con-
trasts with that of the Ni-A, -B, -C and
-L forms of [NiFe] hydrogenase in
which there is considerable S participa-
tion in the SOMO.


Keywords: cluster compounds ¥
density functional calculations ¥
electronic structure ¥ EPR spectros-
copy ¥ hydrogenase ¥ iron ¥ nickel
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that is distinctly nonplanar in which the dihedral angle be-
tween the planes defined by (Cys65)S-Ni-S(Cys68) and
(Cys530)S-Ni-S(Cys533) planes is 69.88. The Cys530S,
Cys533S and (hydro)oxo donors bridge the Ni and Fe cen-
tres at the active site of the enzyme and the coordination
sphere of the Fe centre is completed by one CO and two
CN ligands.[12] The redox chemistry of the active site of
[NiFe] hydrogenase is particularly rich and at least nine
spectroscopically distinct states associated with four redox
levels of the enzyme have been identified.[13] EPR,[3] XAS,[14]


IR[12] and Mˆssbauer[15] spectroscopic studies, as well as den-
sity functional theory (DFT) calculations[16,17] have been
used to gain insight into the role of these forms in the cata-
lytic cycle, with consensus descriptions of the electronic
structure of the redox states of the enzymes now emerging.
In particular, it is generally agreed that the Fe centre re-
mains in the formal FeII state and the Ni centre shuttles be-
tween the formal NiIII and NiII states during catalysis; the
Ni-L and Ni-CO forms of the enzyme are described as
formal NiI centers.[17] However, the role of the distorted
nonplanar S4 coordination sphere in tuning the electronic
structure of the active site of the [NiFe] hydrogenases re-
mains to be defined. Single-crystal EPR spectroscopic stud-
ies[18±20] supported by DFT calculations[17,21,22] reveal a con-
siderable S covalency (ca. 24±39%) in the SOMO for the
Ni-A, -B, -C and -L forms of the enzyme, suggesting that
redox non-innocence of S-donor sites may be important in
controlling the catalytic competency of the active site.
The recognition of a [NiFe] heterobimetallic cluster at the


active site of the [NiFe] hydrogenases has prompted the syn-
thesis and characterisation of small molecule analogues[23±25]


to gain insight into the structural, spectroscopic and catalytic
properties of the active site and to develop the chemical
principles that underpin the design of new functional syn-
thetic catalysts. [Ni(NHPnPr3(−S3×)] [−S3×


2�=bis(2-sulfanyl-
phenyl) sulfide(2�)] contains a distorted tetrahedral NiNS3
coordination sphere and can catalyse the heterolytic cleav-
age of H2.


[24] This suggests that the distorted NiS4 coordina-
tion sphere at the active site of [NiFe] hydrogenase strongly
influences the relative energies of the acceptor and donor
orbitals that must interact with the s and s* orbitals of
H2.


[24]


We report herein the synthesis and spectroscopic charac-
terisation of the novel redox active trinuclear [Ni−S4×Fe2-
(CO)6] clusters, 1 and 2 (−S4×= (RC6H3S2)2(CH2)3 R=Me,H
for 1 and 2, respectively), from the precursors 3 and 4 and
show that the NiS4 coordination spheres in 1 and 2 are dis-
tinctly nonplanar. We have employed multifrequency Q-, X-
and S-band EPR spectroscopy, supported by DFT calcula-
tions, to elucidate the electronic structure of 1� and to
probe the participation of the S-donor centres in the redox
active orbital of 1� for comparison with the electronic struc-
tures of the Ni-A, -B, -C and -L forms of the [NiFe] hydro-
genases. Our results show that a distorted NiS4 coordination
sphere is not necessarily associated with substantial Ni�S co-
valency in the redox active orbital.


Results and Discussion


Preparation of complexes : Compounds 3 a and 3 b were pre-
pared by a template reaction from (5-methyl-2-mercapto-
phenyl)thiol and 1,3-dibromopropane with Ni(OAc)2¥4H2O
and Ni(NO3)2¥6H2O (86.2% 61Ni enriched), respectively.[26,27]


The yields of these reactions were improved by the use of
excess 1,3-dibromopropane in the synthetic procedure,
which could be easily washed from the precipitated product
with MeOH. The resolution of the 1H NMR spectra for 3 a
and 4 is consistent with the formulation of 3 a and 4 as dia-
magnetic NiIIS4 centres possessing approximate square-
planar coordination geometries.[26,27]


After a mixture of 3 a and [Fe3(CO)12] in CH2Cl2 was re-
fluxed for 16 h, the IR spectrum of the resulting dark red
solution exhibited absorptions at 2035 (s), 2018 (m), 1995
(vs) and 1955 cm�1 (s). The removal of CH2Cl2 from the fil-
trate and prolonged drying under vacuum yielded a dark
red powder. The IR spectrum of this product in CH2Cl2 ex-
hibited absorptions at 2035 (vs), 1995 (s) and 1955 cm�1 (br,
s). The reduced intensity of the absorption at 1995 cm�1 and
the disappearance of the feature at 2018 cm�1 after drying
the crude product under vacuum suggests that [Fe(CO)5] is
produced as a byproduct of the reaction of 3 a with
[Fe3(CO)12] in CH2Cl2. This is supported by previous studies
that have documented the product distribution for the reac-
tions of [Fe3(CO)12] with thiols.


[28] These reaction mixtures
always contain [Fe(CO)5], probably formed through an in-
teraction of [Fe(CO)4] fragments with CO produced during
the reaction.[28] The reactions of 3 b and 4 with [Fe3(CO)12]
in CH2Cl2 proceeded in a similar manner to yield 1 b and 2,
respectively, and [Fe(CO)5] which can be removed under
vacuum. The well-resolved 1H and 13C NMR spectra of 1 a,
1 b and 2 and magnetic susceptibility measurements meas-
ured by the Evans× method indicate that 1 a, 1 b and 2 are di-
amagnetic in CDCl3 solution at room temperature.


The X-ray crystal structures of 1 a and 2 : The X-ray crystal
structures of 1 a and 2 are shown in Figure 1 and selected
bond lengths and angles are presented in Table 1. The
Ni centres in 1 a and 2 are coordinated by two cis-
thiolato and two cis-thioether S donors derived from
[(CH3C6H3S2)2(CH2)3] and [(C6H4S2)2(CH2)3], respectively.
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These NiS4 units coordinate to an [Fe2(CO)6] fragment
through two thiolate S-bridging atoms to form trinuclear
compounds in which the metal atoms are placed at the cor-
ners of an approximate equilateral triangle. The [Ni−S4×Fe2-
(CO)6] core of these complexes possess approximate C2


symmetry with the twofold axis passing through the Ni
centre and the bisector of the Fe�Fe bond. A similar NiFe2
core has been reported in [Ni(dsdm){Fe(CO)3}2] (H2dsdm=


[N,N’-dimethyl-N,N’-bis(2-sulfanylethyl)ethylenedia-
mine]).[25]


The dihedral angles between the S(1)-Ni-S(2) and the
S(3)-Ni-S(4) planes (84.04(4) and 85.66(5)8 for 1 a and 2, re-
spectively) indicate a nonplanar coordination environment
for the NiS4 units in 1 a and 2. This is supported by the NiS2
bite angles, which are close to 908 (S(1)-Ni-S(2)=93.07(5)
and 92.93(3)8 and S(3)-Ni-S(4)=92.95(5) and 92.81(3)8, for
1 a and 2, respectively) and the S(1)-Ni-S(3) and S(2)-Ni-
S(4) angles, which are significantly greater than 908 [S(1)-
Ni-S(3)=144.88(5) and 143.22(3)8 and S(2)-Ni-S(4)=
104.39(5) and 103.77(3)8, for 1 a and 2, respectively]. The
Ni�S(1) and Ni�S(3) distances (ca. 2.18 ä, Table 1) are typi-
cal of formal NiII�S(thiolate) bonds (jNi�S j=2.17 ä; s=
0.02 ä)[29] and the longer Ni�S(2) and Ni�S(4) distances in
1 a and 2 (ca. 2.25 ä, Table 1) lie within the wide range ob-
served for NiII�S(thioether) interactions (jNi�S j=2.36 ä;


s=0.11 ä).[29] The coordination geometry about the Ni
centre in 1 a and 2 is similar to that in [Ni(dsdm){Fe(CO)3}2]
(Ni�S=2.1602(11) and 2.1724(11) ä and the dihedral angle
between the two five-membered rings formed by Ni with
the N,C,C,S atoms of each sulfanylethyl portion of dsdm is
87.91(16)8).[25] The coordination geometry of the NiS4 unit in
1 a and 2 contrasts with that of 4, which possesses approxi-
mate square-planar coordination.[27] In 4 the dihedral angle
between the S(1)-Ni-S(2) and the S(3)-Ni-S(4) planes
(12.28)[27] is significantly smaller than those in 1 a and 2, with
the NiS2 bite angles close to 908 and the Ni�S(thiolate) and
Ni�S(thioether) bond lengths (ca., 2.17 ä) not significantly
different from one another. Thus, the geometry of the NiS4
unit in 2 and 1 a distorts away from the approximate square-
planar geometry of 3 and 4[27] in order to accommodate the
Fe2(CO)6 fragment. This distortion, together with the inclu-
sion of two Fe atoms in the coordination sphere of the Ni
centre, leads to a coordination geometry about the Ni atom
that may be regarded as that of a distorted octahedron.
Each Fe centre in 1 a and 2 is coordinated by one S thio-


late donor, one Fe atom and three CO ligands in an approx-
imate square-pyramidal geometry. The Fe�S distances
(2.2532(14)±2.2672(8) ä) lie within the range of those for
complexes containing Fe2(CO)6 units coordinated by thio-
late ligands (jFe�S j=2.263 ä; s=0.021 ä);[29] however, in
contrast to the majority of these reported structures, the
Fe(1)�S(3) and Fe(2)�S(1) distances (3.3690(14) and
3.3408(14) ä, 3.3569(12) and 3.2705(12) ä in 1 a and 2, re-
spectively) indicate that the thiolate donor atoms do not
bridge between the Fe atoms. The mean Fe�C (1.78 ä) and


Figure 1. The molecular structure of 1a (top) and 2 (bottom) with dis-
placement ellipsoids displayed at the 50% probability level. H atoms are
omitted for clarity.


Table 1. Selected bond lengths [ä] and angles [8] for 1a, 2, and geometry
optimised models for 1 and 1� calculated using DFT.


1a 2 1 1�


calcd calcd


Ni�S(1) 2.1877(13) 2.1782(9) 2.256 2.245
Ni�S(2) 2.2495(12) 2.2599(8) 2.322 2.348
Ni�S(3) 2.1784(12) 2.1865(9) 2.256 2.248
Ni�S(4) 2.2371(13) 2.2630(9) 2.329 2.342
Fe(1)�S(1) 2.2580(13) 2.2623(8) 2.348 2.370
Fe(2)�S(3) 2.2532(14) 2.2672(8) 2.340 2.363
Fe(1)¥¥¥S(3) 3.3690(14) 3.3569(12) 3.646 3.721
Fe(2)¥¥¥S(1) 3.3408(14) 3.2705(12) 3.622 3.676
Ni�Fe(1) 2.4789(9) 2.4936(8) 2.546 2.670
Ni�Fe(2) 2.4904(8) 2.4855(6) 2.546 2.659
Fe(1)�Fe(2) 2.6435(9) 2.6279(7) 2.570 2.615
Fe(1)�C(1) 1.796(5) 1.806(3) 1.808 1.799
Fe(1)�C(2) 1.768(6) 1.790(3) 1.798 1.783
Fe(1)�C(3) 1.779(5) 1.770(3) 1.845 1.873
Fe(2)�C(4) 1.764(6) 1.786(3) 1.846 1.875
Fe(2)�C(5) 1.793(5) 1.789(3) 1.795 1.779
Fe(2)�C(6) 1.761(6) 1.817(3) 1.810 1.797
Fe(1)¥¥¥C(4) 2.761(6) 2.720(3) 2.237 2.126
Fe(2)¥¥¥C(3) 2.827(5) 2.780(3) 2.231 2.130
S(1)-Ni-S(2) 93.07(5) 92.92(3) 91.6 91.2
S(1)-Ni-S(4) 106.97(5) 109.16(3) 104.1 105.4
S(2)-Ni-S(4) 104.39(5) 103.77(3) 103.2 102.7
S(1)-Ni-S(3) 144.88(5) 143.22(3) 154.1 152.2
S(2)-Ni-S(3) 109.96(5) 110.53(3) 105.5 107.4
S(3)-Ni-S(4) 92.95(5) 92.81(3) 91.0 90.8
Fe(1)-Ni-Fe(2) 64.28(3) 63.71(2) 59.7 60.8
Ni-Fe(2)-Fe(1) 57.65(2) 58.30(2) 59.7 60.4
Ni-Fe(1)-Fe(2) 58.07(2) 57.993(14) 59.7 60.8
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C�O (1.15 ä) bond lengths in
1 a and 2 are not significantly
different from one another and
are similar to the corresponding
distances for the terminal CO
ligands in [Fe3(CO)12].


[30] These
data together with the long
Fe(1)�C(4) and Fe(2)�C(3)
(2.720(3)±2.827(5) ä) and short
Fe(1)�C(3) and Fe(2)�C(4) dis-
tances (1.764(6)±1.786(3) ä;
Table 1) show that the carbonyl
ligands defined by atoms C(3)
and C(4) in 1 a and 2 bind at
the asymmetric extreme in the
Fe2(CO)6 unit in the solid state.
The Fe�C and C�O bond lengths in 1 a and 2 are all compa-
rable to those in [Fe2(CO)6(m-SCH2CH2CH2S)],


[31] whereas,
the Fe(1)�Fe(2) bond lengths (2.6435(9) and 2.6279(7) ä in
1 a and 2, respectively) are significantly longer than that in
[Fe2(CO)6(m-SCH2CH2CH2S)] (Fe(1)�Fe(1A)=2.5103(11) ä).
This may reflect the absence of a m-S2 bridging mode in 1 a
and 2 and differences in the electronic structure of the Fe
centres in these compounds. The Fe(1)�Fe(2) distances in
1 a and 2 (2.6435(9) and 2.6279(7) ä, respectively) are also
longer than those in [Fe2(CO)9] (2.523(1) ä)


[32] and those
bridged by CO groups in [Fe3(CO)12] (2.540(1)±
2.554(2) ä),[30] but shorter than those Fe�Fe distances in
[Fe3(CO)12] (2.674(1)±2.684(2) ä)


[30] and in [Ni(dsdm){Fe-
(CO)3}2] (Fe(1)�Fe(2)=2.6617(8) ä),[25] which lack carbonyl
bridging. This last observation suggests that a bonding Fe�
Fe interaction is present in 1 a and 2. The mean Ni�Fe bond
length of 2.4871 ä in 1 a and 2 are significantly shorter than
the sum of the empirical atomic radii for Ni and Fe (1.35
and 1.40 ä, respectively).[33] Ni�Fe bonding has also been
proposed in [Ni(dsdm){Fe(CO)3}2] for which the Ni�Fe(1)
and Ni�Fe(2) distances are 2.5130(8) and 2.5061(8) ä, re-
spectively.[25] Thus, it appears that the Ni atom must be in-
cluded in the coordination spheres of the Fe atoms and that
the Ni�Fe interactions should also be considered as metal±
metal bonds. Consequently, each Fe centre in 1 a and 2 pos-
sesses a six-coordinate, distorted octahedral coordination
sphere composed of one Ni and one Fe atom, one thiolato
donor and three terminally bound CO ligands.


Spectroscopic and electrochemical investigations of 1 and 1�


Mˆssbauer spectroscopy : The Mˆssbauer spectra of 1 a were
recorded as the solid state and as a frozen solution in aceto-
nitrile at 80 K, and the Mˆssbauer parameters obtained by
fitting these spectra with Lorentzian lineshapes are present-
ed in Table 2. The solid-state and solution spectra can be
fitted as single quadrupole split doublets with identical
isomer shifts (dFe=0.05 mms


�1) and similar quadrupole split-
tings (DEQ=0.70 and 0.71 mms


�1, respectively) at 80 K. The
similarity between solid-state and solution Mˆssbauer spec-
tra of 1 a indicates that the solid-state structure of 1 a is
maintained in acetonitrile at 80 K. The Mˆssbauer parame-
ters for 1 a fall in the range reported for clusters containing


a [Fe2(SR)2(CO)6] (R=alkyl) unit. They show substantial
differences to the hyperfine parameters of [Fe2(CO)9] and to
the equivalent Fe atoms of [Fe3(CO)12] (dFe=0.115 for Fe1,2,
Table 2), consistent with an increase in s-electron density at
the Fe atoms in 1 a. Thus, the Mˆssbauer parameters suggest
that the distribution of electron density about the 57Fe nu-
cleus in 1 a is similar to that in other complexes that contain
a {Fe2(SR)2(CO)6} unit.


Cyclic voltammetry and coulometry : The cyclic voltammetry
of 1 a shows a chemically reversible reduction process at
E1/2=�1.31 V versus Fc+/Fc (Ea


p�Ec
p=0.09 V), a second re-


duction process at Ec
p=�1.93 V versus Fc+/Fc, with an asso-


ciated oxidation at Ea
p=�0.68 V versus Fc+/Fc, and an oxi-


dation process at Ea
p=0.24 V versus Fc+/Fc with an associat-


ed reduction at Ec
p=�0.75 V versus Fc+/Fc. A coulometric


study at 273 K confirms that the chemically reversible elec-
trochemical couple at E1/2=�1.31 V versus Fc+/Fc
(Figure 2) is associated with a one-electron reduction pro-


cess. This reduction is accompanied by changes in the elec-
tronic and vibrational spectra of the test solutions and by
the generation of an EPR-active species (see below).
The electrochemical reduction of 3 a at 293 K occurs at


E1/2=�1.66 V versus Fc+/Fc (Ea
p�Ec


p=0.10 V) and shows
marked scan-rate dependence. At slower scan rates


Table 2. Mˆssbauer parameters for 1a and for some representative [Fe2(SR)2(CO)6] (R=alkyl) assemblies.


Compound T dFe DEQ G References
[K] [mms�1] [mms�1] [mms�1]


1a (solid state) 298 �0.02 0.66 0.13 this work[a]


1a (solid state) 80 0.05 0.70 0.14 this work[a]


1a (solution) 80 0.05 0.71 0.14 this work[a]


[Ni(dsdm){Fe(CO)3}2] 80 0.066 0.66 0.23 [25]
0.027 0.57 0.23


[Fe2(SC3H6S)(CO)6] 80 0.04 0.87 ± [34]
0.03 0.70 ±


[Fe2{SCH2C(CH2OH)S}(CO)6] 80 0.01 0.95 ± [34, 35]
0.01 0.75 ±


[Fe2(CO)9] 80 0.17 0.42 ± [36]
[Fe3(CO)12] 80 0.115 (Fe1,2) 1.119 0.259 [37]


0.057 (Fe3) 0 0.316


[a] Errors <�0.01 mms�1 for the Mˆssbauer parameters obtained in this study.


Figure 2. Cyclic voltammogram of 1 a (1mm) in CH2Cl2 at 293 K contain-
ing [NnBu4][BF4] (0.4m) as supporting electrolyte at a scan rate of
100 mVs�1.
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(0.02 Vs�1), Iap is significantly lowered, whilst at higher scan
rates (0.1±0.3 Vs�1) there is a linear relation of Iap with the
square root of scan rate. At all scan rates j Icp/Iap j>1.3 and
tends away from unity as the scan rate is decreased. A
broad oxidation process at Ea


p=�0.75 V versus Fc+/Fc that
is associated with this reduction also develops as the scan
rate decreases. The reduction process at E1/2=�1.66 V
versus Fc+/Fc is assigned to a formal NiII/I couple by com-
parison with the electrochemical data for [Ni{1,3-bis(2-mer-
captophenylthio)-2,2-dimethylpropane}], which shows a
quasi-reversible NiII/I reduction process at E1/2=�0.91 V
versus NHE.[26] The shift of approximately 0.35 V to more
positive potential for the first reduction of 1 a relative to
that of 3 a demonstrates a significant difference in the
nature of their respective LUMOs. This may result from the
coordination of the NiS4 unit to the Fe2(CO)6 fragment and
the nonplanarity of the NiS4 unit in 1 a. Furthermore, the re-
versibility of the reduction process for 1 a suggests that there
is no substantial change in molecular geometry between 1 a
and 1 a� on the timescale of the electrochemical experiment.


EPR spectroscopic studies : Samples of 1 a� and 1 b� for fluid
and frozen (120 K) EPR studies were prepared electrochem-
ically and chemically by reduction with cobaltocene from 1 a
and 1 b, respectively. The EPR spectra of electrochemically
and chemically reduced samples were identical. The X-band
spectrum of 1 a� in CH2Cl2 at room temperature possesses a
single feature at giso=2.042 with a Gaussian linewidth of
17 G, determined by simulation.[38] The spectrum of the
86.2% 61Ni-enriched species, 1 b� , also exhibits a single fea-
ture at giso=2.042, but with no resolution of the


61Ni hyper-
fine interaction observed. However, the peak-to-peak line-
width (ca. 40 G) is much broader for 1 b� than that for 1 a�


and must result from an unresolved hyperfine interaction.[39]


Therefore, the simulation of the isotropic EPR spectrum of
1 b� , with a fixed Gaussian linewidth of 17 G and the magni-
tude of the isotropic 61Ni hyperfine coupling as the only var-
iable, allows an accurate determination of jAiso j . This analy-
sis gives jAiso j=9.5î10�4�0.5î10�4 cm�1.
In frozen CH2Cl2 at 120 K, 1 a� exhibits apparently axial


EPR spectra at X- (Figure 3a), S- (Figure 4a) and Q-band
(not shown) frequencies. The spectra can be simulated with
the g values g1=2.099, g2=2.015, g3=2.015 with Gaussian
linewidths as indicated in the figure captions. The equivalent
spectra for 1 b� (Figure 3b and 4b) reveal 61Ni hyperfine cou-
pling in the parallel region due to interaction with the 61Ni
(I=3/2) nucleus.[40] There is no resolution of the 61Ni hyper-
fine within the perpendicular region, however, and the line-
widths are significantly broadened relative to those of 1 a�


due to unresolved hyperfine interactions. Furthermore,
there is an additional shoulder on the high-field edge of the
perpendicular region of the S-band spectrum of 1 b� (Fig-
ure 4b) that is absent in the S-band spectrum of 1 a� (Fig-
ure 4a).
We attempted the simultaneous simulation of the Q-, X-


and S-band EPR spectra of 1 b� by using g values and line-
widths fixed from the spectra of 1 a� , and with the (unre-
solved) perpendicular component of the 61Ni hyperfine cou-
pling fixed from: Aiso= (A1+A2+A3)/3.


This analysis gives jA1 j=26.5î10�4 cm�1, jA2 j= jA3 j=
1.0î10�4 cm�1. Note that this analysis implies that Aiso, A1,
A2 and A3 all have the same sign as one other. These param-
eters give excellent fits to the X-and Q-band spectra, but do
not reproduce the high-field shoulder at S-band. We at-
tempted unsuccessfully to simulate this feature by the intro-
duction of rhombicity in g2,3 and/or A2,3, including the incor-
poration of A2 and A3 hyperfine couplings of significant
magnitude but of opposite sign, and by attempting to induce
an ™overshoot∫ feature at this frequency.[38] We finally con-


Figure 3. X-band EPR spectra of a) natural abundance 1 a� and b) 86.2%
61Ni-enriched 1b� . The top spectra are experimental and the bottom
spectra are simulated with the spin-Hamiltonian parameters g1=2.099,
g2=g3=2.015, A1=26.5î10


�4 cm�1, A2=A3=1.0î10
�4 cm�1 with an


angle of twist about the g2/A2 axis of 108 and the appropriate weighting
of the Ni isotopes. Gaussian linewidths of W1=12 G, W2=W3=10 G.


Figure 4. S-band EPR spectra of a) natural abundance 1a� and b) 86.2%
61Ni-enriched 1b� . The top spectra are experimental and the bottom
spectra are simulated with the spin-Hamiltonian parameters g1=2.099,
g2=g3=2.015, A1=26.5î10


�4 cm�1, A2=A3=1.0î10
�4 cm�1 with an


angle of twist about the g2/A2 axis of 108 and the appropriate weighting
of the Ni isotopes. Gaussian linewidths of W1=8 G, W2=W3=7 G.
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sidered the possibility of non-coincidence between two of
the principal axes of the g and A matrices that is allowed in
the pseudo-C2 molecular point symmetry of 1 b� (see
below). The introduction of a single angle of non-coinci-
dence between g1 and A1, and between g3 and A3, (i.e., a
twist angle of 2a about the g2/A2 axis) mixes the large An


value with one of the small An values (a twist about g1/A1


would have no effect on the spectra as it would mix numeri-
cally identical A matrix elements). Inclusion of a twist of
2a=108 about g2/A2 reproduces all of the features in the S-
band spectrum (Figure 4b); the position of the shoulder is
very sensitive to the value of 2a and we estimate an error
of �28. The simulated X- and Q-band spectra are insensi-
tive to this angle of non-coincidence.


UV-visible spectroelectrochemistry : The reduction of 1 a was
monitored spectroelectrochemically by using an optically
transparent electrode cell (Figure 5). The observation of iso-


sbestic points at approximately 332, 470, 568 and 639 nm in-
dicates that the reduction of 1 a produces a single species
1 a� without the involvement of any detectable intermediate.
The electrochemical oxidation of 1 a� returned the UV-visi-
ble spectrum to the profile of 1 a, confirming the chemical
reversibility of the one-electron electrochemical process on
the timescale of the spectroelectrochemical experiment.
Complex 1 a exhibits absorptions at lmax (e)=359 (16700),


420 (10300) and 490 nm (6600m�1 cm�1), and a relatively
weak feature in the region at 568 nm (2800m�1 cm�1). On re-
duction to 1 a� these bands decrease in intensity and new
features develop at lmax (e)=360 (13000), 482 (6900) and
710 nm (1600m�1 cm�1). The intensities of the bands in the
UV-visible spectra of 1 a and 1 a� suggest that they result
principally from LMCT between orbitals with significant S
and metal character. However, we cannot rule out the pres-
ence of weaker, underlying bands resulting from transitions
within the ligand-field manifold.


Infra-red spectroscopic studies : The IR spectra of 1 a and
1 a� , generated by electrochemical reduction of 1 a at 293 K
in CH2Cl2 with [NnBu4][BF4] (0.4m) as background electro-


lyte, are shown in Figure 6. The spectra clearly illustrate the
differences in n(CO) associated with the Fe2(CO)6 frag-
ments of 1 a and 1 a� . The IR spectrum of 1 a can be regen-
erated by the electrochemical oxidation of 1 a� or by leaving
a solution of 1 a� within the IR cell to re-oxidise chemically


over the course of two hours. The mechanism of the chemi-
cal re-oxidation is unclear; however, the possible ingression
of atmospheric dioxygen into the cell over the period of the
experiment cannot be excluded.
Compound 1 a exhibits three strong CO stretching bands


(2035, 1995 and 1955 cm�1) that are approximately 38 cm�1


lower in energy than the CO stretching bands in
[Fe2(CO)6(m-SCH2CH2CH2S)] (n(CO)=2072, 2033 and
1993 cm�1).[31] The differences in CO stretching frequencies
are consistent with a lower formal oxidation state for the Fe
centres in 1 a relative to that for the Fe centres in
[Fe2(CO)6(m-SCH2CH2CH2S)], although differences in the
h1- and h2- sulfur donor atom bonding modes for the
Fe2(CO)6S2 fragments in 1 a and [Fe2(CO)6(m-
SCH2CH2CH2S)] may also contribute to the shift in n(CO).
The CO stretching frequencies in 1 a support terminal CO
bonding modes for 1 a in CH2Cl2 and compare well with
n(CO) in the IR spectrum of 1 a in the solid state (2033,
1990 and 1948 cm�1) for which terminal CO bonding modes
have been confirmed by X-ray crystallography (see above).
The reduction of 1 a to 1 a� is accompanied by shifts of
about 66 to 73 cm�1 to lower energy for the CO stretching
bands (n(CO)=1967, 1922 and 1888 cm�1 for 1 a�). These
shifts are associated with the increase in electron density
across the Fe2(CO)6 fragment and the congruent increase in
Fe p-donation into the p* orbitals of the CO ligands in 1 a�


relative to 1 a. Similar shifts in CO stretching frequencies in
the opposite sense have been observed for the one electron
oxidation of [Fe2{MeSCH2C(Me)(CH2S)2}(CN)2(CO)4]


2� to
[Fe2{MeSCH2C(Me)(CH2S)2}(CN)2(CO)4]


� .[34,41] Thus, the
reduction of 1 a to 1 a� results in detectable changes in
n(CO) for the Fe2(CO)6 fragment and suggests that the re-


Figure 5. Electronic spectra observed during the one-electron reduction
of 1 a at 273 K in CH2Cl2 containing [NnBu4][BF4] (0.4m).


Figure 6. Solution IR spectra recorded for a solution of 1 a in CH2Cl2
(solid line) and a solution of 1 a� in CH2Cl2(dotted line), generated elec-
trochemically from 1a in CH2Cl2 (1mm) containing [NnBu4][BF4] (0.4m).
The band marked with an asterisk in the IR spectra of 1a and 1 a� is due
to a minor impurity.
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duction is not centred solely on the NiS4 unit. Furthermore,
the similar shifts and band shapes for each of the CO
stretching bands for 1 a that accompany the one electron re-
duction to 1 a� , together with the electrochemical and chem-
ical reversibility of the reduction process, suggests that the
integrity of the Fe2(CO)6 fragment in 1 a is retained in 1 a� .


Density functional theory geometry optimisations of models
of 1 and 1� : Comparisons between selected bond lengths
and angles for the X-ray crystal structures of 1 a and 2 with
those of theoretical models of 1 and 1� derived from geome-
try-optimised DFT calculated structures are shown in
Table 1. The DFT calculations reproduce the principal fea-
tures of the experimental geometries of 1 a and 2, including
the nonplanarity of the NiS4 unit (the calculated dihedral
angles between the S(1)-Ni-S(2) and S(3)-Ni-S(4) planes=
81.98). The Ni�S and Fe�S bonds are approximately 0.07
and 0.09 ä longer, respectively, than the corresponding ex-
perimental distances in 1 a and 2, while the calculated Fe�C
distances for the terminal CO groups are within 0.01 ä of
those found by X-ray crystallography (Table 1). A compari-
son of the experimental and calculated Fe�C bond lengths
for the CO ligands defined by atoms C(3) and C(4) in 1 a
and 2 predicts a greater degree of semibridging character
for the CO ligands in the calculated structures. The Ni�Fe
and Fe�Fe distances are significantly shorter by approxi-
mately 0.06 ä in the experimental geometries of 1 a and 2 ; a
longer metal±metal distance in the gas phase has been ob-
served for unsupported dimers,[42,43] and similar observations
have been reported for weak metal±ligand interactions.[43,44]


Nevertheless, the similarities between the calculated geome-
try for 1 in the gas phase and the experimental structures
for 1 a and 2 in the condensed phase are sufficient so that
the qualitative description of the bonding in 1 is unlikely to
be affected adversely by the small differences between the
calculated and experimental structures. Furthermore, the
reasonable agreement between the calculated and experi-
mental geometries indicates that this DFT method should
also be capable of producing a reliable geometry and a rea-
sonable prediction of the electronic structure of a model of
1� for which no X-ray crystallographic data are available.
The restricted open-shell geometry optimisation of a


model for 1� results in a structure that is very similar to the
calculated model geometry for 1. The nonplanarity of the
NiS4 unit is maintained; the calculated dihedral angles be-
tween the S(1)-Ni-S(2) and S(3)-Ni-S(4) planes are 81.9 and
85.18 for the models of 1 and 1� , respectively. The calcula-
tions predict a shortening of the Ni�S(thiolate) bonds by
about 0.01 ä and a lengthening of the Fe�S(thiolate) and
Ni�S(thioether) bonds by about 0.02 ä (Table 1) when 1 is
reduced to 1� . Reduction is also accompanied by a signifi-
cant increase (ca. 0.12 ä) in the Ni�Fe bond lengths and a
smaller but significant (ca. 0.08 ä) increase in the Fe�Fe
bond distance. The calculated Fe�C distances for the termi-
nal CO groups are slightly shorter in the model of 1� rela-
tive to the model of 1 (jFe�C j=1.790 and 1.803 ä for 1�


and 1, respectively), while the CO ligands defined by atoms
C(3) and C(4) appear to move towards a more symmetrical
bridging mode between the two Fe atoms (Table 1).


The electronic structure of 1 and 1� : X-ray crystallography
has established an approximately equilateral triangular ar-
rangement for the atoms in the NiFe2 core of 1 a and 2, with
the approximate octahedral coordination sphere of each
metal centre completed by bridging and/or terminal S-donor
and terminal CO ligands (Figure 1). We analysed the elec-
tronic structures of 10/�1 by considering the ligand d-orbital
interactions within an M3X12 unit in D3h symmetry in which
12 two-electron s-donor ligands (X) bind terminally to three
metal atoms M to give a psuedo-octahedral coordination
sphere for each metal. This situation has been observed ex-
perimentally and investigated theoretically for Os3(CO)12
and a qualitative d-orbital splitting diagram for a M3X12


unit, based on these results,[45] is shown in Figure 7. M3X12


can be viewed as a combination of three pseudo-octahedral
MX4 fragments in which the d-orbitals can be grouped into
p pseudo-t2g and s pseudo-eg symmetries. The pseudo-t2g or-
bitals combine to generate one nonbonding, four bonding
and four antibonding combinations of a1’’ (nonbonding), e’’,
a1’ and a2’’ (bonding) and e’ and e’’ (antibonding) symme-
tries, respectively.
The two s pseudo-eg orbitals from each MX4 fragment


combine to generate three bonding and three antibonding
orbitals of e’ and a1’, and e’ and a2’ symmetries, respectively.
For M=Os and X=CO these orbitals are to higher energy
than the pseudo-t2g combinations, which are stabilised by M
dp!X back-donation. The effective atomic number (EAN)
electron count for the NiS4Fe2(CO)6 cores of 1 a and 2 is 48,
irrespective of the terminal or bridging nature of the S and
CO ligands. Thus, assuming that the d-orbital splitting dia-
gram for the lower symmetry NiS4Fe2(CO)6 cores of 1 a and
2 is similar to Figure 7, the pseudo-t2g nonbonding, bonding
and antibonding combinations are completely occupied and
contribute little to the metal±metal bonding in the NiFe2
unit. This leaves three pairs of electrons that occupy each of
the bonding combinations derived from the pseudo-eg orbi-
tals to generate three formally single M�M bonds within the
NiFe2 unit in 1 a and 2. We have demonstrated that 1 a un-
dergoes an electrochemically quasi-reversible and chemical-
ly reversible reduction process at �1.31 V versus Fc+/Fc


Figure 7. A qualitative d-orbital splitting diagram for a M3X12 unit in D3h


symmetry with a 48-EAN electron count.
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(Figure 2) and spectroscopic studies, supported by DFT cal-
culations on models of 1 and 1� , suggest that the structural
integrity of 1 is retained in 1� . Thus, the d-orbital splitting
diagram (Figure 7) is also relevant for 1� , so that to a first
approximation the reduction of 1 to 1� results in the occupa-
tion of a M±M antibonding orbital that may be related in
composition to the a2’ (eg*) orbital of M3X12 in D3h symme-
try (Figure 7). The precise composition of the SOMO of 1�


will depend strongly on the relative s-donor and p-donor/ac-
ceptor properties of the thiolate, thioether and CO ligands,
the relative energies of the Ni and Fe 3d orbitals, and the in-
crease in orbital mixing accompanying the descent in sym-
metry from D3h to pseudo-C2 symmetry for the NiS4Fe2-
(CO)6 cores of 1 a and 2. These effects are neglected in this
approximate description of the d-orbital splitting in 1� . Nev-
ertheless, this analysis suggests that the SOMO in 1� lies
principally within the plane of the NiFe2 triangle and may
be delocalised considerably over the Ni and Fe centres
through out-of-phase interactions between the Ni and Fe
3dxz orbitals (labelled with reference to the C2 coordinate
frame employed in the DFT calculations, see above).


Interpretation of the EPR parameters : An interpretation of
the EPR parameters obtained from the simultaneous simu-
lation of the S- and X-band EPR spectra of room tempera-
ture and frozen solutions of 1 a� and 1 b� permits the assess-
ment of the nature and magnitude of Ni contribution to the
SOMO in these compounds. We have demonstrated that,
while 1 a has no crystallographically imposed symmetry, it
possesses approximate C2 symmetry, with the twofold axis
passing through the Ni and the midpoint of the two Fe cen-
tres. Furthermore, our spectroscopic, electrochemical and
theoretical studies indicate that the structure of 1 a is largely
retained in 1 a� . C2 symmetry imposes monoclinic EPR sym-
metry, that is, there is no reason a priori for any of the prin-
cipal values of the g and A matrices to be identical.[38] More-
over, one of the gn and An values must be coincident with
each other and with the molecular z (C2) axis (gzz, Azz), but
there can be a twist about this axis resulting in non-coinci-
dence between the remaining two g and A values. Hence
(gzz, Azz) must correspond to one of the small g and A
matrix elements and g1 and A1 must correspond to an orien-
tation perpendicular to the C2 axis.
In C2 point symmetry, the Ni 3dz2, 3dx2�y2 and 3dxy orbitals


transform as A, whereas the 3dxz and 3dyz orbitals transform
as B. Therefore, in order for the largest hyperfine compo-
nent (and largest g value) of 1� to be perpendicular to the
C2 axis the Ni contribution to the SOMO must be of B sym-
metry. Under these conditions the 3dxz and 3dyz orbitals can
mix: SOMO=a jxz>+b jyz> , in which a and b are the
linear combination of atomic orbitals (LCAO) coefficients
of the Ni dxz and dyz orbitals to the SOMO. It is this mixing
that leads to non-coincidence between the axes of the diago-
nal g and A matrices. Rieger and co-workers have consid-
ered a problem with similar symmetry considerations in the
complexes [Co{S2C2(CF3)2}2PR3] (R=Ph, OPh) and we
follow his analysis.[46] We assume that the Ni contribution to
the SOMO is predominantly 3dxz with a small admixture of
3dyz. In the molecular frame (x,y,z), the dipolar part (Ad) of


the A matrix ignoring small spin-orbit coupling corrections
is given by Equation (1) in which P is the dipolar coupling
parameter for 61Ni (=�125.3î10�4 cm�1).[47] The off-diago-
nal xy elements result from the d-orbital mixing. This matrix
can be diagonalised by rotation by an angle a about the mo-
lecular z axis to give Equations (2) and (3).


tan2a ¼ �2ab
a2�b2


ð3Þ


The matrix elements in Equation (2) correspond to those
determined by simulation. Thus, we have Adip


1 =Adip
yy =


Ayy�Aiso=�17.0î10�4 cm�1 and, similarly, Adip
xx =Adip


zz =
	8.5î10�4 cm�1. Ignoring the spin-orbit coupling corrections
we can then estimate the total Ni d-orbital contribution to
the SOMO from Equation (4):


Adip
yy ¼ �4=7Pða2 þ b2Þ ð4Þ


Equation (4) only gives meaningful results [positive
values of (a2+b2)] for positive signs of Aiso, A1, A2 and A3.
This gives a2+b2=0.24, that is, the SOMO of 1 a� and 1 b�


is 24% localised on the Ni ion.
The angle of non-coincidence 2a can be related to the


ratio of the LCAO coefficients a and b by Equation (5).
With 2a=108 we calculate b2/a2=0.008. Thus, the Ni contri-
bution (24%) to the SOMO is overwhelmingly dominated
by the dxz orbital and the above analysis is justified.


[46]


tan2a ¼ b2


a2
ð5Þ


Density functional theory calculations on a model of 1� :
The composition and energy of the SOMO of 1� derived
from spin restricted and unrestricted DFT calculations on a
geometry-optimised model of 1� (see above) are shown in
Table 3. Isosurface and contour plots of the SOMO derived
from the spin-restricted calculation on a geometry-optimised
model of 1� are shown in Figure 8a and b, respectively. The
coordinate frame employed in these calculations is that of
the C2 point symmetry described above. The results of both
calculations support a delocalised SOMO involving the
metal and ligand donor atoms across the NiS4Fe2(CO)6 core
of 1� . The principal metal contributions are 3dxz in character
with small admixtures of 3dyz for Ni and 3dz2 and 3dyz for Fe.


There are significant contributions from the thioether and
thiolate S donors and there is considerable delocalisation of
electron density into the p* orbitals of the CO ligands de-
fined by C(3) and C(4). In the spin-restricted calculation,
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the total Ni contribution to the SOMO is 24.0%, which is in
complete agreement with that derived from the analysis of
the EPR parameters for the room temperature and frozen
solution S- and X-band spectra for 1� , described above. Fur-
thermore, the DFT calculations also support a dominant Ni


3dxz contribution (20.3%) with a smaller Ni 3dyz admixture
(3.7%). However, the calculated b2/a2 ratio (0.033) predicts
a non-coincidence angle (2a) between g1 and A1 of 20.68
that is substantially greater than that observed in the frozen
solution S-band EPR spectrum of 1 b� (2a=108). Similar
differences between calculated and experimental non-coinci-
dence angles have been observed for [Co{S2C2(CF3)2}2PR3]
(R=Ph, OPh) in frozen solution and have been attributed
in part to a variety of solvent interactions, which lead to dif-
ferent molecular distortions and thus to different values of
2a.[46] It is also likely that the solution structure of 1� differs
slightly from that of a model of 1� geometry optimised in
the gas phase and this may also contribute to differences in
calculated and experimental values of 2a. Nevertheless, the
agreement between the calculated and experimental Ni con-
tributions to the SOMO in 1� supports a highly delocalised
orbital across the NiS4Fe2(CO)6 core of 1� .
The calculated and experimental SOMO in 1� also sup-


ports the qualitative description of the bonding in 1 and 1�


(Figure 7) in which a M�M antibonding orbital, composed
of out-of-phase combinations that involve the metal 3dxz or-
bitals, becomes occupied on the reduction of 1 to 1� . This
results in the lowering of the formal M�M bond order from
1 in 1 to 0.83 in 1� and an increase in the Fe�Fe and Ni�Fe
bond lengths. This trend is mirrored in the theoretical calcu-
lations that show significant increases in the Ni�Fe and Fe�
Fe bond lengths (ca. 0.12 ä and 0.08 ä, respectively,
Table 1) and decreases in the Ni�Fe and Fe�Fe Mayer bond
orders (Table 4) on the reduction of 1 to 1� , calculated for
the DFT geometry optimised structures.


Conclusion


We have demonstrated that 3 a and 4 react with [Fe3(CO)12]
to form 1 a and 2, respectively. X-ray crystallographic studies


Table 3. The composition of the SOMO (93a) derived from spin restricted and unrestricted DFT calculations on geometry optimised model structure of
1� . The atom numbering is given in Figures 1 and 8a.


Ni(1) Fe(1) Fe(2) S(3) S(2) S(4) S(1) C(4)O C(3)O


restricted open shell
orbital 93a 20.3 dxz 9.8 dxz 9.7 dxz 1.7 pz 1.7 px 1.6 px 1.4 pz


3.7 dyz 5.2 dz2 4.5 dz2 1.1 py 1.2 py
2.1 dyz 2.2 dyz


total% 24.0 17.1 16.4 1.7 2.8 2.8 1.4 4.6 3.9


unrestricted open shell
orbital 93a 15.9 dxz 11.3 dxz 11.1 dxz 2.0 pz 1.7 px 1.5 px 1.6 pz
spin a 2.4 dyz 5.6 dz2 4.7 dz2 1.1 py 1.1 py


2.1 dyz 2.3 dyz


total% 18.3 19.0 18.1 2.0 2.8 2.6 1.6 4.9 4.9


Figure 8. a) Isosurface plot of the SOMO (93a) at the 0.04 eä�3 surface
derived from spin-restricted DFT calculations on a geometry optimised
model of 1� and b) a contour plot in the NiFe2 plane for the SOMO
(93a).


Table 4. Mayer bond orders[48] for the geometry optimised model struc-
tures of 1 and 1� .


Model Ni(1)�Fe(1) Ni(1)�Fe(2) Fe(2)�Fe(3)
1 0.5127 0.5110 0.4281
1� (restricted) 0.3714 0.3761 0.3766


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 3384 ± 33963392


FULL PAPER M. Schrˆder, J. McMaster, E. J. L. McInnes et al.



www.chemeurj.org





show that these clusters contain NiFe2 cores in which the
NiS4 coordination spheres of 3 a and 4 undergo significant
distortions away from planarity to accommodate the
Fe2(CO)6 fragment. The distortion is characterised by an in-
crease in the dihedral angle between the S(1)-Ni-S(2) and
S(3)-Ni-S(4) planes (12.28) in 4 to 84.04(4) and 85.66(5)8 in
1 a and 2, respectively, which indicates a considerable plasti-
city in the NiS4 coordination sphere. A similarly distorted
NiS4 coordination sphere is found at the active sites of the
[NiFe] hydrogenases; the dihedral angle between the planes
defined by (Cys65)S-Ni-S(Cys68) and (Cys530)S-Ni-
S(Cys533) is 69.88 in the unready form of [NiFe] hydroge-
nase from D. gigas[7] and that between the planes defined by
(Cys81)S-Ni-S(Cys84) and (Cys546)S-Ni-S(Cys549) is 71.18
in the reduced form of [NiFe] hydrogenase from D. vulgaris
Miyazaki F.[8] In addition, DFT calculations on potential re-
action intermediates in a model of [NiFe] hydrogenase from
D. gigas suggest that reduction of an unready form of the
enzyme to an active form may be accompanied by a change
in the Ni coordination sphere which include a decrease in
the dihedral angle from 28 to 68 between the planes defined
by (Cys65)S-Ni-S(Cys530) and (Cys68)S-Ni-S(Cys533).[49]


Thus, the ability of NiS4 coordination spheres to accommo-
date the geometrical requirements for different redox levels
of the active site may be an important prerequisite for the
reactivity of the actives sites of the [NiFe] hydrogenases.[50]


Electrochemical studies have demonstrated an electro-
chemically quasi-reversible one-electron reduction at E1/2=


�1.31 V versus Fc+/Fc for 1 a in CH2Cl2 solution and elec-
tronic and IR spectroscopic measurements, supported by
DFT calculations, show that this process is chemically rever-
sible. We have employed a multifrequency EPR spectro-
scopic approach, supported by DFT calculations, to probe
the electronic structure of the reduced product 1� . These
multifrequency EPR spectroscopic studies provide a rare ex-
ample[51] of the detection and measurement of non-coinci-
dence effects from frozen solution spectra, without the need
for single-crystal measurements. Furthermore for 1 a� and
1 b� , the low-microwave-frequency S-band experiment is
sensitive to these non-coincidence effects, whereas in other
studies[52] the non-coincidence effects were detected in
powder spectra at higher Q-band microwave frequencies,
while the lower S-, X-band frequencies remained insensitive.
Thus, these studies demonstrate that the detection of non-
coincidence phenomena is very sensitive to the relative
values of the spin-Hamiltonian parameters and the micro-
wave frequency employed in the experiment, and that a
multifrequency EPR spectroscopic approach is essential to
detect and study these effects.
The EPR parameters, together with the results of the


DFT calculations, are consistent with a description of a de-
localised SOMO in 1� with 24.0% Ni and approximately
33% total Fe character with the principle contributions aris-
ing from the metal 3dxz orbitals. The SOMO lies approxi-
mately within the plane of the NiFe2 triangle and is anti-
bonding with respect to the metal±metal interactions. The
SOMO also possesses CO±p* antibonding character across
the Fe2(CO)6 fragment (Table 3, Figure 8) making n(CO) ef-
fective reporters of the redox state of the cluster; the one


electron reduction of 1 a is accompanied by shifts in n(CO)
of approximately 70 cm�1. The relatively low S character
(ca. 3±4%) derived from the bridging thiolate S donors in
the SOMO of 1� contrasts with the electronic structures of
the Ni-A,[20,22] -B,[20,22] -C[18,21,22] and -L[18,21,22] forms of the
[NiFe] hydrogenases derived from single-crystal EPR stud-
ies supported by DFT calculations. These studies reveal the
majority of the spin density is oriented along the Ni�
S(Cys533) bond and only a small amount is at the low-spin
formally FeII centre in the Ni-A, Ni-B and Ni-C forms of the
enzyme. The spin density is distributed over the Ni atom
(ca. 52%) and the CysS donors with a significant fraction at
the Cys533S atom (ca. 24±34%). For the formally NiI±FeII


Ni-L form, the spin density at the Ni is about 76%, but with
negligible distribution onto the Fe centre. The considerable
S contributions to the redox active orbitals in the Ni-A, Ni-
B, Ni-C and Ni-L forms of the [NiFe] hydrogenases suggest
that S redox non-innocence may play an important role in
the mode of action of the [NiFe] hydrogenase. Our study
has shown that a distorted NiS4 coordination geometry is
not necessarily associated with significant S participation in
the redox active orbital of Ni centres coordinated by thio-
late and thioether ligands. We are currently assessing the re-
activity of 1� towards Br˘nsted acids to probe whether an
NiFe2 cluster that lacks significant S contributions in its
redox active orbital can act as a mediator in electrocatalytic
H2 evolution.


Experimental Section


All manipulations, reactions and transfers of samples were conducted
under pure argon or N2 atmospheres using standard Schlenk techniques.
Dichloromethane was distilled under N2 from CaH2, n-hexane from
sodium/benzophenone and methanol from magnesium methoxide. Tri-
irondodecacarbonyl, 2-mercaptophenylthiol and 5-methyl-2-mercapto-
phenylthiol (Aldrich), 1,3-dibromopropane (Acros) and Ni metal, 86.2%
enriched in 61Ni, (Isoflex USA) were used as received. Infrared spectra
were recorded on a Nicolet Avatar 360 FTIR spectrometer and solution
infra red spectra were recorded using sealed solution cells with either
CaF2 or KBr windows. NMR spectra were obtained on a Bruker DPX
300 spectrometer. Elemental analyses were carried out by the Microana-
lytical Service at the University of Nottingham with an Exeter Analytical
Inc CE-440 Elemental analyser and FAB mass spectra were recorded at
the EPSRC National Mass Spectrometry Service Centre at University of
Wales, Swansea (UK).


Mˆssbauer spectra were recorded on an ES-Technology MS105 spec-
trometer using a 900 MBq 57Co source in a Rh matrix at ambient temper-
ature. Solid samples were ground with boron nitride prior to mounting in
the sample holder. Frozen solution samples were prepared by rapidly sy-
ringing a solution of the compound in acetonitrile (0.4 cm3) into a Per-
spex sample cell (18 mm diameter; 2 mm depth) floating on liquid N2.
The Mˆssbauer spectra were referenced to a 25 mm Fe foil at 298 K.
Mˆssbauer parameters were obtained by fitting the experimental data
with Lorentzian lineshapes.


Electrochemical measurements were made using an Autolab PGSTAT20
potentiostat. Cyclic voltammograms of 1mm solutions of each compound
in CH2Cl2 containing [NnBu4][BF4] (0.4m) as the base electrolyte were
recorded at 293 K using a glassy carbon working electrode, a Pt wire sec-
ondary electrode, and a saturated calomel reference electrode. All poten-
tials were referenced to the Fc+/Fc couple that was used as an internal
standard. When necessary, the [FeCp*2]


+/[FeCp*2] couple was used as the
internal reference to avoid overlapping redox couples. The potentials of
these measurements were referenced to the Fc+/Fc couple by an inde-
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pendent calibration. Compensation for internal resistance was not ap-
plied. All coulometric measurements were performed at 273 K in a
CH2Cl2 containing [NnBu4][BF4] (0.4m); the cell consisted of a Pt/Rh
gauze basket working electrode, a Pt/Rh gauze secondary electrode, and
a saturated calomel reference electrode.


The UV-visible spectroelectrochemical experiments were carried out at
273 K with an optically transparent electrode mounted in a modified
quartz cuvette with an optical pathlength of 0.5 mm. A three-electrode
configuration consisting a Pt/Rh gauze working electrode, a Pt wire sec-
ondary electrode (in a fritted PTFE sleeve) and a saturated calomel elec-
trode, chemically isolated from the test solution via a bridge tube con-
taining electrolyte solution and terminated in a porous frit, was used in
the cell. The potential at the working electrode was controlled by a Syco-
pel Scientific Ltd. DD10M potentiostat. The UV-visible spectra were re-
corded on a Perkin Elmer Lambda 16 spectrophotometer. The spectrom-
eter cavity was purged with N2 and temperature control at the sample
was achieved by flowing cooled N2 across the surface of the cell.


X-, S- and Q-band EPR spectra were recorded on a Bruker ESP 300E
spectrometer. Magnetic fields and microwave frequencies were calibrated
with a Bruker ER035M NMR gaussmeter and an EIP microwave coun-
ter, respectively. The simulations of the EPR spectra were performed by
using in-house software.[38]


Restricted and restricted open-shell geometry optimisations were per-
formed for models of 1 and 1� using coordinates derived from the X-ray
crystal structures of 1a and 2, and in which the methyl groups were re-
placed by H atoms. The coordinate frame used for the calculations places
the Ni atom at the origin, the z axis through the bisector of the Fe�Fe
bond and the x axis in the plane defined by the Fe-Ni-Fe atoms. No con-
straints were imposed on the structures during the geometry optimisa-
tions. An unrestricted single-point calculation was carried out for a
model of 1� using the coordinates derived from the results of the restrict-
ed open-shell geometry optimisation. The calculations were performed
using the Amsterdam Density Functional (ADF) suite version 2000.02[53]


on an SGI O2 RS12000 computer. The DFT calculations employed Slater
type orbital (STO) triple-z-plus polarisation basis sets (from the Basis(iv)
database of the ADF suite), the frozen core approximation (up to and in-
cluding 3p for Fe and Ni, 2p for S, and 1s for C and O), and the local
density approximation (LDA) with the correlation potential due to
Vosko et al.[54] Gradient corrections were performed using the functionals
of Becke[55] and Perdew.[56] The program MAYER[48] was used to com-
pute Mayer bond orders for the metal±metal interactions in 1 and 1� and
the program MOLEKEL[57] was used to prepare three-dimensional plots
of the electron density.


Preparation of 1,3-bis[(5-methyl-2-mercaptophenyl)thio]propanatonick-
el(ii) (3 a): Compound 3a was prepared by a modification of a method re-
ported previously.[26,27] NaOMe (21 cm3, 0.50m in MeOH; 10.50 mmol)
was added to a solution of (5-methyl-2-mercaptophenyl)thiol (0.81 g,
5.21 mmol) in MeOH (20 cm3). A solution of Ni(OAc)2¥4H2O (0.62 g,
2.60 mmol) in MeOH (15 cm3) was added dropwise and the resultant
dark brown solution was stirred for 1 h at room temperature. Br(CH2)3Br
(0.79 g, 3.90 mmol) was added to the mixture and a brown microcrystal-
line precipitate formed on stirring over a period of 30 min. The precipi-
tate was collected by filtration, washed with MeOH (3î10 cm3) and
dried in vacuo. The product was extracted into CH2Cl2 and removal of
CH2Cl2 from the filtrate under vacuum afforded the product as a light
brown solid (0.69 g, 65%). 1H NMR (300 MHz, CDCl3, 298 K): d=2.22
and 2.70 (m, 2î1H; SCH2CH2CH2S), 2.28 (s, 6H; CH3), 3.40 (m, 4H;
SCH2), 6.75±7.40 ppm (m, 6H; Ph-H); IR (KBr disc): ñ=3035 (w), 2914
(m), 2859 (w), 1576 (s), 1545 (w), 1459 (vs), 1419 (m), 1370 (m), 1247 (s),
1216 (w), 1179 (w), 1143 (w), 1108 (s), 1034 (m), 1001 (w), 903 (w), 864
(m), 819 (m), 804 (s), 706 (w), 688 (m), 636 (w), 552 (w), 497 (w), 482
(w), 465 (w), 431 cm�1 (m); FAB-MS: m/z : 409 [M+]; elemental analysis
(%) calcd for C17H18NiS4: C 49.89, H 4.43; found: C 49.71, H 4.22.


Preparation of 61Ni-enriched 1,3-bis[(5-methyl-2-mercaptophenyl)thio]-
propanatonickel(ii) (3 b): Ni(NO3)2¥6H2O (86.2% 61Ni enriched) was pre-
pared as the Ni precursor to 3 b. Ni (86.2% 61Ni enriched, 0.050 g,
0.82 mmol) was dissolved in HNO3 (20 cm


3, 70% w/w). After stirring for
24 h, the green solution was concentrated to about 0.2 cm3, whereupon a
green crystalline precipitate formed, which was collected by filtration,
washed with ethyl acetate and dried under vacuum. Yield, 0.23 g


(95.4%). Compound 3 b was prepared by the same procedure as 3 a,
except Ni(NO3)2¥6H2O (86.2% 61Ni enriched) was employed instead of
Ni(OAc)2¥4H2O. Ni(NO3)2¥6H2O (86.2% 61Ni enriched, 0.23 g,
0.70 mmol) afforded 3b in 0.21 g (65.0%) yield. The IR spectrum (KBr
disc) of 3b was essentially identical to that of 3a.


Preparation of [Ni{(CH3C6H3S2)2(CH2)3}(m-S,S’)Fe2(CO)6] (1 a) and (1 b):
A solution of 3 a (0.21 g, 0.52 mmol) and [Fe3(CO)12] (0.23 g, 0.47 mmol)
in CH2Cl2 (18 cm


3) was heated to reflux under argon for 16 h. After cool-
ing to room temperature, the dark red solution was filtered to remove a
black precipitate. Evaporation of CH2Cl2 from the filtrate under reduced
pressure afforded a dark red powder, which was dried under vacuum.
The solid was extracted into MeOH (20 cm3) and the subsequent removal
of MeOH under vacuum yielded a dark red powder. Compound 1a was
obtained by recrystallisation from a concentrated CH2Cl2 solution by sol-
vent diffusion of n-hexane. Dark red acicular crystals of 1 a were ob-
tained and were washed with n-hexane and dried under vacuum. Yield
0.13 g (40%). 1H NMR (300 MHz, CDCl3, 298 K): d=1.80 (m, 2H;
SCH2CH2CH2S), 2.35 (s, 3H; CH3), 2.44 (s, 3H; CH3), 2.95 (m, 2H;
SCH2), 3.23 (m, 2H; SCH2), 7.05±8.05 ppm (m, 6H; Ph-H); 13C NMR
(75 MHz, CDCl3, 298 K): d=212.1 (s, CO), 128.7±157.3 (m, Ph-C), 38.6
(s, SCH2), 22.9 (s, SCH2CH2CH2S), 20.9 ppm (s, CH3); solution IR
(CH2Cl2): ñ=2035 (vs), 1995 (vs), 1955 cm


�1 (s, br); FAB-MS: m/z : 688
[M+], 660 [M+�CO], 632 [M+�2CO], 604 [M+�3CO], 576 [M+


�4CO], 548 [M+�5CO], 520 [M+�6CO]; elemental analysis (%) calcd
for C23H18Fe2NiO6S4: C 40.09, H 2.63; found: C 39.73, H 2.81. Dark red
crystals of 1 a suitable for X-ray crystallographic studies were obtained
from a saturated MeOH solution of 1a at �10 8C.
1b was prepared from 3 b by the same procedure as for 1a. The 1H, 13C
NMR and IR [CH2Cl2, ñ(CO)] spectra of 1 b are identical to those of 1 a.


Preparation of [Ni{(C6H4S2)2(CH2)3}(m-S,S’)Fe2(CO)6] (2): Compound 4
was prepared using a method reported previously.[27] A solution contain-
ing 4 (0.24 g, 0.63 mmol) and [Fe3(CO)12] (0.29 g, 0.58 mmol) in CH2Cl2
(20 cm3) was heated to reflux under argon for 16 h. After cooling to
room temperature, the dark red solution was filtered to remove a black
precipitate. Removal of CH2Cl2 from the filtrate under reduced pressure
afforded a dark red solid, which was dried under vacuum. The solid was
purified by column chromatography using a silica gel 60 (Fluka) chroma-
tographic column with CH2Cl2/petroleum ether (40±60 8C) (6:4 v/v) as
eluent. The dark red fraction was collected and the solvent was removed
under vacuum to give 2 as a dark red powder (0.13 g, 30%). 1H NMR
(300 MHz, CDCl3, 298 K): d=1.81 (m, 2H; SCH2CH2CH2S), 2.97 (m,
2H; SCH2) and 3.27 (m, 2H; SCH2), 7.27±8.20 ppm (m, 8H; Ph�H);
13C NMR (75 MHz, CDCl3, 298 K): d=212.0 (s, CO), 127.1±157.3 (m, Ph-
C), 38.4 (s, SCH2), 22.8 ppm (s, SCH2CH2CH2S); solution IR (CH2Cl2):
ñ=2036 (vs), 1996 (vs), 1956 cm�1 (s, br); FAB MS: m/z : 662 [M++H],
633 [M+�CO], 605 [M+�2CO], 577 [M+�3CO], 549 [M+�4CO], 521
[M+�5CO], 493 [M+�6CO]; elemental analysis (%) calcd for
C21H14Fe2NiO6S4: C 38.16, H 2.13; found: C 38.34, H 2.09. Dark red crys-
tals suitable for X-ray crystallographic studies were obtained from a satu-
rated MeOH solution of 2 at �10 8C.
X-ray crystallography : Crystallographic data for 1a and 2 are summar-
ised in Table 5. Each crystal was mounted on a dual-stage glass fibre. Dif-
fraction measurements were carried out at 150(2) K on a Bruker
SMART 1000 (for 1 a) or a Bruker SMART APEX (for 2) CCD area de-
tector diffractometer, both equipped with an Oxford Cryosystems open-
flow cryostat.[58] Data collection employed graphite-monochromated
MoKa radiation (l=0.71073 ä) and w scans. Empirical absorption cor-
rections were applied using the program SADABS.[59] Structures were
solved by direct methods (1a) or heavy-atom Patterson methods (2), fol-
lowed by difference Fourier synthesis, by using SHELXS-97,[60] and re-
fined with SHELXL-97.[61] Hydrogen atoms were placed in calculated po-
sitions and constrained to ride on their parent atom with Uiso(H)=xUeq-
(parent), in which x=1.2 or 1.5.


CCDC-223111 (1a) and 223112 (2) contain the supplementary crystallo-
graphic data for this paper. The crystallographic 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).
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Organic Chlorine as a Hydrogen-Bridge Acceptor: Evidence for the
Existence of Intramolecular O�H¥¥¥Cl�C Interactions in Some gem-Alkynols


Rahul Banerjee,[a] Gautam R. Desiraju,*[a] Raju Mondal,[b] and Judith A. K. Howard*[b]


Introduction


In view of the growing importance of supramolecular
chemistry and crystal engineering, there has been continued
critical assessment of the weaker intermolecular interac-
tions, which although not individually strong (less than
5 kcalmol�1) may exert a substantial effect when added to-
gether.[1] The hydrogen bridge is a typical example.[2] Initial
studies of molecular recognition in organic systems focused
on strong O�H¥¥¥O, O�H¥¥¥N and N¥¥¥H�O interactions
(energy 5 to 15 kcalmol�1) and supramolecular synthons
based on these interactions are well documented.[3] More re-
cently, weaker hydrogen bridges like C�H¥¥¥O have also at-
tracted attention.[4] In this context, the acceptor capabilities


of ™organic∫ halogen, C�X (X=F, Cl, Br, I) are controver-
sial and noteworthy.[5]


Hydrogen bridges of the type O�H¥¥¥Cl�C occur very
rarely, and even when they do, they are generally in an in-
tramolecular situation in which the donor group is sterically
hindered so that the formation of intermolecular interac-
tions is difficult. Classical studies in solution include the
work of Hantzsch on dimethyl 3,6-dichloro-2,5-dihydroxyter-
ephthalate[6] and of Wulf et al. on the ortho-halogenated
phenols.[7,8] In the crystalline diterpenoid briarein A, a hy-
droxyl group forms an O�H¥¥¥Cl�C interaction (d=2.30,
D=3.11 ä, q=1398 wherein d=H¥¥¥A, D=X¥¥¥A, q=


aX�H¥¥¥A) located roughly at the bottom of the bowl-
shaped molecule, and thus inaccessible to a number of
strong carbonyl acceptors for the formation of any intermo-
lecular O�H¥¥¥O hydrogen bridges.[9] Toda et al. reported an
unusual O�H¥¥¥O�H¥¥¥Cl�C cooperative network (dCl=2.30,
DCl=3.09 ä, q=1398) in a ferrocene derivative.


[10] The hy-
droxy groups are tertiary and, because of the awkward mo-
lecular shape, intermolecular hydrogen bonding is not fa-
vourable.[11]


The issue of organic halogen as a hydrogen bridge accept-
or moved from the individual descriptive study to a more
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Abstract: The acceptor capabilities of
™organic∫ halogen, CX (X=F, Cl, Br,
I), with respect to hydrogen bonding
are controversial, and unactivated or-
ganic chlorine is generally deemed to
be a poor acceptor. Hydrogen bridges
of the type O�H¥¥¥Cl�C are uncommon
and occur mainly in an intramolecular
situation when the donor group is steri-
cally hindered, so that the formation of
intermolecular interactions is difficult.
In this paper, intramolecular O�
H¥¥¥Cl�C interactions in a series of
chloro-substituted gem-alkynols are
studied. We describe various features
of this interaction using crystallograph-
ic, spectroscopic and computational
methods. The O�H¥¥¥Cl�C interaction


occurs in five of the six compounds
under consideration here (CDDA,
14DDDA, 15DDDA, 18DDDA,
15MKA). Solution 1H NMR spectros-
copy shows that the interaction is intra-
molecular and that it is a true hydrogen
bond. DFT calculations give a stabilisa-
tion energy around 4.0 kcalmol�1. In
the crystal structures of the compounds
studied, the intramolecular O�H¥¥¥Cl�
C interactions fit into the overall
scheme of cooperative interactions.


These structures may be derived from
that of the unsubstituted compound
DDA by means of synthon exchange
and the O�H¥¥¥Cl�C interaction fares
surprisingly well in the presence of
competing stronger acceptors. The
crystal structures show an unusual
degree of modularity for compounds
that generally form interactions that
are weak and variable. It is noteworthy
that the so-called ™weak∫ acceptor, or-
ganic chlorine, is able to sustain a good
intramolecular hydrogen bridge that is
of an attractive and stabilizing nature
and which is of potential importance in
crystal engineering and supramolecular
chemistry.


Keywords: chlorine ¥ crystal
engineering ¥ hydrogen bonds ¥
interaction energy ¥ supramolecular
chemistry
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phenomenological one with a number of attempts that
assess this particular capability. The accepting property of
organic fluorine was studied by Taylor and Dunitz,[12] by
Howard et al.[13] and by Boese, Desiraju and co-workers.[14]


While there is no doubt that C�F is a very weak acceptor
indeed, there is also convincing recent evidence that C�
H¥¥¥F�C is a necessary interaction in phenomena as dispa-
rate as transition-metal-catalysed alkene polymerisation, li-
gand±enzyme binding and molecular conformation.[15] As
for the X�H¥¥¥Cl�Y interactions, CSD studies by Seddon
and Aakerˆy,[5e] by Brammer and co-workers[5b] and by
Thallapally and Nangia[5a] show that the interaction is viable
if the Cl atom is activated, whether as Cl�M (M= transition
metal), as Cl� (chloride ion) or as organic chlorine with suit-
able activating groups present. Organic halogen as an ac-
ceptor may also be considered within the rubric of ™halogen
bonding∫ as outlined by Resnati, Metrangolo and co-work-
ers.[16] The overall picture that emerges is mixed. On the one
hand, unactivated organic chlorine is deemed to be a poor
acceptor.[17] On the other, O�H¥¥¥Cl�C interactions have
been invoked even in solution, for example, to explain the
appearance of polymorphs of 2,6-dihydroxybenzoic acid
during recrystallisation from CHCl3.


[18]


The present study was prompted by the appearance of in-
tramolecular O�H¥¥¥Cl�C interactions in not just one, but in
a series of chloro-substituted gem-alkynols that were pre-
pared for other crystal engineering studies. Since the chloro
substituents in this group of compounds may hardly be con-
sidered to be activated hydrogen-bond acceptors, it was felt
that a more detailed study would be useful. In this paper we
describe various features of the O�H¥¥¥Cl�C hydrogen
bridges in this set of compounds using crystallographic,
spectroscopic and computational methods.


Results and Discussion


CSD study : A brief statistical study will place the experi-
mental results in perspective. A search of the CSD (Ver-
sion 5.25, November 2003) showed that of the 1277 crystal
structures that contain both C�Cl and C�O�H functional
groups, only 148 contain one or more O�H¥¥¥Cl�C interac-
tions.[19] Of these interactions, 68 are intermolecular, while
115 are intramolecular. Not only is the interaction observed
infrequently but it is also reported to be weak. Rowland and
Taylor mention that while values of d(H¥¥¥A) for (O,N)�
H¥¥¥N(O) interactions are markedly smaller than those for
C�H¥¥¥O(N), these preferences are actually inverted when
organic chlorine is an acceptor; in effect, values of d for
(O,N)�H¥¥¥Cl(Br) are larger than those for C�H¥¥¥Cl(Br).
Histograms for the intermolecular and intramolecular situa-
tions are given in Figure 1. This inversion is rationalised by
the fact that interactions like O�H¥¥¥Cl are often minor com-
ponents in a bifurcated hydrogen bond,[20] while the C�
H¥¥¥Cl are stand-alone interactions. Still, this is an intriguing
observation.


Molecular structures : Scheme 1 gives the structural formu-
lae of the six gem-alkynols in this study; the intramolecular


O�H¥¥¥Cl�C interactions that occur in the solid state are
shown in Figure 2. The parent compound trans-9,10-diethyn-
yl-9,10-dihydroanthracene-9,10-diol is labelled DDA and the
other compounds are given convenient related acronyms.
Several previous joint publications from the Hyderabad and
Durham groups have dealt with the gem-alkynols, and it is a
general feature in these compounds that the combination of
two hydrogen-bond donors and two acceptors in close prox-
imity and in a sterically hindered situation results in a wide
variety of hydrogen-bond patterns. This is because in a steri-
cally demanding situation, the two donors (O�H and C�C�
H) become comparable, as do the two acceptors (�O� and
C�C). Consequently it is extremely difficult to predict in ad-
vance what the hydrogen-bond pattern will be for a particu-
lar compound.[21] Nonetheless, we noted that five of the six
chloro derivatives under consideration (CDDA, 14DDDA,
15DDDA, 18DDDA, 15MKA) have an intramolecular O�
H¥¥¥Cl�C interaction, and in 15DDDA only one of the two
Cl atoms does so. TDDA does not show an intramolecular
O�H¥¥¥Cl�C interaction in the solid state. The H¥¥¥Cl distan-
ces (d) and the hydrogen-bond angles (q) are also indicated
in Scheme 1, and these distances are short (see Figure 1).
That these interactions are also highly conserved is seen


Figure 1. Histograms of intermolecular (top) and intramolecular
(bottom) O�H¥¥¥Cl�C interactions.
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Scheme 1. Compounds in this study with the geometric data of the solid state O�H¥¥¥Cl�C interactions marked.


Figure 2. Single-molecule ORTEP drawings of the molecules studied. The O�H¥¥¥Cl�C interactions are shown as dotted lines. Note that the symmetrical
15DDDA does not sit on an inversion centre in the crystal, and that TDDA and one of the two symmetry independent molecules in CDDA do not form
O�H¥¥¥Cl�C interactions
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from an inspection of Figure 3, which is an overlap diagram
of CDDA, 14DDDA, 15DDDA, 18DDDA and 15MKA.
The approach of the hydroxyl group toward the Cl atom is
very nearly the same in all five structures. Clearly this is a
geometry that is sustained well within this set of com-
pounds.


NMR spectroscopy: Solution NMR data (CDCl3) of the five
molecules studied (Table 1) further reinforce the notion of
an intramolecular O�H¥¥¥Cl�C interaction. Unlike in the
solid state, all O�H groups that can participate in intramo-


lecular O�H¥¥¥Cl�C interactions (both groups in 15DDDA
and TDDA) do so in solution. The hydroxyl H atom shifts
routinely from d=2.6 ppm in gem-alkynols that lack a
neighbouring Cl-group to around d=4.5 ppm. This down-
field shift is surprisingly large, but it is consistent and there
is some precedent.[17b,22] The lack of further change in inten-
sity or position of the peaks on dilution confirms the intra-
molecular nature of the interaction (Figure 4) and D2O ex-
change confirms the assignment of the d=4.5 ppm peak to
the hydroxyl H atom.
A further experiment with CDDA provides very clear evi-


dence of the hydrogen-bond nature of this intramolecular
interaction (Figure 5). In this compound, there are two non-
equivalent O�H groups, with only one able to form an O�
H¥¥¥Cl�C interaction. Addition of D2O showed that while
the ™free∫ O�H group exchanges immediately, the hydrogen


bonded O�H requires one hour for complete exchange. In-
spection of Figure 3 shows that the O�H groups in CDDA
lie out of the mean plane of the three six-membered rings.
Therefore both O�H groups in CDDA are sterically accessi-
ble to D2O. So the difference in exchange rates cannot be
attributed to a different steric situation for the O�H groups
on the chlorine-rich and chlorine-poor faces of the molecule.
The difference in exchange rates is therefore a direct conse-
quence of the O�H¥¥¥Cl�C interaction. In any discussion of
weak interactions, nagging doubts (and rhetorical objec-
tions) have been expressed that observed geometries in crys-
tals could well arise from forced contacts (intramolecular)
or simple close packing considerations (intermolecular).
Our observation on the slow exchange of the d=4.5 ppm
peak indicates that this particular so-called ™weak∫ acceptor,
namely organic chlorine, is well able to sustain a decent in-
tramolecular hydrogen bridge, which is of an attractive and
stabilizing nature.
As for 15DDDA and TDDA, intramolecular hydrogen


bonds are formed by one and neither of the hydroxyl
groups, respectively, in the solid state. In solution, however,
both hydroxyl groups are available for hydrogen-bond for-
mation and this is the consistent outcome. In summary, the
NMR data show that the intramolecular O�H¥¥¥Cl�C inter-
action is the preferred mode of association in appropriately
chloro-substituted gem-alkynols, and further that it is attrac-
tive and of the hydrogen-bond type. It is not a fortuitous
forced contact.


Figure 3. Overlay diagram of CDDA, 14DDDA, 15DDDA, 18DDDA
and 15MKA. 14DDDA has been superimposed twice to show the intra-
molecular O�H¥¥¥Cl�C interaction for each of the symmetry-independent
hydroxyl groups.


Table 1. 1H NMR chemical shifts of hydroxyl H atoms in gem-alkynols
showing the existence of intramolecular O�H¥¥¥Cl�C interactions.
Compound d(O�H¥¥¥Cl�C) [ppm][a] d (free O�H) [ppm]
DDA ± 2.80
CDDA 4.61 2.78
14DDDA 4.39 ±
15DDDA 4.46 ±
18DDDA 4.51 2.79
TDDA 4.40 ±
15MKA 4.71 ±


[a] Hydrogen-bonded hydroxyl proton.


Figure 4. 1H NMR spectra of 14DDDA (CDCl3). Top: Initial spectrum.
Middle: twice diluted. Bottom: D2O added.


Figure 5. Time-resolved D2O exchange NMR spectra of CDDA. Note
that the intramolecular O�H¥¥¥Cl hydrogen-bonded proton (d=4.61 ppm)
exchanges slowly relative to the ™free∫ hydroxyl proton at d=2.78 ppm,
which exchanges immediately.
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Theoretical calculations : The above observations show that
organic chlorine is a respectable acceptor of hydrogen
bonds. We therefore calculated the energy of the O�H¥¥¥Cl�
interaction using the work of Kovµcs et al. on the blue shift-
ing of C�H¥¥¥X (X=O, halogen) dimers of formaldehyde,[23]


and taking other work on intramolecular hydrogen-bond en-
ergies as background.[24] The results in Table 2 pertain to


both the Hartree±Fock ab initio method (PC Spartan; 6±
31G*) and to DFT (GAMESS; B3LYP/6±31G*).[25] The
Hartree±Fock optimised structure corresponds quite well
with that obtained crystallographically, even though we note
that the low-level basis set used may overestimate the ener-
getics.[24c] The hydroxyl group H atom(s) of the trial mole-
cule were rotated anti relative to the Cl�C bond, so that the
O�H¥¥¥Cl�C interaction is excluded.[26] The hydroxyl H
atoms were fixed in their new positions and the structure
was optimised at the 6±31G* level. The difference in the
total energy of both the optimised conformational isomers
gives the O�H¥¥¥Cl�C bond energy. A similar strategy was
employed for the DFT calculations. The respective trial mol-
ecules with and without O�H¥¥¥Cl�C hydrogen bridges were
optimised at the AM1 level. These geometries were then
input into GAMESS for DFT calculations. The results show
that the stabilisation energy for the interaction in question is
surprisingly high (as is that for an intramolecular interac-
tion), and that it occurs at the upper limit for weak hydro-
gen bonding. For example, Desiraju and Steiner have
quoted an energy range of 0.5 to 4.0 kcalmol�1 for a weak
hydrogen bridge.[1]


Crystal structures : The crystal structures of the four mole-
cules of interest (14DDDA, 15DDDA, 18DDDA, CDDA)
may be considered in terms of: 1) how the intramolecular
O�H¥¥¥Cl�C interactions fit into the overall hydrogen bridge
scheme, 2) how these structures may be derived from that of
the unsubstituted compound DDA through synthon ex-
change and 3) how the O�H¥¥¥Cl�C interaction fares in the
presence of competing acceptors. All these descriptions are
useful.
We recapitulate also that crystalline TDDA does not form


an intramolecular hydrogen bond. Why this is the case is a
matter of debate. Perhaps the extent of chlorination is so
high and the O�H groups consequently so activated that O�
H¥¥¥O hydrogen-bridge formation competes favourably. In
any event, the packing of the TDDA molecules is reminis-
cent of the packing of one of the CDDA molecules that
does not form an intramolecular O�H¥¥¥Cl�C bridge, in that
a cooperative O�H¥¥¥O�H¥¥¥p arrangement is seen. Further


details of this interesting structure will be published else-
where.[27]


Table 3 gives pertinent crystallographic data and Table 4
gives the geometric data of the hydrogen bridges in these
structures.


Hydrogen-bridge patterns : Figure 6 shows the packing of
14DDDA. The most notable structural feature is the ab-
sence of O�H¥¥¥O hydrogen bonds. There is cooperative as-
sistance to the O�H¥¥¥Cl�C interaction from a C�H¥¥¥O in-
teraction and the O�H¥¥¥Cl�C distance (d=2.22 ä; q=


135.18) is the shortest in the series.


Figure 7 shows the packing of 15DDDA. The dominant
interaction pattern here is a cooperative arrangement of
three hydrogen bridges, an intermolecular C�H¥¥¥O bridge
from the ethynyl group (d=2.22 ä; q=160.58), an intermo-
lecular O�H¥¥¥O bridge between hydroxyl groups (d, 1.83 ä;
q, 173.88) and an intramolecular O�H¥¥¥Cl�C bridge (d,
2.25 ä; q, 135.38).
Figure 8 shows the packing of 18DDDA. Once again


there is a cooperative arrangement of the type C�H¥¥¥O�
H¥¥¥O�H¥¥¥Cl�C (intermolecular, intermolecular, intramolec-
ular). To summarise, we note that in all three cases
(14DDDA, 15DDDA and 18DDDA), the intramolecular
O�H¥¥¥Cl�C interaction gets cooperative assistance from
other hydrogen bridges. Whatever the situation in solution
(and the NMR results show that the interaction is far from
negligible there), this cooperative assistance can only further
stabilise the interaction in the solid state. The appearance of
a C�H¥¥¥O dimer synthon in all three structures results in a
general similarity in the overall packing.


Table 2. O�H¥¥¥Cl�C hydrogen-bond energies in the simulated structures.
Compound Hartree±Fock level DFT level


[kcalmol�1] [kcalmol�1]


CDDA 4.446 4.320
14DDDA 3.558 4.384
15DDDA 4.150 4.681
18DDDA 3.662 2.889


Figure 6. Packing diagram of 14DDDA. Notice the intramolecular O�
H¥¥¥Cl�C interaction. The planar C�H¥¥¥O dimer synthon and intermolec-
ular C�H¥¥¥Cl hydrogen bridge are also shown.
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Synthon distortion and replacement : The representative syn-
thons in DDA are I and II. Synthon I is composed of alter-
nating strong (O�H¥¥¥O) and weak (C�H¥¥¥O) bridges, while
II is made up of a loop of alternating C�H¥¥¥O and C�H¥¥¥p
hydrogen bridges. It is found that the structure of DDA is
related to those of 14DDDA, 15DDDA and 18DDDA via
that of the monochloro derivative CDDA. It is therefore
useful to discuss this last named compound in detail.
The CDDA molecule exposes a chlorine-rich face (A)


and a hydrogen-rich face (B) in its self-assembly to the crys-


Table 3. Crystallographic data and structure refinement parameters.


CDDA 14DDDA 18DDDA 15MKA TDDA


solvent EtOH/benzene (1:1) EtOH/benzene (1:1) CHCl3/benzene (1:1) CHCl3/benzene (1:1) CHCl3/benzene (1:1)
formula C18H11O2Cl C18H10O2Cl2 C18H10O2Cl2 C16H8O2Cl2 C18H8O2Cl4
Mr 294.72 329.16 329.16 303.12 398.04
crystal system triclinic triclinic monoclinic monoclinic monoclinic
space group P1≈ P1≈ C2/c P21/n P21
a [ä] 8.4500(17) 6.7496(4) 27.597(6) 7.2693(2) 9.3730(5)
b [ä] 9.2334(18) 7.2021(4) 6.8419(14) 11.5276(3) 9.5301(5)
c [ä] 14.108(3) 15.5160(8) 15.099(3) 15.4191(4) 10.3102(5)
a [8] 84.52(3) 76.992(2) 90 90 90
b [8] 89.85(3) 87.075(2) 101.48(3) 98.775(1) 114.559(2)
g [8] 73.53(3) 74.353(2) 90 90 90
Z’ 1.5 1 1 1 1
V [ä3] 1050.4(4) 707.63(7) 2793.8(10) 1276.96(6) 837.65(7)
l [ä] 0.71073 0.71073 0.71073 0.71073 0.71073
1calc [gcm


�3] 1.398 1.545 1.565 1.577 1.578
m [mm�1] 0.273 0.462 0.468 0.504 0.714
2q [8] 4.62±54.94 2.70±58.10 5.50±54.99 5.34±55.00 4.34±57.97
index range �10�h�10 �9�h�9 �35�h�35 �9�h�9 �12�h�12


�11�k�11 �9�k�9 �8�k�8 �14�k�13 �13�k�13
�18� l�18 �21� l�21 �19� l�19 �19� l�20 �14� l�13


reflns. collected 12642 8590 15923 12801 10227
unique reflns. 4803 3693 3211 2925 4398
observed reflns. 3970 3175 2886 2436 4344
R1 [I>2s(I)] 0.0408 0.0969 0.0350 0.0348 0.0283
wR2 0.1025 0.2786 0.0999 0.0912 0.0748
goodness-of-fit 1.028 1.238 1.058 1.052 1.057
T [K] 120(2) 120(2) 120(2) 100(2) 120(2)
CCDC number 224902 224905 224903 224904 224901
crystal size [mm3] 0.44î0.32î0.08 0.34î0.28î0.08 0.32î0.22î0.16 0.22î0.18î0.06 0.58î0.28î0.12


Table 4. Hydrogen-bridge geometric data for the crystal structures in this
study.


Compound Hydrogen d [ä�1] D [ä�1] q [8]
bridge (H¥¥¥A) (X¥¥¥A) aX�H¥¥¥A


CDDA O1�H1¥¥¥Cl1 2.33 3.071(1) 131.1
O1’�H1’¥¥¥O2 1.87 2.819(8) 162.3
C16�H16¥¥¥O1’ 2.03 3.106(1) 174.1
C18�H18¥¥¥O1 2.35 3.376(2) 158.3


14DDDA O1�H1¥¥¥Cl1 2.29 3.055(5) 134.1
O2�H2¥¥¥Cl2 2.22 3.000(5) 135.1
C16�H16¥¥¥O1 2.40 3.436(9) 160.1
C18�H18¥¥¥O2 2.44 3.453(9) 156.0


15DDDA O1�H9¥¥¥Cl1 2.25 3.025(1) 135.3
O2�H10¥¥¥O1 1.83 2.814(2) 173.8
C10�H5¥¥¥O2 2.44 3.501(1) 164.7
C16�H7¥¥¥O2 2.22 3.021(1) 160.5


18DDDA O1�H1A¥¥¥Cl1 2.35 3.021(1) 124.4
O2�H2A¥¥¥O1 2.14 2.894(2) 132.2


15MKA O2�H1¥¥¥Cl2 2.39 3.017(1) 120.7
O2�H1¥¥¥O1 2.06 2.801(2) 130.2
C16�H16¥¥¥O2 2.44 3.254(2) 131.1
C16�H16¥¥¥O1 2.42 3.331(2) 140.4


Figure 7. Packing diagram of 15DDDA to show the intramolecular O�
H¥¥¥Cl�C interaction. Notice again the C�H¥¥¥O dimer synthon.


Chem. Eur. J. 2004, 10, 3373 ± 3383 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3379


Hydrogen-Bridge Acceptors 3373 ± 3383



www.chemeurj.org





tal (P1≈ , Z’=1.5). The packing of CDDA is shown in
Figure 9. There are two symmetry-independent molecules.
The one which lies on a general position forms an intramo-
lecular O�H¥¥¥Cl�C interaction while that which lies on the
special position does not.[28] Further it may be seen that face
B forms synthon II, characteristic of the unsubstituted


DDA, while on face A the formation of the intramolecular
O�H¥¥¥Cl�C bond disturbs the formation of synthon I, in
part, leading to the C�H¥¥¥O dimer already seen in the three
dichloro derivatives, 14DDDA, 15DDDA and 18DDDA. In
effect, the crystal packing of CDDA is a composite of the
crystal structures of DDA and of the dichloro compounds.
This is shown in Scheme 2. Compound CDDA may be


therefore be considered as a supramolecular intermediate
between DDA and the dichloro derivatives.
When there are two Cl atoms as in 14DDDA, both faces


become chlorine-rich and, therefore, synthon I and the O�
H¥¥¥O hydrogen bonding vanish completely (Scheme 3).
In 18DDDA, there are again chlorine-rich and hydrogen-


rich faces and an orderly shuffling of hydrogen-bonded syn-
thons leads to the observed packing (Scheme 4). Once again
O�H¥¥¥Cl�C hydrogen bonding modifies the prototype
DDA structure in an understandable way.
In 15DDDA the crystal packing is unusual (Figure 7) as


has been described elsewhere.[29] The major structural fea-
ture is the Cl4 supramolecular synthon, which is composed
of two Cl atoms that are intramolecularly hydrogen bonded
to O�H groups and two which are not. However the feature
of note again is the absence of synthons I and II and this
may be ascribed to presence of intramolecular O�H¥¥¥Cl�C
bridges.


Competition between organic chlorine and a stronger accep-
tor : To assess the effectiveness of the intramolecular O�
H¥¥¥Cl�C interaction, we studied the keto-alcohol 15MKA,
in which a much stronger acceptor (C=O) is present in a
sterically unhindered situation.
If interaction hierarchy is to be followed, one would


expect a strong O�H¥¥¥O=C interaction. The actual crystal
structure is most instructive (Figure 10). While there is an


Figure 8. Packing diagram of 18DDDA to show the hydrogen bridges.


Figure 9. Packing diagram of CDDA. Notice the planar C�H¥¥¥O dimer
synthon, seen in all three dichloro isomers, and synthon II seen in DDA.


Scheme 2. Supramolecular distortion of synthon I by the Cl atom through
intramolecular hydrogen bonding. Note how the vestigial synthon on the
hydrogen rich side B of the molecule retains its original identity.
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O�H¥¥¥O=C interaction (d=2.06 ä; q=130.28), it is long be-
cause the donor is bifurcated, participating also in an intra-
molecular O�H¥¥¥Cl�C hydrogen bridge (d=2.39 ä; q=


120.78), which is short by the standards of this interaction.
As if to ™make up∫ for its ™unfulfilled∫ acceptor capability,
the C=O group accepts a weak hydrogen bridge from an
ethynyl hydrogen atom (d=2.44 ä; q=131.18); this H atom
is also bifurcated and forms a bridge to an hydroxyl oxygen
atom (d=2.42 ä; q=140.48). In this interesting pattern of


four interactions, it is indeed difficult to say which is more
important and which is less important. Each is probably im-
portant for the viability of the overall synthon, and it is ex-
amples such as this that argue for the use of the term ™hy-
drogen bridge∫ rather than ™hydrogen bond∫ in describing
the phenomenon.


Conclusion


This work shows that the O�H¥¥¥Cl�C interaction is a nota-
ble example of a hydrogen bridge. Despite the fact that un-
activated organic chlorine is not considered to be a good ac-
ceptor and the interaction is of the hard-donor/soft-acceptor
type, it makes its appearance in a whole series of related
compounds. Its significance is estimated by that fact that its
effects on intra- and intermolecular structure are steady and
consistent. The NMR results argue in favour of an attractive
interaction and theoretical studies show that it is stabilizing
to the extent of ~4.0 kcalmol�1. These interactions are
hardly forced contacts caused by functional groups that are
merely juxtaposed.
The crystal structures in this paper show a surprising


degree of modularity that one would not usually associate
with these gem-alkynols, compounds that form a variety of
hydrogen-bond patterns, because all the interactions are
weak and variable. The perturbation that the adjacent Cl
atom is able to make on the hydrogen-bond pattern of the
parent gem-alkynol can be easily understood if the intramo-
lecular O�H¥¥¥Cl�C interaction is of more importance than
a competing intermolecular O�H¥¥¥O�H interaction. We
conclude that O�H¥¥¥Cl�C hydrogen bridges are of more
significance than has been previously thought, and we be-
lieve that their potential importance in crystal engineering


Scheme 3. Supramolecular distortion of synthon I by two Cl atoms in
14DDDA.


Scheme 4. Supramolecular relationship between DDA and 18DDDA.


Figure 10. Packing diagram of 15MKA. Cl and O atoms are shaded.
Notice the four distinct hydrogen bridges.
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and supramolecular chemistry has been somewhat underes-
timated.


Experimental Section


Solvents were purified by standard methods and dried if necessary. Re-
agents used were of commercial quality. All these compounds were char-
acterised with NMR and IR spectra. The 1H NMR spectra were recorded
at 200 MHz on a Bruker ACF instrument. IR spectra were recorded on a
Jasco 5300 spectrometer. All melting points were measured in a Fisher±
Jones melting point instrument.


All operations were carried out in a dry N2 atmosphere. CDDA,
14DDDA, 15DDDA, 18DDDA and TDDA were prepared from 1-
chloro-9,10-anthraquinone, 1,4-dichloro-9,10-anthraquinone, 1,5-dichloro-
9,10-anthraquinone, 1,8-dichloro-9,10-anthraquinone and 1,2,3,4-tetra-
chloro-9,10-anthraquinone, respectively. A solution of trimethylsilylacety-
lene (4.4 mmol) in THF (15 ml) was mixed with n-butyllithium
(4.2 mmol) at 195 K. After stirring for 15 minutes, a solution of the re-
spective quinone in THF (15 ml) was added dropwise and stirring was
continued for 30 minutes at 195 K and for a further 1 h at room tempera-
ture. The solid product recovered after workup was treated with metha-
nolic KOH to yield the desired compound. Crystals for X-ray analysis
were obtained by purification of the crude material (column chromatog-
raphy 30% EtOAc/hexane) followed by recrystallisation from 1:1 CHCl3/
benzene or 1:1 EtOH/benzene.


1-Chloro-trans-9,10-diethynyl-9,10-dihydroanthracene-9,10-diol (CDDA):
Yield 65%; 1H NMR (200 MHz CDCl3); d=8.15 (m, 3H), 7.58 (m, 4H),
4.61 (s, 1H), 2.87 (s, 1H), 2.78 (s, 1H), 2.68 ppm (s, 1H); IR: ñ=3508,
3387, 3252, 3215, 2108, 1591, 1568, 1489, 1435, 1356,1286, 1248, 1228,
1149, 1111, 1026 cm�1.


1,4-Dichloro-trans-9,10-diethynyl-9,10-dihydroanthracene-9,10-diol
(14DDDA): Yield 68%; 1H NMR (200 MHz CDCl3): d=8.01 (s, 2H),
7.58 (m, 2H), 7.51 (m, 2H), 4.39 (s, 2H), 2.70 ppm (s, 2H); IR: ñ=3530,
3248, 2100, 1435, 1336, 1219, 1151, 1026 cm�1; m.p. 554 K (with decompo-
sition).


1,5-Dichloro-trans-9,10-diethynyl-9,10-dihydroanthracene-9,10-diol
(15DDDA): Yield 60%; 1H NMR (200 MHz CDCl3): d=8.10 (dd, J=8,
3 Hz, peri 2H), 7.51 (m, 4H), 4.46 (s, 2H) 2.70 ppm (s, 2H); IR: ñ=3312,
3288, 3177, 3001, 2881, 2116, 1973, 1811, 1595, 1562, 1456, 1300, 1205,
1039 cm�1; m.p. 553 K (with decomposition).


1,8-Dichloro-trans-9,10-diethynyl-9,10-dihydroanthracene-9,10-diol
(18DDDA): Yield 50%; 1H NMR (200 MHz CDCl3): d=8.08 (m, peri
2H), 7.60 (m, 2H), 7.48 (m, 2H), 4.51 (s, 1H), 2.85 (s, 1H), 2.79 (s, 1H),
2.68 ppm (s, 1H); IR: ñ=3530, 3256, 3048, 2106, 1591, 1562, 1437, 1340,
1222, 1176, 1149, 1024 cm�1; m.p. 501 K.


1,2,3,4-Tetrachloro-trans-9,10-diethynyl-9,10-dihydroanthracene-9,10-diol
(TDDA): Yield 55%; 1H NMR (200 MHz CDCl3): d=8.01 (dd, J=8,
3 Hz, 2H), 7.58 (dd, J=8, 3 Hz, 4H), 4.40 (s, 2H), 2.70 ppm (s, 2H); IR:
ñ=3485, 3414, 3271, 3229, 2110, 1444, 1396, 1356, 1249, 1165, 1116 cm�1;
m.p. 506 K.


1,5-Dichloro-10-ethynyl-10-hydroxymonohydroanthracene-9-one
(15MKA): This compound was obtained as a side product during the
preparation of 15DDDA and separated by column chromatography.
Yield 35%; 1H NMR (200 MHz CDCl3): d=8.27 (dd, J=8, 3 Hz, 1H),
8.15 (dd, J=8, 3 Hz, 1H), 7.73 (m, 4H), 4.71 (s, 1H), 2.66 ppm (s, 1H);
IR: ñ=3518, 3271, 2926, 1168, 1585, 1442, 1278, 1138 cm�1; m.p. 470 K.


Crystal structure analysis : X-ray diffraction intensities for all molecules
were collected at 120 K (Oxford Cryosystems cryostat) on a Bruker
SMART CCD diffractometer (Bruker Systems Inc., 1999a) by using
MoKa radiation. Data were processed by using the Bruker SAINT pack-
age (Bruker Systems Inc., 1999b), with structure solution and refinement
by using SHELX97 (Sheldrick, 1997).[30] The structures of all the com-
pounds were solved by direct methods and refined by full-matrix least-
squares on F2. Hydrogen atoms were located in all six structures and re-
fined freely with isotropic displacement parameters. The hydrogen atom
positions were neutron normalised for all geometrical calculations. Crys-
tal data and details of data collections, structure solutions and refine-


ments are summarised in Table 3. We note that the disorder model for
compound CDDA as well as the location of one of the symmetry inde-
pendent molecules on a special position necessitates that the crystal con-
tain both enantiomers of the molecule. This is not surprising given the
method of synthesis. CCDC-224901 to CCDC-224905 contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).


Calculations : All calculations were carried out on Indigo Solid Impact
and Indy workstations from Silicon Graphics.[31] All interatomic distances
and related calculations were carried out with the PLATON pro-
gramme.[32] Details of the ab initio calculations are given in the results
section.
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Self-Assembly, Optical Behavior, and Permeability of a Novel Capsule Based
on an Azo Dye and Polyelectrolytes


Xia Tao,*[a, b] Junbai Li,*[c] and Helmuth Mˆhwald[a]


Introduction


Efficient encapsulation of active ingredients such as living
cells, enzymes, drugs, heterogeneous catalysts, and nanopar-
ticles with unique optical, electronic, or magnetic properties
is becoming increasingly important for a large variety of ap-
plications ranging from drug delivery to biomedicine and
materials science.[1,2] Hollow capsules with well-defined in-
ternal volume in submicrometer regions are potentially ap-
plicable as protective containers for the demanding require-
ments of these applications.[3] The most attractive method
for the fabrication of hollow capsules is the layer-by-layer
(LbL) assembly[4] , which is simply performed by repetitive
alternate adsorption of colloidal templates in aqueous solu-


tions and subsequent removal of colloidal particles. It has
been demonstrated that hollow capsule walls can be fabri-
cated by using many functional materials such as biopoly-
mers, inorganic silica, and inorganic/organic composites by
means of the LbL assembly technique.[5] The few examples
reported to date have shown that water-soluble dyes with
low molecular weight can be assembled on the capsule
walls. Actually, the incorporation of dye molecules into the
coating renders the capsule walls sensitive to external stimu-
li such as light irradiation;[3c] this results in photoresponsive
capsules, for example, as light-harvesting antenna for solar
energy conversion, photocatalysis, optical materials, and
skin care or plant protection.
Many efforts have been devoted to the development of


more simple and reliable methods to better control the per-
meability of the hollow capsule walls.[6] Although a variety
of release strategies for the controlled permeability of the
hollow capsule walls may be feasible, either through control
of the pH value, temperature, and salt concentration, or
through the control of an enzymatic cleavage reaction,[7±9]


for many applications it is highly desirable to control the
permeability by photoirradiation. This requires building the
capsule walls with dyes as one component and controlling
their photoreactions and consequences.
In recent years, azo dye-containing polymers with large


photoinduced birefringence and high thermal stability have
been extensively investigated in view of the increasing
demand for large-scale information storage.[10] Congo red
(CR), an azo dye with two negative charges and a chromo-
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Abstract: A novel capsule composed of
an azo dye, Congo red (CR), and dif-
ferent polymers, including poly(styre-
nesulfonate, sodium salt) (PSS), poly-
(allylamine hydrochloride) (PAH), and
poly(diallyldimethylammonium chlo-
ride) (PDDA), have been successfully
fabricated by the layer-by-layer self-as-
sembly technique. The stepwise linear
deposition process was monitored by
means of UV-visible absorption meas-
urements. The formation of hollow


capsules was verified by confocal laser
scanning microscopy (CLSM) and
scanning force microscopy (SFM). The
resulting hollow PSS/PAH/CR/PDDA
capsules displayed a sensitive response
to visible light. Optical changes of the
hollow capsules prior to and after the


photoreaction were investigated in
detail by means of UV-visible spectros-
copy, CLSM, and SFM. It was found
that the photochemical reaction of the
assembled hollow capsules depends
strongly on the matrix. Qualitative re-
sults on the permeability of the hollow
capsule walls with CR as one compo-
nent indicate that the permeability of
the walls can be easily photo-controlled
at varying irradiation time intervals
without addition of external chemicals.


Keywords: dyes/pigments ¥ fluores-
cence ¥ hollow capsules ¥ permeabil-
ity ¥ self-assembly
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phore moiety, has been incorporated into polymer films by
means of the electrostatic LbL deposition technique.[11,12] It
has been demonstrated that dyes can be moved by visible
light irradiation over micrometer distances in CR/PDDA
(PDDA=poly(diallyldimethylammonium chloride)) films.[13]


We consider in this paper the construction of three-dimen-
sional multilayered capsules by using CR and PDDA as
building blocks, and investigating the optical behavior and
permeability of the assembled hollow capsules upon illumi-
nation with visible light.
The preparation of hollow capsules of CR/PDDA by the


alternate electrostatic deposition of the respective charged
species (CR or PDDA) onto the (PSS/PAH)3/PSS (PSS=
poly(styrenesulfonate, sodium salt); PAH=poly(allylamine
hydrochloride)) shells templated on melamine formaldehyde
(MF) is reported. The formation of (PSS/PAH/CR/PDDA)
hollow capsules was verified by confocal laser scanning mi-
croscopy (CLSM), scanning force microscopy (SFM), and
UV-visible spectroscopy. The optical behavior of the hollow
capsules constructed through electrostatic self-assembly pro-
cedures prior to and after the photoreaction were investigat-
ed by means of UV-visible spectroscopy, CLSM, and SFM.
The permeability of the capsule walls triggered by photoir-
radiation was investigated by CLSM studies on different flu-
orescently labeled compounds. Preliminary results demon-
strate that the permeability of the capsule walls can be con-
trolled only through exposure to visible light. This study rep-
resents a new approach for controlled release by the combi-
nation of dye molecules, self-assembly, and light.


Results and Discussion


Fabrication of hollow capsules : Scheme 1 shows the general
procedure of LbL self-assembly of PDDA/CR onto the
(PSS/PAH)3/PSS shells templated on MF latex particles. It is


well known that CR is an acid/base indicator with a color
change from blue to red in the approximate pH range from
3 to 5.[13a,14] In order to avoid the effect of hydrochloric acid
(0.1m) on CR in the course of the removal of the cores, it is
essential to remove the colloidal template MF prior to ad-
sorption of CR. Further details of this procedure can be
found in the Experimental Section.


CLSM images provide strong evidence that the composite
hollow capsules of (PSS/PAH)3/PSS/(PDDA/CR)n or (PSS/
PAH)3/PSS/(PDDA/CR)n/PDDA, (repeating number, n=1,
2, 3, 4, 5) were successfully fabricated by the LbL self-as-
sembly technique. A typical CLSM image as a representa-
tive for all fabricated capsules is shown in Figure 1. It can


be seen that the fabricated hollow capsules possess an intact
spherical architecture, and the strong red fluorescence of
CR from the whole capsule surface indicates that the dye
has been successfully incorporated into the shells. All fabri-
cated capsules remain stable during a period of at least two
months. In addition, we carried out another experiment, ac-
cording to the same above-mentioned procedure, on the fab-
rication of the hollow capsule composed of Orange II (4-(2-
hydroxy-1-naphthylazo)benzenesulfonic acid sodium salt)
with a sulfonato group on the phenyl ring and the same
polyelectrolytes as employed above. It was found that
almost all the capsules were destroyed upon adsorption of
Orange II onto the (PSS/PAH)3/PSS shells. In view of the
structures of these two kinds of azo dyes, it can be conclud-
ed that azo dyes with symmetrically charged structures are
able to form highly stable capsules. Furthermore, we recent-
ly found that phthalocyanine dyes with symmetrically charg-
ed structures can also be embedded in the hollow capsule
walls and, hence, create stable capsules (details of these pro-
cedures and results will be reported elsewhere).
Figure 2 shows UV-visible spectra of CR in the (PDDA/


CR) capsule solution (solid line) and in aqueous solution
with 10mm phosphate buffer (dotted line). Compared with
the absorption band in aqueous solution, the maximum ab-
sorption peak of the alternate assembly (PDDA/CR) is red-


Scheme 1. General procedures for the fabrication of hollow capsules
composed of CR and polyelectrolytes.


Figure 1. CLSM images of (PSS/PAH)3/PSS/(PDDA/CR)3/PDDA capsu-
les templated on MF particles of 5.06 mm. The white bar represents 5 mm.
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shifted and slightly broadened. This indicates that there are
strong electrostatic interactions between the negatively
charged CR and the positively charged PDDA. A similar
shift has been previously reported in (PDDA/CR) multilay-
er films, and is attributed to the formation of J aggre-
gates.[11,15] Evidently, binding of CR to the charged polyelec-
trolyte surfaces of the hollow capsules results in the forma-
tion of J aggregates.
The sequential deposition process was easily monitored


by UV-visible spectroscopy. The pronounced characteristic
absorbance of CR (bright red capsule solutions) provides an
additional insight into the layer growth and the degree of
CR incorporation. Figure 3 (top) shows absorption spectra
for multilayer assemblies with different adsorption cycles.
The lowest solid line in Figure 3 corresponds to (PSS/
PAH)3/PSS capsules templated on MF particles of approxi-
mately 5 mm; these were used as precursor shells for all
PDAC/CR multilayer assemblies. As shown at the bottom of
Figure 3, the maximum absorption peaks of CR at 345 nm
and 509 nm, corresponding to a p!p* transition[15] , are ob-
served to increase almost in proportion with the number of
dye layers (i.e., capsule wall thickness). The linear growth of
the characteristic absorption peaks with increasing number
of assemblies indicates that the deposition process is highly
reproducible and controllable.
The wall thickness of hollow capsules was measured by


means of SFM. Figure 4 shows an image of a (PSS/PAH)3/
PSS/(PDDA/CR)3-layer capsule. A number of folds and
creases were observed as a result of air-drying. The wall
thickness can be deduced from the smallest height of the
air-dried hollow capsule. This value corresponds to a double
wall thickness. A typical height profile (as indicated by the
line in the top view) is given at the bottom of Figure 4. The
wall thickness of a (PSS/PAH)3/PSS/(PDDA/CR)3 layer in
the dried state was obtained as 30�4 nm. According to the
literature,[16] the thickness of a layer of PAH or PSS is about
1.5 nm. By subtracting the thickness of the (PSS/PAH)3/PSS
layer, the thickness of one (PDDA/CR) bilayer is approxi-
mately 65�5 ä, which is in good agreement with the aver-
age thickness of one (PDDA/CR) bilayer (65 ä in the com-
posite films).[13a] If the thickness of PDDA is considered to
be analogous to that of PAH or PSS, the thickness of a CR


Figure 2. UV-visible spectra of CR in the (PSS/PAH)3/PSS/(PDDA/CR)
capsule solution (solid line) and the aqueous solution of 10mm phosphate
buffer of pH 7.4 (dotted line).


Figure 3. Top: UV-visible absorption spectra of (PDDA/CR)n (n=1, 2, 3,
4, 5) of alternate assemblies on hollow capsules of (PSS/PAH)3/PSS ob-
tained by removal of the 5.06 mm MF cores with 0.1m HCl. The resulting
capsules were dispersed in Millipore water at the given volume for meas-
urements. Bottom: The linear growth of CR absorbance at 345 nm and
509 nm with the number of bilayers.


Figure 4. Top: SFM topview image of a (PSS/PAH)3/PSS/(PDDA/CR)3-
layer capsule prepared on the MF resin latex of 5.06 mm diameter.
Bottom: section analysis of SFM view along the line as indicated in the
top view.
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layer is approximately 50 ä. This value is far greater than
the lengths of the long axis (19 ä) and short axis (5 ä) of
CR[11] , and also supports the interpretation of formation of
CR aggregates in the composite capsules.


Optical behavior of hollow capsules : The temporal fluores-
cence intensity changes of hollow capsules composed of
(PSS/PAH)3/PSS/(PDDA/CR)3/PDDA templated on MF
particles under visible light irradiation are displayed in
Figure 5. The red rings along the perimeter of the whole


capsule surface exhibit the fluorescence intensity of CR. As
can be seen from Figure 5a, under irradiation, the fluores-
cence intensity of CR decreases rapidly and almost disap-
pears after irradiation for 120 min; concomitantly, the color
of the capsule solution changes from the initial red to yel-
lowish, indicating that at least the chromophoric structure of
the CR dye is destroyed. In order to quantify the changes of
the fluorescence intensity from the capsule wall, a line has
been drawn to cross the capsule center. Figure 5b displays
the fluorescence distribution changes along the line at vary-


ing irradiation time. Before irradiation, the initial fluores-
cence intensity (red profile line) is 250 units. After irradia-
tion for 60 and 120 min, the fluorescence intensity (green
profile lines) decreases to approximately 120 and 40 units,
respectively. It is worth noting that during the whole photo-
reaction the fluorescence of CR is mainly concentrated on
the shells, indicating that the dye molecules are well embed-
ded in the coating. Furthermore, the assembled hollow cap-
sules, even if under illumination with visible light, keep their
spherical shape.
The temporal absorption spectra changes taking place


during the photoreaction of composite hollow capsules of
(PSS/PAH)3/PSS/(PDDA/CR)4/PDDA under visible light ir-
radiation are displayed in Figure 6. The characteristic ab-


sorption band of CR at about 509 nm decreases at a fast
rate, and nearly disappears after irradiation for 120 min. Be-
sides, the existence of an isobestic point at 438 nm during
the photoreaction indicates a transition between two states,
namely from the initial assembled CR to the formed prod-
uct. A control experiment shows that no changes of the CR
UV-visible spectra are observed in aqueous solution. This
proves that the photobleaching process depends strongly on
the environment. In addition, we measured the absorption
spectra changes of the (PSS/PAH)3/PSS/(PDDA/CR)4/
PDDA capsule solution under otherwise identical experi-
mental conditions as for Figure 6 except under a nitrogen at-
mosphere. Almost the same photobleaching rate of CR was
observed as for that measured under aerated conditions.
This implies that in the present system the effect of oxygen
on the photoreaction is minor, and also further confirms
that the effect of the microenvironment of the capsule wall
is predominant.
To gain further insight into the nano- and microcapsule


wall texture changes before and after the photoreaction, the
SFM technique can be employed.[17] Figure 7a and b display
SFM images (topview) of hollow capsules with (PSS/PAH)3/
PSS/(PDDA/CR)3/PDDA before and after exposure to visi-
ble light for 60 min. A number of folds and creases arising
from evaporation of the aqueous content were observed.


Figure 5. a) Variations in CLSM fluorescence images of hollow capsules
of (PSS/PAH)3/PSS/(PDDA/CR)3/PDDA with different irradiation time;
irradiation from top to bottom: 0, 60, and 120 min. The white bars repre-
sent 5 mm. b) Fluorescence profiles of hollow capsules of (PSS/PAH)3/
PSS/(PDDA/CR)3/PDDA along the line through the capsule center as in-
dicated in fluorescence images.


Figure 6. Changes of absorption spectra of hollow capsules of (PSS/
PAH)3/PSS/(PDDA/CR)4/PDDA under irradiation with visible light.
Spectra 1, 2, 3, 4, and 5 denote irradiation for 0, 30, 60, 90, and 120 min,
respectively.
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High-resolution SFM observations allow us to inspect the
capsule wall surface on the nanometer scale. Capsule wall
textures from selected areas in the center of panels a and b
of Figure 7 without folds are displayed in Figure 7c and d.
An evident difference in the capsule wall before and after
the photoreaction was observed, that is, the surface mor-
phology of the latter is rougher than that of the former.
Roughness calculations over a 1.0î1.0 mm area free of folds
provided roughness values of ~6�0.5 nm and 9�0.5 nm
before and after the photoreaction, respectively.


Permeability of hollow capsules : The permeability of the
hollow capsule walls was investigated by means of CLSM
studies on fluorescent-labeled poly-l-lysine and dextran
with different macromolecular weights, as well as on the
small dye molecule 6-carboxyfluorescein (6-CF). Figure 8


displays typical CLSM images of hollow capsules, consid-
ered as impermeable and permeable, measured three min-
utes after the addition of the labels. More than 30 capsules
were counted for one data point. Qualitative permeability


variations of hollow capsules of (PSS/PAH)3/PSS/(PDDA/
CR)3/PDDA before and after illumination with visible light
for 60 and 120 min are shown in Table 1. In all cases, the
hollow capsules were highly permeable to 6-CF, but com-


pletely impermeable to poly-l-lysine and dextran 2000000.
Before irradiation, the capsule walls were impermeable if
dextran with Mw�4400 was applied. After 60 min of irradia-
tion, however, dextran 4400 and 66100 could cross the layer
barrier. Further irradiation, namely 120 min of light irradia-
tion, made the capsule walls permeable to dextran 77000
and 464000. These results indicate that the permeability of
the capsule walls evidently can be photocontrolled simply
by exposure to visible light. It is important to note that the
photocontrolled release covers the broad range of molecular
weights from 4±400 KDa, which includes most proteins.
Hence, this yields new potential for applications in pharma-
cy, medicine, and biotechnology. Further experiments on
how to quantitatively control the permeability of the hollow
capsule walls under varying light irradiation conditions are
under way.
Based on all the above experimental results we find that


CR in the present hollow capsule system is more likely to
exist in the form of aggregates; this is supported by the
15 nm red shift of the maximum absorption peak of CR rel-
ative to that of CR in the aqueous solution, and from the
thickness of the CR layer (ca. 50 ä), which is greater than
the length of the CR axes itself. Upon illumination with visi-
ble light, dye aggregates are subject to destruction. Also, we
find that the optical changes of the assembled hollow capsu-
les are closely related to the matrix microenvironment. Al-
though for the moment we cannot yet comment on whether
pores have been created, a similar surface-morphology
change has been observed by assembling mixtures of phos-
pholipids onto the surface of the capsules and inducing re-
lease by an enzymatic cleavage reaction.[8a]


Conclusion


A CR dye can be successfully incorporated into polyelectro-
lyte hollow capsules by means of the LbL self-assembly
technique. The introduction of CR lends the hollow capsule
walls new features, for example, the permeability of the
shells can be photocontrolled by irradiation with visible


Figure 7. SFM images of air-dried hollow capsules of (PSS/PAH)3/PSS/
(PDDA/CR)3/PDDA before (a, c) and after (b, d) irradiation for 60 min.


Figure 8. Typical CLSM images of hollow capsules of (PSS/PAH)3/PSS/
(PDDA/CR)3/PDDA incubated with a fluorescent probe: a) impermea-
ble; b) permeable.


Table 1. Qualitative permeability variation of hollow capsules of (PSS/
PAH)3/PSS/(PDDA/CR)3/PDDA before and after illumination with visi-
ble light for 60 and 120 min, respectively. Note: ™0∫ in the table denotes
impermeable and ™100∫ denotes permeable; see text for details.


No irradiation Irradiation Irridiation
for 60 min for 120 min


poly-l-lysine 0 0 0
dextran 2000000 0 0 0
dextran 464000 0 0 100
dextran 77000 0 0 100
dextran 66100 0 100 100
dextran 4400 0 100 100
6-CF 100 100 100
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light. The optical changes of the hollow capsules were inves-
tigated by UV-visible spectroscopy, CLSM, and SFM. All re-
sults obtained provide useful insights into the photochemical
reaction mechanisms on the self-assembled PDDA/CR com-
posite hollow capsules. This kind of novel capsule with pho-
tocontrolled permeability is of particular interest for appli-
cations in drug delivery, photocatalysis, optical materials,
and related medical areas such as photodynamic therapy or
skin care.


Experimental Section


Materials : PSS (Mw=70000), PAH (Mw=70000), and PDDA (20 wt% in
water, Mw=200000±350000) were purchased from Aldrich and used as
received. CR was obtained from Sigma. MF particles (5.06�0.12 mm)
were obtained from Microparticles GmbH, Germany. Fluorescently la-
beled poly-l-lysine, FITC-labeled dextrans (2000000, 464000, 77000,
66100, and 4400) and 6-carboxyfluorescein (6-CF) were purchased from
Sigma and used without further purification. A solution of CR with a
concentration of 2.5î10�4m in 0.01m phosphate buffer solution of pH 7.4
was prepared as the anionic solution, and a PDDA solution with a con-
centration of 1 mgmL�1 in 0.01m citric acid/sodium citrate buffer solution
of pH 4.4 containing 0.5m NaCl was used as the cationic solution. Solu-
tions of PSS (1 mgmL�1) and PAH (1 mgmL�1) in 0.5m NaCl were pre-
pared for all experiments. Millipore water was used throughout the study.
For reference, the structures of CR, PSS, PAH, and PDDA are shown
below.


Procedures for the fabrication of hollow capsules : PSS and PAH were as-
sembled onto the surface of MF microparticles by layer-by-layer adsorp-
tion according to the method reported[3,18] . Briefly, a solution (1.5 mL) of
PSS or PAH with a charge opposite to that of the MF templates or the
last layer deposited was added to a template latex solution (0.3 mL), and
left to adsorb for 10 min. The excess added species was removed by three
repeated centrifugation (2500 g, 2 min)/washing/redispersion cycles with
dilute aqueous NaCl. After completion of (PSS/PAH)3/PSS deposition,
hollow capsules were obtained by dissolving the MF core with HCl solu-
tion (0.1m). The resulting hollow capsules were then centrifuged at
2500 g for 5 min and washed three times with water. Subsequent alter-
nate adsorption of PDDA and CR was carried out by using a similar pro-
cedure, except that the adsorption of CR was left for 30 min. All adsorp-
tion procedures were carried out at ambient temperature.


Photoreactor and light source : Unless otherwise noted, all irradiation ex-
periments were carried out in a quartz cell with an appropriate stirrer. A
150 W super-quiet xenon lamp (Hamamatsu, Japan) was positioned
inside the E7536 lamp housing with an automatic cooling fan (Hamamat-


su, Japan). One side of the lamp housing has a window with an area of
approximately 3î3 cm2. A cutoff filter was placed on the small window
to completely remove wavelengths less than 400 nm and to ensure irradi-
ation only by visible light. The center-to-center distance between the re-
action vessel and the light source was 6 cm.


Characterization methods : Confocal micrographs were taken with a con-
focal laser scanning microscope ™Aristoplan∫ from Leica (Germany)
equipped with a 100î oil immersion lens. The optical parameters of the
CLSM remained unchanged before and after the photoreaction to ensure
that the measured intensities could be compared quantitatively.


The absorption spectra of the hollow capsules were measured in Milli-
pore water on a Varian Cary 4E UV-visible spectrophotometer.


The scanning force microscopy (SFM) images were recorded by using a
Digital Instruments Nanoscope IIIa in the tapping mode. Samples were
prepared by applying a drop of the capsule solution onto a freshly
cleaved mica substrate. After the capsules were allowed to settle, the sub-
strate was extensively rinsed in Millipore water and then dried under a
gentle stream of nitrogen.
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Mechanism of the Hydrogen Transfer from the OH Group to
Oxygen-Centered Radicals: Proton-Coupled Electron-Transfer
versus Radical Hydrogen Abstraction


Santiago Olivella,*[a] Josep M. Anglada,*[a] Albert Solÿ,[b] and Josep M. Bofill[c]


Introduction


Hydrogen-transfer reactions from the OH group to oxygen-
centered radicals [Eq. (1)] play an important role in various
complex systems, especially in the chemical degradation of


many organic molecules in the troposphere[1] and also in
combustion chemistry.[2]


RO�Hþ COR0 ! ROC þH�OR0 ð1Þ


From a general point of view, the reactions depicted in
Equation (1) are a subclass of more general hydrogen atom
abstraction reactions by free radicals [Eq. (2)].


X�Hþ CY ! XC þH�Y ð2Þ


It is generally accepted that such reactions proceed by the
concerted breaking and making of strong covalent chemical
bonds to the transferring atom (i.e., X�H and Y�H); as the
radical CY approaches the X�H bond with its unpaired elec-
tron, the Y�H bond is formed, while the X�H bond is ho-
molytically broken. This implies the formation of a three-
center three-electron bond in the transition structure, in
which the unpaired electron of the radical is delocalized
over X, H, and Y. Another common belief is that the energy
barrier for the transfer of a hydrogen atom between X and
Y depends on the triplet repulsion energy for the XC/YC pair
at the transition structure.[3±5] This is caused by the necessary
occurrence of parallel electron spins on X and Y during the
course of the hydrogen-transfer reaction, namely,
[X›¥¥¥Hfl¥¥¥Y›]�.
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Abstract: High-level ab initio electron-
ic structure calculations have been car-
ried out with respect to the inter-
molecular hydrogen-transfer reaction
HCOOH+ COH!HCOOC+H2O and
the intramolecular hydrogen-transfer
reaction COOCH2OH!HOOCH2OC. In
both cases we found that the hydrogen
atom transfer can take place via two
different transition structures. The
lowest energy transition structure in-
volves a proton transfer coupled to an
electron transfer from the ROH spe-


cies to the radical, whereas the higher
energy transition structure corresponds
to the conventional radical hydrogen
atom abstraction. An analysis of the
atomic spin population, computed
within the framework of the topologi-
cal theory of atoms in molecules, sug-


gests that the triplet repulsion between
the unpaired electrons located on the
oxygen atoms that undergo hydrogen
exchange must be much higher in the
transition structure for the radical hy-
drogen abstraction than that for the
proton-coupled electron-transfer mech-
anism. It is suggested that, in the gas
phase, hydrogen atom transfer from
the OH group to oxygen-centered radi-
cals occurs by the proton-coupled elec-
tron-transfer mechanism when this
pathway is accessible.


Keywords: ab initio calculations ¥
atmospheric chemistry ¥ hydrogen
transfer ¥ radical reactions ¥ reaction
mechanisms
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For X=Y=O [i.e. , Eq. (1)],
the presence of lone pairs of
electrons on the oxygen atoms
may lead to a different ap-
proach of the reactants intend-
ing to avoid the triplet repul-
sion between the unpaired elec-
trons centered at these atoms.
This requires RO�H species
with R carrying a terminal
atom, Z, with a lone pair of
electrons. In this case, in addition to the simple hydrogen
atom transfer mechanism depicted in Scheme 1, one may
envisage a situation involving a R�OH¥¥¥OR’ hydrogen bond
and a ZD¥¥¥COR’ two-center three-electron bond, as depicted
in Scheme 2. Such an entity may react by undergoing a
proton transfer coupled to the transfer of an electron from
ZD to COR’ (or the incipient [HOR’]C+ species). The net
result of this process is identical to that of a simple hydro-
gen atom transfer, except that the Z�R�OC species is left in


a different electron configuration, with Z instead of O carry-
ing the unpaired electron. Intramolecular electron transfer
from O to ZC restores the DZ�R�OC entity.


In this article, we wish to report the results of ab initio
electronic structure calculations on two examples, one inter-
molecular and the other intramolecular, of hydrogen atom
transfer from hydroxylic oxygen to oxygen-centered radicals,
which is predicted to occur through a proton-coupled elec-
tron-transfer mechanism.[6] The first example is the abstrac-
tion of the acidic hydrogen atom of formic acid (HCOOH)
by a hydroxyl radical (COH) [Eq. (3)].


HCOOHþ COH ! HCOOC þH2O ð3Þ


The second example is the intramolecular 1,4-hydrogen
transfer in the peroxy radical COOCH2OH [Eq. (4)].


COOCH2OH ! HOOCH2O
C ð4Þ


Both reactions play a key role in environmental science.
For the sake of comparison, the simplest bimolecular hydro-
gen atom transfer from hydroxylic oxygen to oxygen-cen-
tered radicals, namely the identity exchange reaction
[Eq. (5)], has also been considered in this theoretical study.


H2Oþ COH ! HOC þH2O ð5Þ


Computational Methods


We optimized the geometries of the reactants and transition structures[7]


for Equations (3)±(5) by means of analytical gradient procedures,[8] em-
ploying the (frozen core) quadratic configuration interaction with the sin-
gles and doubles method, based on a unrestricted Hartree±Fock (UHF)
reference determinant,[9] designated UQCISD, in conjunction with the
split-valence 6–311+G(2df,2p) basis set.[10] This basis set includes a
single diffuse sp shell on carbon and oxygen atoms,[11] double d-polariza-
tion, as well as a single additional f-polarization on carbon and oxygen
atoms, and double p-polarization on hydrogen atoms. To characterize the
nature (minimum or saddle point) of the calculated stationary points and
evaluate the zero-point vibrational energies (ZPVEs), the harmonic vi-
brational frequencies were computed. For Equation (5), the frequencies
were calculated at the UQCISD/6-311+G(2df,2p) level. To lower the
enormous computational cost involved in the calculation of the frequen-
cies of the stationary points found for Equations (3) and (4) at this level
of theory, the geometries and harmonic vibrational frequencies of these
points were calculated with the (frozen core) second-order M˘ller±Ples-
set perturbation theory, based on a UHF reference determinant,[12] desig-
nated UMP2, with the 6-311+G(2df,2p) basis set. Moreover, we per-
formed intrinsic reaction coordinate (IRC) calculations[13] on the transi-
tion structures to check their connection with the designated reactants


Abstract in Catalan: S×han realitzat c‡lculs d×estructura elec-
trÚnica ab initio d×alt nivell per la reacciÛ de transferõncia
d×hidrogen intermolecular HCOOH+ COH!HCOOC+H2O i
per la reacciÛ de transferõncia d×hidrogen intramolecular
COOCH2OH!HOOCH2OC. En abmdÛs casos trobem que la
transferõncia de l×‡tom d×hidrogen tÿ lloc via dues estructures
de transiciÛ diferents. L×estructura de transiciÛ d×energia mÿs
bixa implica una transferõncia de protÛ acoblada a la transfe-
rõncia d×un electrÛ des de l×espõcie ROH al radical, mentre
que l×estructura de transiciÛ d×energia mÿs alta correspon a
una abstracciÛ d×hidrogen radical‡ria convencional. Una
an‡lisi de les poblacions ‡tomiques d×spÌn electrÚnic, calcula-
des en el marc de la teoria topolÚgica d×‡toms en molõcules,
suggereix que la repulsiÛ dels electrons no aparellats localit-
zats sobre els ‡toms d×oxigen que experimenten el bescanvi
d×hidrogen ha de ser molt mÿs alta en l×estructura de transiciÛ
per l×abstracciÛ d×hidrogen radical‡ria que en l×estructura de
transiciÛ del mecanisme de transferõncia de protÛ acoblada a
la transferõncia d×un electrÛ. Es suggereix que, en fase gas,
les transferõncies de l×‡tom d×hidrogen de l×OH a radicals
d×oxigen tenen lloc per un mecanisme de transferõncia de
protÛ acoblada a la transferõncia d×un electrÛ quan aquest
cami de reacciÛ ÿs accessible.


Scheme 1. Conventional hydrogen atom transfer from a R�OH species to
an oxygen-centered radical COR’. The oxygen 2p-type orbitals are repre-
sented by if in the plane of the paper and by * if perpendicular to
this plane.


Scheme 2. Proton transfer from a R�OH species to an oxygen-centered radical COR’ coupled to an electron
transfer from R to COR’. The oxygen 2p-type orbitals are represented by if in the plane of the paper and
by * if perpendicular to this plane.
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and products. All of these calculations were carried out with the GAUS-
SIAN 98 program package.[14]


Total energies were obtained from single-point (frozen core) coupled-
cluster[15] calculations including all single and double excitations, based
on a reference UHF single determinant, together with a perturbative
treatment of all connected triple excitations,[16] designated UCCSD(T).
In addition, total energies were also evaluated from partially spin-adapt-
ed CCSD(T) calculations based on a restricted open-shell Hartree±Fock
(ROHF) reference determinant,[17] designated RCCSD(T), to accomplish
the spin contamination problem in UCCSD(T) wave functions.[18] Both
the UCCSD(T) and RCCSD(T) calculations were performed with the 6-
311+G(2df,dp) basis set. Relative energies discussed in the text refer to
energies computed at the RCCSD(T) theory level, unless stated other-
wise. The UCCSD(T) calculations were carried out with GAUSSIAN 98,
whereas MOLPRO 98[19] program package was employed for the
RCCSD(T) calculations.


To examine the characteristics of the bonding and interactions in the
most relevant structures, we also performed an analysis of the electron
charge and electron spin density within the framework of the topological
theory of atom in molecules (AIM)[20] making use of a locally modified
version[21] of the PROAIM and EXTREME programs of Bader et al.[22]


The Z density matrix obtained from UQCISD gradient calculations with
the 6-311+G(2df,2p) basis set, an effective correlated density matrix,[23]


was used in this analysis. The coefficients of selected natural orbitals gen-
erated from that density matrix were used to elucidate the topological
nature of the molecular orbitals (MOs) describing the unpaired electron
and the more relevant electron pairs.


Results and Discussion


Hydrogen atom transfer between two hydroxyl radicals : In
good agreement with previous high-level ab initio calcula-
tions,[24±29] we found a transition structure with C2 symmetry
for Equation (5).[30] Selected geometrical parameters of this
transition structure and atomic spin populations are shown
in Figure 1.


The electronic state symmetry of the transition structure
is 2B. The coefficients of the natural orbital carrying the un-
paired electron indicate that the spin population in the tran-
sition structure is concentrated on the two oxygen atoms
which undergo hydrogen exchange, but shows a small nega-
tive value on the hydrogen atom being transferred. This
result is consistent with a three-center three-electron bond
and indicates that the transition structure of Equation (5) is
of the hydrogen atom abstraction by radicals type.


On the basis of the large value of the spin population on
the oxygen atoms that undergo hydrogen exchange, one
would expect triplet repulsion between these atoms to be
important in the transition structure, leading to a sizeable
potential energy barrier for Equation (5). In fact, our
calculations predict a barrier of 10.3 (UCCSD(T)) or
10.6 kcal mol�1 (RCCSD(T)) for this reaction, which is in
reasonable agreement with the prediction of 9.6 kcal mol�1


obtained by Uchimaru et al.[29] from UCCSD(T) calculations
with the aug-cc-pVQZ basis set. Inclusion of a thermal cor-
rection of the enthalpy of 2.2 kcalmol�1 (Table S1, Supporting
Information), evaluated from the UQCISD/6-311+G(2df,2p)
calculations, leads to a predicted activation enthalpy of
DH�=8.4 kcal mol�1 at 298 K. Furthermore, an Arrhenius
activation energy of Ea=9.6 kcal mol�1 at room temperature
is obtained from Ea=DH�+2RT. However, this is still
much higher than the experimental Ea=4.2�0.5 kcal mol�1,
determined over the temperature range 300±420 K.[31] For
Equation (5), Uchimaru et al. have calculated a contribution
to the Arrhenius activation energy of �4.6 kcal mol�1 arising
from quantum-mechanical tunneling.[29] Therefore, the pre-
dicted Arrhenius activation energy would be further re-
duced to the value of 5.0 kcal mol�1, which is in reasonable
agreement with the experimental value given above.


Acidic hydrogen atom abstraction from formic acid by a hy-
droxyl radical : For Equation (3), we found two transition
structures, designated TS1 and TS2. Selected geometrical
parameters and atomic spin populations of TS1 and TS2 are
shown in Figure 2. Relative energies calculated at different
levels of theory with the 6-311+G(2df,dp) basis set are sum-
marized in Table 1, while the total energies and ZPVEs are


collected in Table S3 in the Supporting Information. Calcu-
lated topological properties of the bond critical points for
these transition structures are given in Table S4 in the Sup-
porting Information. Structures TS1 and TS2 differ essen-
tially in the orientation of the COH radical with respect to
the molecular plane of the formic acid. While the O1�H1
bond is nearly orthogonal to that plane in TS1, it lies within
that plane in TS2. The geometry of TS2 is close to that of
the planar transition structure reported by Galano et al. ,[32]


which was computed at the MP2, MP4, and QCISD theory
levels with the 6-311++G(d,p) basis set. Moreover, the ge-
ometry of TS1 is comparable to that of the nonplanar tran-
sition structure with a dihedral angle H1-O1-H2-O2 of
�908 reported in the same study, which was obtained from


Figure 1. Selected parameters (bond lengths [ä] and angles [8]) of the
UQCISD/6-311+G(2df,2p) optimized geometry of the transition struc-
ture for the hydrogen atom transfer between two hydroxyl radicals.
Atomic spin populations from an AIM analysis, calculated by the same
method, are given in italics.


Table 1. Relative energies [kcal mol�1] calculated at different levels of
theory with the 6-311+G(2df,2p) basis set[a] of the reactants and the tran-
sition structures[b] for the acidic hydrogen atom abstraction from formic
acid by a hydroxyl radical.


Species UQCISD UCCSD(T) RCCSD(T)


HCOOH+ COH 0.0 0.0 0.0
TS1 7.0 3.3 3.1
TS2 10.5 7.2 8.7


[a] With UQCISD/6-311+G(2df,2p) optimized geometries. [b] See
Figure 2.
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B3LYP and BH&HLP density functional theory (DFT) cal-
culations with the 6-311++G(d,p) basis set. However,
Galano et al. concluded that this nonplanar transition struc-
ture is an artifact of the DFT calculations, because they
found that it has two imaginary frequencies both at the
UMP2 and the UMP4 levels of theory. In contrast, we found
TS1 to be a true transition structure (i.e., only one imagina-
ry frequency) at the UMP2 level of theory with the 6-
311+G(2df,2p) basis set.


Table 1 shows that, at all levels of theory, the relative
energy of TS1 with respect to the reactants HCOOH+ COH
is lower than that of TS2. At first sight, this result is surpris-
ing, because, as noted by Galano et al. ,[32] the short distance
between H1 and O3 in TS2
suggests a hydrogen-bond-like
interaction that should lower
the energy of this transition
structure with respect to that of
TS1. Actually, our AIM analy-
sis of the electron charge densi-
ty in TS2 revealed the presence
of a bond critical point located
between the atoms H1 and O3,
indicating that there is a bond-
ing interaction between this
atom pair. The low value of the
electron charge density (1(rb)=


0.0226 e bohr�3) and the positive value of the its Laplacian
(521(rb)=0.0808 e bohr�5) and local electronic energy densi-
ty (Ee(rb)=0.0013 hartree bohr�3) calculated for this bond
critical point (see Table S4, Supporting Information) is typi-
cally associated with interactions between closed-shell sys-
tems (e.g., hydrogen bonds). If Equation (3) were to take
place via TS2, the hydrogen-bond-like interaction would ex-
plain the lower potential energy barrier calculated for this
reaction (8.7 kcal mol�1) compared to that calculated for
Equation (5) (10.6 kcal mol�1).


Now we address the question of why the energy of TS1 is
lower than that of TS2. As in the case of the transition
structure found for Equation (5), Figure 2 shows that the
spin population in TS2 is concentrated on the oxygen atoms
between which the hydrogen atom is being transferred with
a small negative value (�0.033) on the hydrogen atom. In
contrast, the spin population in TS1 is concentrated on the
oxygen atoms O1 and O3, whereas the spin population on
atom O2 is negligible. From these results, it follows that the
triplet repulsion between the unpaired electrons centered at
the two oxygen atoms involved in the hydrogen atom trans-
fer in TS2 should be comparable to that of the transition
structure of Equation (5), while this repulsion is expected to
be negligible in TS1. Therefore, the lower energy of TS1
compared to TS2 can be mainly attributed to the lack of
triplet repulsion between the two oxygen atoms involved in
the hydrogen atom transfer in the former transition struc-
ture.


At this point one may wonder whether the high spin pop-
ulation on O1 and O3 in TS1 might cause a triplet repulsion
between these atoms. In this respect, it is worth noting that
the AIM analysis of the electron charge density in TS1 re-
vealed the presence of a bond critical point located between
the atoms O1 and O3, indicating that there is a bonding in-
teraction between this atom pair. The small electron charge
density (1(rb)=0.0482 e bohr�3) and the positive value of the
its Laplacian (521(rb)=0.1970 e bohr�5) and local electronic
energy density (Ee(rb)=0.0036 hartree bohr�3) calculated for
this bond critical point (see Table S4, Supporting Informa-
tion) suggest that O1 and O3 are weakly bonded by a non-
covalent interaction. What is the origin of this interaction?
To answer this question we inspected the natural orbitals
shown in Figure 3, which have electron occupancies of
1.9110 (bottom) and 1.0424 (top). Basically, these orbitals
are two-center O3±O1 bonding and antibonding MOs, re-


Figure 2. Selected parameters (bond lengths [ä] and angles [8]) of the
UQCISD/6-311+G(2df,2p) optimized geometry of the two transition
structures found for the acidic hydrogen atom abstraction from formic
acid by hydroxyl radical. Atomic spin populations from an AIM analysis,
calculated by the same method, are given in italics.


Figure 3. Representations of the natural orbitals having electron occupancies of 1.9110 (right) and 1.0424 (left)
in the transition structure TS1 for the acidic hydrogen atom abstraction from formic acid by hydroxyl radical.
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spectively, arising from the interaction between a lone pair
of electrons on O3 and the unpaired electron on O1. The
result of such a two-center three-electron interaction is a
weak bonding interaction between the reactants HCOOH
and COH in the transition structure TS1. Most importantly,
this interaction allows the transfer of a single electron from
O3 to O1, which leads to double occupation of the initially
singly occupied 2p-type orbital of the COH radical.


The remarkable feature of TS1 is that it is not a transition
structure of the conventional radical hydrogen abstraction
type. From a qualitative point of view, the primary changes
in bonding that occur in TS1 can be described as those illus-
trated at the top of Scheme 3, in which we have ignored the
2s-type lone pair of electrons on the oxygen atoms, which
are tightly bound; the curved arrows and semiarrows repre-
sent actual movement of electron pairs and single electrons,
respectively. According to Scheme 3, during the course of
the reaction, a proton and a single electron are transferred
simultaneously from the formic acid to the hydroxyl radical.
These electronic features indicate that the hydrogen atom
transfer through TS1 takes place by a proton-coupled elec-
tron-transfer mechanism. In contrast, the primary changes in
bonding occurring in TS2 can be described as the concerted
breaking and making of the O2�H2 and O1�H2 bonds, re-
spectively. These changes, depicted at the bottom of
Scheme 3, indicate that the hydrogen atom transfer through
TS2 takes place by the conventional radical hydrogen ab-
straction mechanism.


Intramolecular 1,4-hydrogen transfer in the peroxy radical
COOCH2OH : We found two transition structures, designated
TS3 and TS4, for the intramolecular 1,4-hydrogen transfer
in the peroxy radical COOCH2OH [Eq. (4)]. Selected geo-
metrical parameters and atomic spin populations of TS3
and TS4 are shown in Figure 4. Relative energies calculated


at different levels of theory with the 6-311+G(2df,dp) basis
set are summarized in Table 2, whereas the total energies
and ZPVEs are collected in Table S5 in the Supporting In-
formation. Calculated topological properties of the bond
critical points for these transition structures are given in


Scheme 3.


Figure 4. Selected parameters (bond lengths [ä] and angles [8]) of the
UQCISD/6-311+G(2df,2p) optimized geometries of the two transition
structures found for the intramolecular 1,4-hydrogen transfer in the
peroxy radical COOCH2OH. Atomic spin populations from an AIM anal-
ysis, calculated by the same method, are indicated in italics.
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Table S6 in the Supporting Information. Structure TS3
shows a planar cyclic structure with an electronic symmetry
state of 2A’’. This transition structure involves the simultane-
ous transfer of the hydrogen atom of the OH group to the
terminal oxygen atom of the peroxy radical COOCH2OH
and the breaking of the C1�O3 bond. Thus TS3 leads to the
concerted HO2C elimination from this peroxy radical, rather
than to the alkoxy radical HOOCH2OC. In contrast, TS4
shows a puckered cyclic structure and involves only the
transfer of the hydrogen atom of the OH group to the ter-
minal oxygen atom of the peroxy radical COOCH2OH to
give the alkoxy radical HOOCH2OC. As expected, the ge-
ometries of TS3 and TS4 are close to those found at the
CASSCF(7,6) level of theory with the 6-311G(d,p) basis set,
which we have reported previously.[33]


As shown in Table 2, at all levels of theory, the relative
energy of TS3 with respect to the reactant COOCH2OH is
lower than that of TS4. Evidently, the much higher energy
of TS4 relative to TS3 arises mainly from the larger strain
energy of the five-membered ring of the former transition
structure.[33] However, there is an additional electronic fea-
ture that increases the energy of TS4, with respect to that of
TS3, that can be traced to the atomic spin populations cal-
culated for the two structures (see Figure 4). As in the case
of the transition structure found for Equation (5), the spin
population in TS4 is concentrated on O1 and O2 with a
small negative value on the hydrogen atom being trans-
ferred (H2). In clear contrast, the spin population in TS3 is
concentrated on O1 and O3, while the spin population on
O2 and H2 is negligible. As a result, the triplet repulsion be-
tween the unpaired electrons centered at the two oxygen
atoms involved in the hydrogen atom transfer in TS4 and in
the transition structure of Equation (5) should be compara-
ble, while this repulsion is negligible in TS3. Therefore, the
lower energy of TS3 relative to TS4 can be attributed, in
part, to the lack of triplet repulsion between the two oxygen
atoms involved in the hydrogen atom transfer in TS3.


From a qualitative point of view, the primary changes in
bonding that occur in TS3 are depicted at the top of
Scheme 4. During the course of the reaction, a proton and a
single electron are transferred simultaneously from the
OCH2OH moiety to the terminal oxygen of the peroxy
group, O1. These electronic features indicate that the mech-
anism of the 1,4-hydrogen transfer in COOCH2OH leading to
the concerted HO2C elimination through TS3 is of a proton-
coupled electron-transfer type. In contrast, the primary
changes in bonding occurring in TS4 can be described as
the concerted breaking and making of the O2�H2 and O1�


H2 bonds, respectively. These changes, depicted at the
bottom of Scheme 4, indicate that TS3 can be viewed as the
transition structure of an intramolecular hydrogen abstrac-
tion of the OH group by the radical center of the terminal
oxygen, O1. As noted previously,[33] owing to the orthogo-
nality between the singly occupied 2p-type orbital of oxygen
O1 and the O�H bond in the reactant COOCH2OH, TS4
adopts a puckered ring-like structure. This allows overlap
between the 1s orbital of the hydrogen atom of the OH
group and the singly occupied 2p-type orbital of oxygen O1.


Conclusion


In this paper, we have investigated by means of quantum-
mechanical electronic-structure calculations the intermolec-
ular hydrogen atom transfer reaction HCOOH+ COH!
HCOOC+H2O and the intramolecular hydrogen-transfer re-
action COOCH2OH!HOOCH2OC. Geometric structures for
the reactants and transition states have been optimized at
the UQCISD theory level with the 6-311+G(2df,2p) basis
set. UCCSD(T) and RCCSD(T) energies were also calculat-
ed at the UQCISD-optimized geometries with the same
basis set. In both reactions, we found that the hydrogen
atom transfer can take place via two different transition
structures that correspond to different reaction mechanisms.
In each reaction, the lowest energy transition structure in-
volves a proton transfer coupled to the transfer of an elec-
tron mechanism, whereas the higher energy transition struc-
ture corresponds to the conventional radical hydrogen ab-
straction mechanism. An analysis of the atomic spin popula-
tions, obtained within the framework of the topological
theory of atoms in molecules, suggests that the triplet repul-
sion between the unpaired electrons located at the oxygen
atoms undergoing the hydrogen exchange must be much
higher in the transition structure for the radical hydrogen


Table 2. Relative energies [kcal mol�1] calculated at different levels of
theory with the 6-311+G(2df,2p) basis set[a] of the reactants and the tran-
sition structures[b] for the intramolecular 1,4-hydrogen transfer in the
peroxy radical COOCH2OH.


Species UQCISD UCCSD(T) RCCSD(T)


COOCH2OH 0.0 0.0 0.0
TS3 22.0 18.2 18.1
TS4 54.0 45.7 48.7


[a] With UQCISD/6-311+G(2df,2p) optimized geometries. [b] See
Figure 4.


Scheme 4.
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atom abstraction than in the transition structure for the
proton-coupled electron-transfer mechanism. It can be con-
cluded that, in the gas phase, hydrogen atom transfer from
hydroxylic oxygen to oxygen-centered radicals occurs prefer-
entially by a proton-coupled electron-transfer mechanism
rather than by radical hydrogen abstraction when both reac-
tion mechanisms are possible.
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Weak Hydrogen Bridges: A Systematic Theoretical Study on the Nature and
Strength of C�H¥¥¥F�C Interactions


Isabella Hyla-Kryspin,* G¸nter Haufe, and Stefan Grimme*[a]


Introduction


The hydrogen bonding defined in the standard formulation
as a X�H¥¥¥Y interaction, where X�H is the proton-donating
covalent polar bond and Y is the proton-accepting group,
belongs to one of the most important concepts in chemistry.
It provides an explanation of conformational preferences of
molecules, their properties, and reactivities in the gas, liquid,
and solid phases.[1] For conventional or strong hydrogen
bonds, both X and Y are electronegative atoms, such as O,
N, or F. On the basis of a huge amount of convincing infor-
mation, both theoretical and experimental, this type of
bonding is quite well understood, nowadays. The commonly
accepted criteria for the existence of hydrogen bonds are re-
lated to energetic, structural, and spectroscopic properties of
the interacting species. The binding energies (BEs) of strong


hydrogen bonds are normally larger than �20 kJmol�1 and
the distance between the proton and the acceptor atom
(H¥¥¥Y) is significantly shorter than the sum of their van der
Waals radii.[2] A red shift of the stretching vibration of the
proton-donating bond is usually observed in the correspond-
ing IR spectra. It correlates with the X�H bond length and
the H¥¥¥Y bond strength.[2,3] Furthermore, NMR chemical
shifts, their anisotropy, and through-space spin±spin cou-
plings are also indicative for the existence of hydrogen
bonding.[2,4] For unusually activated donors and acceptors, as
in the case of the ™inorganic∫ fluoride ion F�H¥¥¥F� , and the
charged O�H¥¥¥O� , N+�H¥¥¥N or O+�H¥¥¥O systems, there is
very strong hydrogen bonding, whose energy and nature
shows similarities to covalent bonds.[5] On the other hand,
for systems in which both X and Y or only one of them, are
of moderate-to-low electronegativity, the bond energies
drop significantly below 20 kJmol�1 and approach values
typical of van der Waals interactions (weak hydrogen
bonds).[2,6] For this type of interaction, a return to the term
™hydrogen bridge∫ was recommended.[2c] Thus, one may dis-
tinguish between systems with 1) weak donors and strong
acceptors, for example, C�H¥¥¥N/O ,[7,8] 2) strong donors and
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Organisch-Chemisches Institut der Universit‰t M¸nster
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Abstract: We present a comparative
study on the nature and strength of
weak hydrogen bonding between the
C(sp3)�H , C(sp2)�H, and C(sp)�H
donor bonds and F�C(sp3) acceptors.
The series of molecules CH3F¥CH4 (2a,
2b), CH3F¥C2H4 (3), CH3F¥C2H2 (4), as
well as model complexes of experimen-
tally characterized 2-fluoro-2-phenylcy-
clopropane derivatives, C3H6¥C3H5F
(5a, 5b) and C3H5F¥C3H5F (6) were in-
vestigated. Comparative studies were
also performed for two conformers of
the methane dimer (1a, 1b). The calcu-
lations were carried out in hierarchies
of basis sets [SV(d,p), TZV(d,p), aug-
TZV(d,p), TZV(2df,2pd), aug-
TZV(2df,2pd), QZV(3d2fg,2pd), aug-
QZV(3d2fg,2pdf)] by means of ab


initio [HF, MP2, QCISD, QCISD(T)]
methods and density functional theory
(DFT/B3LYP, DFT/PBE). It is shown
that well-balanced basis sets of at least
TZV(2df,2pd) quality are needed for a
proper description of the weakly
bonded systems. In the case of 2, 3, 5,
and 6, the dispersion interaction is the
dominant term of the entire attraction,
which is not accounted for at the
B3LYP level. Significant electrostatic
contributions are observed for 6 and 3.


For 4, these forces have a dominating
contribution to the hydrogen bonding.
The C(sp)�H¥¥¥F�C(sp3) interaction in
4, though weak, exhibits the same char-
acteristics as conventional hydrogen
bridges. Despite showing longer H¥¥¥F/
H contacts compared to 1a, 2a, and 5a
the bifurcated structures, 1b, 2b, 5b,
are characterized by larger dispersion
interactions leading to stronger bond-
ing. For the systems with only one
H¥¥¥F contact, the MP2/
QZV(3d2fg,2pd) interaction energy in-
creases in the order 2a
(�1.62 kJmol�1), 3 (�2.79 kJmol�1), 5a
(�5.97 kJmol�1), 4 (�7.25 kJmol�1),
and 6 (�10.02 kJmol�1). This contra-
dicts the estimated proton donor ability
of the C�H bonds (2a<5a<3<6<4).


Keywords: ab initio calculations ¥
density functional calculations ¥
fluorinatedcyclopropanes ¥ hydro-
gen bridges ¥ weak hydrogen
bonding
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weak acceptors, such as O/N�H¥¥¥F�C,[9,10] and 3) weak
donors and weak acceptors, such as C�H¥¥¥F�C[11] or
C�H¥¥¥p[12] systems. Agostic interactions and dihydrogen
bonds, X�Hd+ ¥¥¥d�H�M, where X�H is the typical proton
donating group with an electronegative X atom and M�H is
the metal-hydride s bond are also classified as weak hydro-
gen-bonded systems.[13,2a] Contrary to conventional hydrogen
bonds, a shortening of the proton-donating bond and a blue
shift of its stretching vibration is often observed in the IR
spectra of weak hydrogen bridges.[12d] Theoretically, one way
to characterize hydrogen bond systems is based on the topo-
logical analysis of the electron density, that is, on the AIM
method.[14a] Recent investigations showed that the proposed
criteria for the existence of hydrogen bonds according to the
topological analysis of the electron density[14b±d] are also sat-
isfied in the case of weak hydrogen bridges exhibiting the
blue shift.[12d]


Based on Cambridge Structural Database (CSD) studies
for a set of molecules containing C, H, and F with H¥¥¥F con-
tacts shorter than 2.8 ä, Shimoni and Glusker recognized
that a fluorine atom covalently linked to a carbon atom (so-
called ™organic∫ fluorine) is a very poor hydrogen-bond ac-
ceptor and even poorer than the less electronegative oxygen
or nitrogen atoms in analogous O�C or N�C bonds.[15] The
authors revealed that attractive C�H¥¥¥F�C interactions
occur, but they are very weak.[15] Because of the importance
of fluorine in biochemical environments and the common
practice to replace a hydrogen atom or hydroxyl group by
fluorine to generate a fluorinated enzyme substrate or inhib-
itor in a given enzymatic process,[16] subsequent CSD search-
es were carried out with more severe criteria for the F¥¥¥H
distance.[17] According to a CSD analysis of Howard et al.
with RH¥¥¥F<2.35 ä, short C�H¥¥¥F�C contacts occur some-
what more frequently than O/N�H¥¥¥F�C hydrogen bonds,
but they are still relatively rare.[17a] On the basis of a similar
CSD study with RH¥¥¥F<2.3 ä, Dunitz and Taylor concluded
that short contacts between covalently bound fluorine and
OH or NH groups are extremely rare and that only a few
structures may be classified as exhibiting true hydrogen
bonds.[17b] However, other authors regarded a distance of
about the sum of van der Waals radii (2.67 ä)[18] or even
longer to be hydrogen bonds.[2b,11c,19] Furthermore, the
recent synthesis and structural characterization of 2-fluoro-
2-phenylcyclopropane derivatives revealed that, in addition
to C�H¥¥¥F�C distances which are close to or slightly below
the sum of the van der Waals radii, very short H¥¥¥F distan-
ces, that is, below 2.3 ä, are observed in the crystal struc-
tures of these species.[11d]


This work presents a comprehensive study of the nature
and magnitude of the C�H¥¥¥F�C interaction in several
model systems, which may be regarded as controversial in
the light of the aforementioned studies. Similarly to conven-
tional hydrogen bridges, the strength and nature of weak hy-
drogen bridges should be inherently connected to the subtle
balance between the Lewis acidity of the proton-donating
bond and the Lewis basicity of the acceptor. We thus started
our studies with a set of small systems, including CH4¥CH4


(1), CH4¥FCH3 (2), C2H4¥FCH3 (3), and C2H2¥FCH3 (4). The
choice of 2±4 should allow us to follow how the enhanced


acidity of the C�H donor bond effects the nature of the
C�H¥¥¥F�C interaction. The methane dimer (1), in which the
intermolecular attraction is dominated by dispersion, was
chosen for the comparison. We then continue with model
cyclopropane systems C3H6¥C3H5F (5) and C3H5F¥C3H5F (6)
for experimentally characterized monofluorinated phenylcy-
clopropane derivatives[11d] which are compared to 1±4.
As the hydrogen bonding becomes weaker and ap-


proaches typical van der Waals interaction energies, an un-
equivocal characterization of the interaction is no longer
possible and thus, several controversial debates can be
found in the literature.[20] This was also one of the main
topics discussed during the recently held International Sym-
posium Fluorine in the Life Sciences.[20f] Electrostatic contri-
butions are dominant in strong hydrogen bridges, while
charge transfer is most important for the strongest bonded
systems from the top end of the hydrogen-bonding scale. In
weak hydrogen bridges, the electrostatic term is relatively
small and can be of the same magnitude or even smaller
than the dispersion term.[8c] Theoretically, the dispersion
contributions can be separated from the other terms by the
comparison of results from Hartree±Fock calculations with
those obtained by ab initio methods including electron cor-
relation. To correctly characterize the nature of the
C�H¥¥¥F�C interactions and to provide conclusive answers,
the calculations presented here were carried out within hier-
archies of methods and with the basis sets described in the
next section.


Computational Details


All calculations were carried out with the TURBOMOLE system of pro-
grams.[21] As quantum chemical methods, Hartree±Fock (HF), second-
order M˘ller±Plesset perturbation theory (MP2),[22] and density function-
al theory (DFT) employing hybrid B3LYP[23] and pure PBE[24] functionals
were used. The MP2 calculations were carried out with the resolution of
the identity technique (RIMP2)[25] and excluding the correlation of the
1s electrons of carbon and fluorine. Although MP2 is generally consid-
ered to be a relatively accurate method to account for dispersive interac-
tions, it is well-known that it overestimates the effect quite often, as for
example in the case of the pure van der Waals interaction in the benzene
dimer.[26a] On the other hand, the complete basis set estimate for the
MP2 binding energy of the water dimer is underestimated by �
2 kJmol�1 compared to the experimental value.[26b] To clarify this point
for the C�H¥¥¥F�C interaction and estimate the MP2 errors, comparative
calculations at the QCISD and QCISD(T) levels[27] were also carried out
for 1±4 with the RICC program.[28]


The two DFT functionals were chosen for the following reasons. First,
B3LYP is the most popular functional with a good performance for a
wide range of ground state properties. Although B3LYP almost com-
pletely fails for the description of pure van der Waals bonded systems,[29]


it is still in common use for weakly bonded ones. On the other hand, the
pure (nonhybrid) PBE functional accounts, at least qualitatively, for dis-
persion forces and it is thus one aim of this study to explore the capabili-
ties of both functionals for the different F¥¥¥H interactions investigated in
this work.


The accurate description of dispersive interactions requires an accurate
description of the polarizabilities of the fragments, and this is only possi-
ble with large basis sets that include diffuse functions with small expo-
nents. To reduce the basis set superposition error (BSSE), which leads to
an artificial increase of the calculated binding energy (BE), appropriate
polarization functions are also necessary. The BSSE was calculated ac-
cording to the counterpoise (CP) method of Boys and Bernardi,[30] and
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yields the final counterpoise-corrected binding energies (CPBE). The de-
termination of the BSSE may also provide some insight into the quality
of the basis set used in the calculations. The basis sets used here are:
SVP, TZVP, aug-TZVP, TZVPP, aug-TZVPP, QZVPPP, and aug-
QZVPPP.[21,31] For the sake of clarity, the number of primitive Gaussians
together with the contraction schemes are presented in Table 1. The last
column in Table 1 shows the number of contracted AO basis functions
for the largest system studied, namely, C3H5F¥C3H5F (6).


The smaller sets (SVP, TZVP) are included in this study in order to ex-
plore their performance, which may be of importance in future studies
on much larger systems where the big basis sets become computationally
too demanding. For example, in the case of 6, which is only a model
system, the QZVPPP basis comprises almost 600 contracted AOs. For the
RIMP2 calculations we used the corresponding auxiliary basis sets from
the TURBOMOLE library.[21,32] According to prior experience, errors re-
sulting from the RI approximation are less than 0.05 kJmol�1 for BE and
negligible for the optimized structural parameters. The geometries of 1±6
were optimized at the HF, B3LYP, and MP2 levels by the use of all the
basis sets mentioned. In the case of 5 and 6, optimizations with the aug-
QZVPPP basis were omitted. If not mentioned otherwise, the calculated
BE, BSSE, and CPBE values refer to the geometry corresponding to the
actual basis set/method combination. To estimate how the BSSE influen-
ces the H¥¥¥F distance, HF, MP2, DFT/PBE, and DFT/B3LYP potential
energy curves (PEC) were calculated for 2±4. In these calculations, only
the TZVPP basis set and fixed MP2/TZVPP optimized structures were
used.


Theoretically, intermolecular interaction energies can be (arbitrarily) de-
composed into chemically meaningful quantities, for example, electrostat-
ics, polarization, exchange-repulsion, charge-transfer, and dispersion.[33]


The most consistent way to calculate these quantities accurately is the
symmetry-adapted perturbation theory (SAPT) approach.[34] For weak
hydrogen bonds (and also from the viewpoint of the quantum-chemical
methodology), the dispersion term is of particular importance. Thus, in
this first work, we decided to employ a simplified scheme which nonethe-
less allows deep insight into the nature of bonding. We used the ratio be-
tween Hartree±Fock and MP2 interaction energies CPBE(HF)/
CPBE(MP2) as a measure of the importance of the dispersion contribu-
tions. For simplicity, the first four contributions to the binding energy
mentioned above, which are relatively accurately covered by the HF
methods, are summarized in the following under the term ™electrostatic
contribution∫. Coupling terms, which arise because electron correlation
changes the properties of the monomers (e.g. their dipole moments), may
have some effect for the contribution of pure electrostatics; however,
they are not expected to influence our general conclusion regarding a
series of structurally similar molecules.


Two additional points that are of particular importance for weak interac-
tions will be also addressed in our work: the first one concerns the esti-
mation of the complete basis set (CBS) limit for the MP2 interaction en-
ergies. These calculations were carried out for 2a, 3, and 4 with the aug-
cc-pVXZ (X = 3, 4) basis sets[35] by means of the two-point approxima-
tion[36] for the uncorrected and counterpoise-corrected MP2 correlation


energy part. The second point concerns the shifts of the stretching vibra-
tions of the C�H proton-donating bond. These investigations were car-
ried out for the B3LYP/QZVPPP- and MP2/QZVPPP-optimized struc-
tures of 2a, 3, 4, 6, and the corresponding monomers. Harmonic vibra-
tions were calculated with the SNF program.[37]


Results and Discussion


C�H¥¥¥F�C interactions in com-
pounds 2±4 : The calculations
for molecules 1±4 were carried
out for the conformations
shown in Scheme 1. Important
geometrical parameters of 1±4
together with binding energies
(BE) and the basis set superpo-
sition errors (BSSE) are collect-
ed in Table 2 and Table 3. The
counterpoise-corrected binding
energies (CPBE) and the BSSE
as a function of the basis set


and method are depicted in Figure 1. The optimized H¥¥¥F
distances of 2a(C3v), 3(Cs), and 4(C3v) are compared in
Figure 2. From Table 2, Table 3, and Figure 1, it is evident
that the smallest SVP basis is not appropriate for these
weakly bonded systems. For 1a, 2a, 1b, and 2b, indepen-
dently of the method, the BSSE calculated with the SVP
basis is nearly equal to or even larger than the binding
energy itself. This situation is slightly better for the more
strongly bound systems 3 and 4, for which the BSSE correc-
tions to the binding energies range from 32% (HF: 4) to
88% (B3LYP: 3)
As expected, the BSSE errors decrease systematically


with increasing size of the basis set. For 2a, 2b, 3, and 4
with the TZVP basis set, the BSSE corrections are 23±58%
(MP2), 15±63% (B3LYP) and 8±45% (HF) of the corre-
sponding binding energies. For the aug-QZVPPP basis set,
these corrections diminish to 9±20% (MP2), 1±12%


Table 1. Primitive Gaussians and contraction schemes of the AO basis sets used[21,31] together with the total
number of the contracted AO basis functions for 6.


Basis set[a] C, F H AOs
(6)


SVP�SV(d,p) (7s4p1d)/[3s2p1d] (4 s1p)/[2s1p] 162
TZVP � TZV(d,p) (11s6p1d)/[5s3p1d] (5s1p)/[3s1p] 212
aug-TZVP�aug-TZV(d,p) {(11s6p1d)+ (1s1p1d)}/[6s4p2d] {(5s1p)+ (1s1p)}/[4s2p] 324
TZVPP�TZV(2df,2pd) (11s6p2d1f)/[5s3p2d1f] (5s2p1d)/[3s2p1d] 388
aug-TZVPP�aug-
TZV(2df,2pd)


{(11s6p2d1f)+ (1s1p1d)}/[6s4p3d1f] {(5s2p1d)+ (1s1p)}/
[4s3p1d]


500


QZVPPP�QZV(3d2fg,2pd) (11s7p3d2f1g)/[6s4p3d2f1g] (6s2p1d)/[3s2p1d] 588
aug-QZVPPP�aug-
QZV(3d2fg,2pdf)


{(11s7p3d2f1g)+ (1s1p1d1f1g)}/
[7s5p4d3f2g]


{(6s2p1d)+ (1p1d1f)}/
[4s3p2d1f]


948


[a] The prefix ™aug-∫ means that diffuse functions, as indicated in the second and third column, are added.


Scheme 1. Molecular structures of the complexes 1±4.
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(B3LYP), 1±9% (HF). For the methane dimer (1), for which
several theoretical studies have been performed,[38] the inter-
molecular attraction is entirely dominated by dispersion. In-
dependently of the basis set used, 1a and 1b are not bound
at the HF and B3LYP levels (Figure 1). For the smallest
basis set, the BEs with these methods are negative; howev-
er, after correction for BSSE the resulting CPBEs adopt
positive values, (Table 2 and Table 3). For larger basis sets,
however, the calculated BEs are also positive, which demon-
strates the inability of both methods to describe the disper-
sion interactions. These values are not presented in Table 2


and Table 3 because they are not physically meaningful. De-
spite its longer H�H distances, 1b is more stable than 1a.
From Figure 1 it is evident that the greater stability of 1b
can be entirely attributed to the increase of dispersion con-
tributions. The MP2/aug-QZVPPP counterpoise-corrected
binding energy of 1b (�1.30 kJmol�1) approaches the exper-
imental estimates based on spherically averaged potentials
(�1.38 to �1.92 kJmol�1).[39] It should be noted, however,
that 1b is not the most stable conformer of the methane
dimer[38] even though the energy differences are small.
Figure 1 clearly shows that electrostatic interactions are not


Table 2. Optimized H�F bond lengths [ä] and C-H-F bond angles [8] as well as calculated binding energies (BE) [kJmol�1] and basis set superposition
errors (BSSE) [kJmol�1] for CH4¥CH4 (1a(D3d)), CH3F¥CH4 (2a(C3v)), CH3F¥C2H4 (3), and CH3F¥C2H2 (4).


1a(D3d) 2a(C3v) 3(Cs) 4(C3v)
Method/basis set RH�H BE BSSE RH�F BE BSSE RH�F BE BSSE RH�F BE BSSE


HF/SVP 3.470 �0.02 0.08 2.720 �2.42 2.24 2.601 �3.81 2.52 2.278 �9.52 3.07
B3LYP/SVP 2.722 �0.27 0.54 2.463 �5.39 5.42 2.364 �6.84 5.99 2.139 �12.91 7.26
MP2/SVP 2.522 �1.37 1.18 2.494 �5.04 4.56 2.415 �6.58 5.03 2.185 �12.14 6.08
HF/TZVP 3.213 not bound 2.945 �0.82 0.37 2.748 �2.01 0.44 2.353 �6.94 0.57
B3LYP/TZVP 2.723 not bound 2.720 �1.16 0.73 2.522 �2.41 0.87 2.235 �7.52 1.15
MP2/TZVP 2.725 �0.55 0.30 2.651 �2.29 1.20 2.496 �3.87 1.65 2.266 �8.56 1.98
HF/aug-TZVP 3.471 not bound 3.115 �0.47 0.05 2.841 �1.49 0.10 2.394 �5.83 0.18
B3LYP/aug-TZVP 2.723 not bound 2.723 �0.43 0.15 2.589 �1.43 0.20 2.269 �5.84 0.36
MP2/aug-TZVP 2.722 �1.91 1.36 2.522 �3.40 1.87 2.415 �5.11 2.40 2.229 �9.31 2.39
HF/TZVPP 3.213 not bound 3.042 �0.67 0.26 2.783 �1.70 0.34 2.389 �6.15 0.47
B3LYP/TZVPP 2.723 not bound 2.720 �0.91 0.51 2.560 �1.90 0.74 2.259 �6.56 0.94
MP2/TZVPP 2.718 �0.67 0.22 2.596 �2.26 0.87 2.464 �3.62 1.12 2.215 �8.27 1.56
HF/aug-TZVPP 3.213 not bound 3.043 �0.49 0.06 2.849 �1.49 0.10 2.388 �5.91 0.18
B3LYP/aug-TZVPP 2.723 not bound 2.721 �0.44 0.12 2.626 �1.45 0.17 2.260 �5.95 0.35
MP2/aug-TZVPP 2.717 �1.02 0.44 2.522 �2.51 0.81 2.415 �4.26 1.32 2.186 �9.07 1.85
HF/QZVPPP 3.213 not bound 3.043 �0.51 0.08 2.837 �1.51 0.13 2.391 �5.89 0.20
B3LYP/QZVPPP 2.723 not bound 2.721 �0.59 0.24 2.581 �1.61 0.32 2.260 �6.10 0.45
MP2/QZVPPP 2.723 �0.54 0.06 2.596 �1.96 0.34 2.418 �3.30 0.51 2.218 �7.93 0.68
HF/aug-QZVPPP 3.214 not bound 3.044 �0.45 0.03 2.837 �1.43 0.05 2.384 �5.78 0.08
B3LYP/aug-QZVPPP 2.724 not bound 3.053 �0.34 0.04 2.606 �1.32 0.04 2.270 �5.69 0.08
MP2/aug-QZVPPP 2.723 �0.95 0.34 2.596 �2.44 0.48 2.419 �3.81 0.58 2.193 �8.52 0.80


Table 3. Optimized H�H/F bond lengths [ä] and C-H-H/F bond angles [8] as well as calculated binding energies (BE) [kJmol�1] and basis set superposi-
tion errors (BSSE) [kJmol�1] for CH4¥CH4 (1b(C1)) and CH3F¥CH4 (2b(C1)).


1b(C1) 2b(C1)
Method/basis RH�H1/RH�H2 aCHH1/aCHH2 BE BSSE RH�F/RH�H1 aCHF/aCHH1 BE BSSE


HF/SVP 3.354/3.350 155.1/174.0 �0.03 0.13 2.695/3.195 176.8/138.2 �3.78 3.87
B3LYPSVP 3.039/2.992 168.8/156.5 �0.13 0.50 2.449/2.993 178.5/136.0 �7.93 8.10
MP2/SVP 2.755/2.767 158.5/163.7 �1.35 1.19 2.471/2.669 174.4/128.1 �8.31 8.08
HF/TZVP 3.380/3.380 156.9/172.4 not bound 3.020/3.825 176.8/145.6 �0.76 0.30
B3LYP/TZVP 3.149/3.099 165.5/161.4 not bound 2.721/3.561 177.4/142.9 �1.25 0.72
MP2/TZVP 2.711/2.730 160.1/161.7 �1.60 1.38 2.739/2.739 141.1/97.9 �3.20 1.85
HF/aug�TZVP 3.310/2.309 159.6/167.3 not bound 3.021/3.823 176.7/145.5 �0.50 0.09
B3LYP/aug-TZVP 3.161/3.087 178.3/148.6 0.36 0.05 2.721/3.557 177.4/142.8 �0.46 0.11
MP2/aug-TZVP 2.663/2.654 159.7/161.2 �2.38 1.70 2.637/2.578 146.2/100.5 �4.82 2.20
HF/TZVPP 3.483/3.510 157.3/173.2 not bound 3.020/3.821 176.9/145.7 �0.78 0.39
B3LYP/TZVPP 3.070/3.047 166.8/159.3 not bound 2.707/3.527 178.1/143.2 �1.23 0.85
MP2/TZVPP 2.745/2.726 159.0/163.2 �1.11 0.28 2.615/2.620 148.6/100.3 �3.82 1.51
HF/aug-TZVPP 3.318/3.343 158.5/170.8 not bound 3.020/3.821 176.9/145.7 �0.47 0.08
B3LYP/aug-TZVPP 3.179/3.123 167.7/159.2 not bound 2.721/3.557 177.4/142.9 �0.44 0.07
MP2/aug-TZVPP 2.734/2.708 161.9/160.0 �1.63 0.54 2.637/2.600 145.5/100.2 �3.97 1.06
HF/QZVPPP 3.394/3.389 168.3/161.6 not bound 3.020/3.820 176.9/145.7 �0.55 0.15
B3LYP/QZVPPP 3.084/3.032 166.9/159.3 not bound 2.707/3.525 178.0/143.2 �0.79 0.40
MP2/QZVPPP 2.794/2.799 153.5/169.5 �1.08 0.11 2.615/2.615 148.5/103.2 �3.36 0.64
HF/aug-QZVPPP 3.122/3.112 149.0/178.3 not bound 3.020/3.821 176.9/145.7 �0.45 0.04
B3LYP/aug-QZVPPP 3.095/3.047 158.0/168.6 not bound 2.707/3.526 178.0/143.2 �0.42 0.05
MP2/aug-QZVPPP 2.808/2.891 111.9/147.2 �1.67 0.37 2.612/2.583 145.2/99.6 �3.99 0.66
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discernible in 1a and 1b, but they begin to develop for 2a
and 2b. At the MP2/QZVPPP level, the electrostatic contri-
bution to the whole attraction is 27% for 2a and 15% for
2b. Similar to the case of the methane dimer, 2b is more
stable than 2a, and its greater stability also results from the
increased dispersion contribution (see Figure 1). For 3 and
4, the electrostatic part of the CPBE increases to 49% and
78%, respectively; in the latter case it reaches the value typ-


ically found for conventional hydrogen bridges.[2a,29] There
are no experimental estimates of the binding energies of 2±
4. Our MP2/QZVPPP studies predict �1.62 kJmol�1 for 2a,
�2.72 kJmol�1 for 2b, �2.79 kJmol�1 for 3, and
�7.25 kJmol�1 for 4.
Similar trends are also observed with the other basis sets


(Table 2, Table 3, Figure 1). These results clearly show that
similar CPBE values, as in the case of 2b(�2.72 kJmol�1)


Figure 1. Counterpoise-corrected binding energies (CPBE) and BSSE of 1±4. For the indicated basis set the ordering is CPBE(HF, B3LYP, MP2) and
BSSE(HF, B3LYP, MP2).
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and 3 (�2.79 kJmol�1), do not necessarily indicate a compa-
rable nature or type of hydrogen bridging. To the best of
our knowledge, theoretical studies on 2b, 3, and 4 are not
known, and only one study has appeared for 2a.[17a] On the
basis of MP2 calculations with a TZV++ (3d1f,1p) basis set
augmented with an (1p1d1f)-expansion midway between the
F and H atoms, Howard et al. estimated a very short F¥¥¥H
distance of ~2.2 ä and an interaction energy of
�0.85 kJmol�1.[17a] The basis set used for the hydrogen
atoms had only a single p-polarization function and a single
diffuse s-shell.[17a] We suppose that the calculated interaction
energy (�0.85 kJmol�1) suffers from a large BSSE, which


normally occurs when basis sets that are not well balanced
are used in calculations. In addition, the bond functions
used might be problematic.[40] Our MP2/aug-TZVPP calcula-
tion predicts an interaction energy of �1.70 kJmol�1 for 2a
and �2.91 kJmol�1 for 2b, and the binding increases at the
MP2/aug-QZVPPP level as �1.96 kJmol�1 (2a) and
�3.33 kJmol�1 (2b). Despite these larger interaction ener-
gies, the MP2/aug-QZVPPP-optimized F¥¥¥H distances
[2.596 ä (2a), 2.612 ä (2b)], though slightly shorter than
the sum of the van der Waals radii, are significantly longer
than that determined by Howard et al. (2.2 ä).[17a] It is inter-
esting to note that the MP2/aug-QZVPPP attraction of 2a
(�1.96 kJmol�1) is only slightly lower than that determined
by Caminati and co-workers for a unique C�H¥¥¥F�C inter-
action in the difluoromethane dimer (�2.2 kJmol�1) by
means of free-jet millimeter-wave absorption spectroscopy
experiments.[41]


Independently of the basis set and calculation method,
the optimized F¥¥¥H distance of 2b is always longer than that
of 2a. Taking into account that 2b may be regarded as a bi-
furcated hydrogen bridging system, this elongation is not
surprising. Furthermore, for the more flexible basis sets, the
MP2-optimized H�H1 distance of 2b is significantly shorter
than the H�H1 and H�H2 distances in the methane dimer
1b (Table 3).
The replacement of the C(sp3)�H donor bond by a C(sp2)


�H and further by a C(sp)�H bond leads to very short F¥¥¥H
contacts (Table 2, Figure 2). The MP2-optimized F¥¥¥H dis-
tances range from 2.415 ä to 2.496 ä for 3 and from
2.186 ä to 2.266 ä for 4. Experimental structures are not
available for 3 and 4. However, we can compare our data
with X-ray crystallography measurements of the closely re-
lated fluorobenzenes and the 4-ethynylfluorobenzene.[11a,b]


The MP2/aug-QZVPPP-optimized F¥¥¥H contacts in 3
(2.419 ä) and 4 (2.193 ä) are only slightly shorter than the
experimental values of monofluorinated benzene
(2.47 ä)[11b] and 4-ethynylfluorobenzene (2.26 ä).[11a] This
discrepancy may be attributed to the slightly poorer accept-
or ability of the C(sp2)�F bonds[17a] present in the ™real∫
molecules compared to the corresponding C(sp3)�F bonds
used in our model systems. The bifurcated nature of the hy-
drogen bridges in the experimentally investigated mono-
fluorinated benzenes[11b] may also be responsible for slightly
longer F¥¥¥H bonds.
Compared to free acetylene, the C�H proton donor bond


of 4 is elongated by 0.0023 ä (B3LYP/QZVPPP) or
0.0022 ä (MP2/QZVPPP). In complex 4, both C�H stretch-
ing modes of the acetylene are red shifted: Dn = �11 cm�1


and �4 cm�1 (B3LYP); �12 cm�1 and �8 cm�1 (MP2). At
the MP2/QZVPPP level, we do not observe significant
changes in the proton donor C�H bond lengths of 2a and 3 ;
however, the remaining C�H bonds are slightly elongated
(0.0003±0.0005 ä) compared to those of CH4 and C2H4. The
shifts of the C�H stretching vibrations are insignificant for
complex 3 (Dn=++1/�1 cm�1), but in the case of 2a one
C�H stretching mode is blue-shifted (Dn = ++4 cm�1) while
the three other are red-shifted (Dn = �4 cm�1, �4 cm�1,
�2 cm�1). Similar results were also obtained at the B3LYP/
QZVPPP level.


Figure 2. Comparison of the optimized H¥¥¥F distances of 2a, 3, and 4 as a
function of the basis set and method.
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To verify to which extent the MP2 method accounts for
correlation effects, we have performed QCISD and
QCISD(T) calculations for 1±4 with the TZVPP basis and
the MP2/TZVPP structures. The CPBEs are presented in
Table 4.


The QCISD(T) CPBEs are larger than the MP2 ones by
0.11 kJmol�1 (1a), 0.06 kJmol�1 (2a), 0.10 kJmol�1 (3), and
0.09 kJmol�1 (4). These results clearly show that MP2 ac-
counts fairly accurately for the dispersion interactions. The
QCISD binding energies are slightly underestimated com-
pared to QCISD(T) ones indicating the importance of tri-
ples contributions for the systems studied.
To study the basis set convergence of the correlation


energy we have used the common two-point approxima-
tion[36] with two consecutive cardinal numbers X of the aug-
cc-pVXZ (X = 3, 4) basis set.[35] The extrapolated aug-cc-
pV(TQ)Z BEs are: �2.04 kJmol�1 (2a), �3.74 kJmol�1 (3),
�8.55 kJmol�1 (4). Compared to the MP2/aug-cc-pVQZ or
MP2/aug-QZVPPP results, the extrapolated values differ by
no more than 0.40 kJmol�1. The extrapolated aug-cc-
pV(TQ)Z CPBEs of �1.85 kJmol�1 (2a), �3.38 kJmol�1 (3),
�7.97 kJmol�1 (4) are within 0.24 kJmol�1 of the aug-cc-
pVQZ or the aug-QZVPPP values.


C�H¥¥¥F�C interactions in monofluorinated cyclopropanes :
To obtain some insight into the nature of the C�H¥¥¥F�C in-


teractions in the experimentally characterized monofluori-
nated phenylcyclopropanes,[11d] we carried out calculations
for the model systems C3H6¥C3H5F (5) and C3H5F¥C3H5F (6)
(Scheme 2).


The calculations for 5 were performed within Cs symmetry
constraints. During the geometry optimization, the starting
structure, 5(Cs) converged to the bifurcated structure 5b(Cs)
which, in addition, has relatively short ring±ring contacts.
Further searches on the potential energy surface leads to
structure 5a(Cs) with only one C�H¥¥¥F contact. The geome-
try optimization for 6 was carried out without any symmetry
constraints. The calculated data are summarized in Table 5
and graphically displayed in Figure 3, Figure 4, and Figure 5.
As expected, the calculated BSSEs decrease systematical-


ly as the basis set is improved. The BEs and CPBEs con-


Table 4. MP2, QCISD, and QCISD(T) counterpoise-corrected binding
energies (CPBE) of 1±4. The CPBEs [kJmol�1] refer to the TZVPP basis
set and MP2/TZVPP structures.


QCISD MP2 QCISD(T)


CH4¥CH4, 1a(D3d) �0.39 �0.45 �0.56
CH4¥CH4, 1b(C1) �0.65 �0.83 �0.92
CH3F¥CH4, 2a(C3v) �1.21 �1.39 �1.45
CH3F¥CH4, 2b(C1) �1.91 �2.31 �2.42
CH3F¥C2H4, 3(Cs) �2.30 �2.50 �2.60
CH3F¥C2H2, 4(C3v) �6.51 �6.71 �6.80


Scheme 2. Molecular structures of the complexes 5a, 5b, and 6.


Table 5. Optimized H�F bond lengths [ä] and C-H-F bond angles [8] as well as calculated binding energies (BE) [kJmol�1] and basis set superposition
errors (BSSE) [kJmol�1] for the conformers 5a and 5b of the C3H5F¥C3H6 system and for C3H5F¥C3H5F (6).


5b(Cs) 5a(Cs) 6(C1)
Method/basis RH�F aCHF BE BSSE RH�F aCHF BE BSSE RH�F aCHF BE BSSE


HF/SVP 2.873 116.7 �4.88 4.49 2.701 180.0 �3.88 3.40 2.587 161.3 �5.82 3.29
B3LYPSVP 2.625 118.8 �8.76 9.76 2.508 169.0 �6.80 6.82 2.410 179.9 �8.63 6.99
MP2/SVP 2.573 117.3 �13.57 11.62 2.476 168.5 �10.87 8.56 2.392 178.1 �11.19 8.29
HF/TZVP 3.098 120.5 �1.96 0.72 2.905 174.6 �1.40 0.50 2.735 123.2 �4.66 0.90
B3LYP/TZVP 3.234 122.4 �1.08 1.00 2.793 166.9 �1.31 0.73 2.559 176.7 �3.37 0.92
MP2/TZVP 2.695 120.3 �9.33 4.45 2.494 161.0 �7.52 4.14 2.463 175.7 �7.19 3.13
HF/aug�TZVP 3.104 119.9 �1.51 0.34 2.965 175.6 �1.07 0.23 2.920 117.1 �4.29 0.47
B3LYP/aug-TZVP 3.018 123.9 �0.70 0.31 2.814 170.1 �0.77 0.22 2.626 176.6 �2.86 0.28
MP2/aug-TZVP 2.632 120.0 �13.39 6.03 2.493 159.5 �11.79 6.52 2.618 116.6 �17.37 8.07
HF/TZVPP 2.875 117.2 �1.18 0.74 3.014 144.5 �1.39 0.41 2.861 122.1 �4.35 0.66
B3LYP/TZVPP 3.375 127.0 �0.55 0.78 2.850 168.8 �1.17 0.67 2.786 123.7 �4.26 1.23
MP2/TZVPP 2.702 124.8 �9.68 2.57 2.484 160.3 �7.16 2.04 2.571 117.4 �11.91 3.00
HF/aug-TZVPP 3.724 117.3 �0.47 0.10 2.977 179.7 �0.94 0.12 2.884 122.4 �3.88 0.19
B3LYP/aug-TZVPP 3.613 127.6 0.08 0.12 2.845 166.2 �0.63 0.17 2.562 176.6 �2.77 0.23
MP2/aug-TZVPP 2.680 124.7 �11.00 2.86 2.580 157.0 �8.68 2.54 2.559 115.3 �13.83 2.82
HF/QZVPPP 2.876 117.3 �0.76 0.29 3.014 144.1 �1.18 0.18 2.861 122.1 �3.95 0.27
B3LYP/QZVPPP 3.365 126.9 �0.03 0.28 2.850 168.8 �0.74 0.23 2.786 123.7 �3.57 0.47
MP2/QZVPPP 2.712 124.9 �8.79 0.99 2.605 155.3 �6.78 0.81 2.574 117.1 �11.30 1.28
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verge towards the same interaction energy, as shown sche-
matically for 5a in Figure 3.
With respect to the method used, the optimized F¥¥¥H dis-


tances of 5 and 6 show the same trends as in the case of 2±


4 : RF�H(HF)>RF�H(B3LYP)>RF�H(MP2) (Table 5). For a
given basis set, similarly to the case of 1±4, the absolute
BSSEs are larger at the correlated MP2 than at HF and
B3LYP levels (see Figure 1 and Figure 4).
Contrary to what is found at the HF level, 5b is not


bound at the B3LYP level. The PBE/TZVPP method pre-
dicts a CPBE of �2.92 kJmol�1 for 5b, which is, however,
underestimated compared to the corresponding MP2/
TZVPP value (�7.11 kJmol�1). On the other hand, a com-
parative DFT study on hydrogen-bonded systems showed
that the PBE functional normally overestimates binding en-
ergies compared to MP2.[42] The MP2/QZVPPP F¥¥¥H dis-
tance of 5a (2.605 ä) is of the same magnitude as that of 2a
(2.596 ä), and the F¥¥¥H distance of 6 (2.574 ä) is only
slightly shorter (Table 5).
The F¥¥¥H distances (MP2) of the bifurcated structure 5b


are always longer than that in 5a, and, with the more ex-
tended basis set, even longer than the sum of the van der
Waals radii. Once again, despite the long F¥¥¥H contacts, the
bifurcated structure 5b is more stable than 5a. At the MP2/
QZVPPP level of theory, the counterpoise-corrected inter-
action energy (CPBE) amounts to �7.80 kJmol�1 for 5b
and �5.97 kJmol�1 for 5a (Figure 4). Figure 4 clearly shows
that for both, 5a and 5b, dispersion is the dominant term of
the entire attraction. Electrostatic contributions are also
present, but they are small [17% (5a), 6%(5b)]. For 6 the
MP2/QZVPPP counterpoise-corrected binding energy is
�10.02 kJmol�1, which is of the same magnitude as that of
the fluoromethane±water complex (�9.95 kJmol�1)[17a] and
even larger than for the fluoromethane±acetylene complex,
4 (�7.25 kJmol�1). Similar energies were also obtained for
the difluoromethane±water complex from CCSD(T)/6-311+
G(d) (�9.91 kJmol�1) and experimental (�7.5 kJmol�1)
studies.[9i] The electrostatic contribution to the CPBE of 6
amounts to 37% (MP2/QZVPPP).
Compared to the monomer, the C�H proton-donor bond


of 6 is shortened by 0.0008 ä (B3LYP/QZVPPP) or
0.0010 ä (MP2/QZVPPP). The corresponding C�H stretch-
ing mode is blue-shifted, Dn = ++15 cm�1.
In Figure 5, we compare the counterpoise-corrected bind-


ing energies of 2a, 3, 4, 5a, and 6 calculated at the HF,
B3LYP, and MP2 levels with the QZVPPP basis set.
It can be seen that the MP2 interaction energy increases


in the order 2a<3<5a<4<6, while for HF and B3LYP the


Figure 3. The MP2 interaction energy of 5a (in kJmol�1) as a function of
the basis set. The dashed line is the uncorrected BE curve and the solid
line is the counterpoise-corrected CPBE curve.


Figure 4. Counterpoise-corrected binding energies (CPBE) and BSSE of
5a, 5b, and 6. For the indicated basis set the ordering is CPBE(HF,
B3LYP, MP2) and BSSE(HF, B3LYP, MP2).


Figure 5. Counterpoise-corrected binding energies CPBE(HF, B3LYP,
MP2) of 2a, 3, 4, 5a, and 6 calculated with the QZVPPP basis set.
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ordering is: 2a<5a<3<6<4 (Figure 5). The HF and
B3LYP CPBEs, which only contain electrostatic contribu-
tions, suggest that the proton-donating ability of the C�H
bond in 6 may be classified as between that of the C(sp2)�H
bond of 3 and the C(sp)�H bond of 4. This finding is in per-
fect agreement with early experimental and theoretical stud-
ies on the acidity of the different kinds of C�H bonds.[7d,e,43]


It should be noted, however, as a result of the unconstrained
geometry optimizations in 6, the fluorine atom is attached
to the same carbon atom as the interacting proton
(Scheme 2). Consequently, the donating bond in 6 should be
more correctly classified as an activated C�H donor. Al-
though such situations are not possible for the experimental-
ly characterized 2-fluoro-2-phenylcyclopropane deriva-
tives,[11d] the question whether other substituents in the


three-membered ring may influence the acidity and the ba-
sicity of the cyclopropane C�H and C�F bonds requires fur-
ther systematic studies.


Potential energy curves (PEC) of 2±4 : In this section we
wish to discuss the problem concerning the effect of the
BSSE on the optimized H¥¥¥F distances. On the left-hand
side of Figure 6 we show the calculated potential energy
curves (PEC) obtained by varying the H¥¥¥F distance. The
counterpoise-corrected PECs are shown on the right-hand
side of Figure 6. Independent of the method employed, the
counterpoise-corrected H¥¥¥F distances (RH�F


CP) are always
longer than the corresponding uncorrected values (RH�F).
This finding is in agreement with literature data;[44] however,
the lengthening of RH�F


CP is rather large in the case of the


Figure 6. Uncorrected (left-hand side) and BSSE-corrected (right-hand side) interaction energies of 2a, 3, and 4 as a function of the intramolecular sepa-
ration, RH¥¥¥F, calculated with the TZVPP basis set.
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systems dominated by dispersion interactions [for example,
2a : 0.102 ä (MP2), 0.082 ä (PBE), 0.118 ä (B3LYP),
0.130 ä (HF)]. For CH3F¥C2H2 (4), where electrostatic con-
tributions determine the nature of the C�H¥¥¥F�C bonding,
RH�F and RH�F


CP are closer together and the elongation
[0.056 ä (MP2), 0.032 ä (PBE), 0.026 ä (B3LYP), 0.015 ä
(HF)] is of the same order as that found for conventional
hydrogen bonding.[45]


For CH3F¥C2H4 (3), the elongation due to the CP correc-
tion lies between that of 2a and 4 [0.078 ä (MP2), 0.062 ä
(PBE), 0.103 ä (B3LYP), 0.049 ä (HF)]. Based on these re-
sults, it can be concluded that, in addition to the calculated
BE values, the structural parameters of dispersion-dominat-
ed systems are more affected by BSSE compared to conven-
tional hydrogen bridges and, consequently, these systems
are more demanding with respect to the theoretical method
and the quality of the basis set. Considering the shapes of
the PECs in Figure 6, the following conclusions can be
drawn: the counterpoise-corrected curves are closer togeth-
er than the uncorrected ones. For dispersion-dominated
bonding, the PECs are shallow and wide. In agreement with
the fact, that the hybrid B3LYP functional is not able to ac-
count for dispersion forces, these curves are close to the HF
ones, but a crossing is observed at longer H¥¥¥F distances.
The DFT/PBE curves are very close and parallel to the
MP2 ones.


Conclusion


We investigated the nature and the strength of C�H¥¥¥F�C
interactions with hierarchies of basis sets and ab initio [HF,
MP2, QCISD, QCISD(T)] and density functional theory
(DFT/B3LYP and DFT/PBE) methods for the C(sp3)�H,
C(sp2)�H, and C(sp)�H donors and F�C(sp3) acceptors.
Basis sets of double-zeta quality are not appropriate for the
investigation of these weakly bonded systems. To obtain
conclusive results, well-balanced basis sets of at least
TZVPP quality are needed. The optimized F¥¥¥H distances
follow the order: RH�F(HF)>RH�F(B3LYP)>RH�F(MP2). In
2, 3, 5, and 6, the dispersion interaction is the dominant
term of the entire attraction. Depending on the dispersion
contribution to the bonding, the CP-corrected MP2/TZVPP
distances are stretched by 0.06±0.1 ä with respect to the un-
corrected ones. The MP2/QZVPPP RH�F distances of 2a
(2.596 ä), 5a (2.605 ä), and 6 (2.574 ä), though slightly
shorter than the sum of the van der Waals radii, are signifi-
cantly longer than the threshold (2.3 ä) used in CSD stud-
ies.[17] The bifurcated structures 1b, 2b, and 5b, despite
longer H¥¥¥F/H distances than in 1a, 2a, and 5a, are charac-
terized by stronger bonding owing due to the increased dis-
persion interactions. The replacement of the C(sp3)�H
donor bond by a C(sp2)�H and further by a C(sp)�H bond
results in significantly shortened F¥¥¥H contacts, namely,
2.418 ä (3), 2.218 ä (4), which agree well with the experi-
mental values determined for the related monofluorinated
benzenes (2.47 ä) and 4-ethynylfluorobenzenes (2.26 ä).[11]


The MP2/aug-QZVPPP interaction energy of 2a
(�1.96 kJmol�1) is close to that determined experimentally


for a unique C�H¥¥¥F�C interaction in the difluoromethane
dimer (�2.2 kJmol�1).[41] The calculated interaction energy
of 6 (�10.02 kJmol�1) is of the same magnitude as that of
the fluoromethane±water complex (�9.95 kJmol�1)[17a] and
even greater than that of the fluoromethane±acetylene com-
plex 4 (�7.25 kJmol�1). These values can be compared with
the CCSD(T)/6-311G+ (d) result (�9.91 kJmol�1) or with
the experimental value (�7.5 kJmol�1) for the difluorome-
thane±water complex.[9i] The effects of electron correlation
beyond MP2 are small; the QCISD(T) CPBEs of 1±4 are
lower in energy than the MP2 ones by only 0.06±
0.11 kJmol�1. Significant electrostatic interactions are ob-
served for 6 and 3. In 4, these forces dominantly contribute
to the hydrogen bonding. The C(sp)�H¥¥¥F�C(sp3) interac-
tion in 4, though weak, shows the same characteristics as
conventional hydrogen bridges. The proton-donating ability
of the C�H bond of 6 can be classified as being between
that of the C(sp2)�H bond of 3 and the C(sp)�H bond of 4.
The comparable absolute values of the bond strengths do
not necessarily indicate a comparable nature or type of the
hydrogen bridges. For dispersion-dominated systems, contra-
ry to the hybrid DFT/B3LYP method, pure DFT/PBE pro-
vides results which are close to the MP2 ones.
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On the Importance of Electron Correlation Effects for the
p-p Interactions in Cyclophanes


Stefan Grimme*[a]


Introduction


Cyclophanes, in which more than two atoms of an aromatic
ring are incorporated into a larger ring system, provide a
fine vehicle for the study of molecular strain. The questions
™how bent can a benzene ring be∫ and ™how will two ben-
zene rings behave when compressed together below their
typical van der Waals distance∫ represent challenges in mo-
lecular design, synthesis, and spectroscopy.[1±-3] The study of
close contacts of aromatic units is furthermore of fundamen-
tal importance in many supramolecular structures and also
in biochemistry, for example, for the stacking of base pairs
in DNA.[4±6] The study of these so-called p±p interactions in
the intramolecular situation of the cyclophanes may provide


detailed insights and understanding of molecular structure
that can also be used for intermolecular cases.


Theoretically, the attractive part of p±p interactions be-
tween aromatic molecules/units contains dominating van
der Waals (VDW, dispersion) and weaker electrostatic (ES,
mainly quadrupole±quadrupole) contributions. At shorter
distances, exchange±repulsion (ER) as a result of the Pauli
principle dominates the interaction energy. While ER and
ES effects can already be described at a mean-field (i.e. ,
Hartree±Fock) level of theory, the VDW part is a pure elec-
tron correlation (EC) effect. In the framework of standard
ab initio wavefunction theory,[7] it can be described by
double excitations between occupied and virtual orbitals of
the supermolecule (coupled monomer single excitations).
Although the nowadays most widely used theoretical ap-
proach to molecular structure, density functional theory
(DFT),[8,9] includes EC in an approximate manner, it is now
clear that almost all standard density functionals are unable
to describe dispersive interactions (see, for example, refer-
ence [10] and references therein). Probably the earliest DFT
study which reported significant overestimations of the
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Organisch-Chemisches Institut der Universit‰t M¸nster
Corrensstrasse 40, 48149 M¸nster (Germany)
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Abstract: Correlated ab initio quantum
chemical methods based on second-
order perturbation theory and density
functional theory (DFT) together with
large atomic orbital (AO) basis sets are
used to calculate the structures of four
cyclophanes with two aromatic rings
and one sulphur-containing phane with
one aromatic ring. The calculated geo-
metrical data for [2.2]paracyclophane,
cyclophane (superphane), 8,16-dimeth-
yl[2.2]metacyclophane, 16-methyl[2.2]-
metaparacyclophane, and 2,6,15-tri-
thia[34,10][7]metacyclophane are com-
pared to experimental data from X-ray
crystal structure determinations. In all
cases, very accurate theoretical predic-
tions are obtained from the recently
developed spin-component-scaled MP2
(SCS-MP2) method, in which the devi-


ations are within the experimental ac-
curacy and expected crystal-packing or
vibrational effects. Especially the inter-
ring distances, which are determined by
a detailed balance between attractive
van der Waals (dispersive) and repul-
sive (Pauli) contributions, are very sen-
sitive to the level of theory employed.
While standard MP2 theory in general
overestimates the dispersive interac-
tions (p±p correlations) between the
two aromatic rings leading to too short
distances (between 3 and 8 pm), the
opposite is observed for DFT methods


(errors up to 15 pm). This indicates
that an explicit account of dispersive-
type electron correlation effects be-
tween the clamped aromatic units is es-
sential for a quantitative description of
cyclophane structures. In order to dis-
tinguish these effects from ™normal∫
van der Waals interactions, the term
™overlap-dispersive∫ interaction may
be employed. The popular B3LYP
hybrid density functional offers no ad-
vantage over the pure PBE functional
that at least qualitatively accounts for
some of the dispersive effects. The use
of properly polarized AO basis sets of
at least valence-triple-z quality is
strongly recommended to obtain quan-
titative predictions with traditional
wave function methods.


Keywords: ab initio calculations ¥
cyclophanes ¥ density functional
calculations ¥ pi interactions ¥
stacking interactions
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inter-ring distances (IRD) in cyclophanes dates back to the
mid 1990s[11] (see also references [12, 13]). Errors as large as
10 pm have been reported although the connection to the
™dispersion problem∫ of DFT was not recognized at that
time.


This work represents the first systematic study of typical
cyclophane structures with modern quantum chemical meth-
ods, together with the use of extended atomic orbital (AO)
basis sets. Prior to the advent of DFT, second-order M˘ller±
Plesset perturbation theory (MP2)[14,15] was the simplest and
least expensive way of incorporating EC effects in ab initio
electronic structure calculations. It still has certain advantag-
es over DFT, for example, when dispersion forces or charge-
transfer processes are important. For the VDW interactions
of larger p systems, however, it is now well known that stan-
dard MP2 overestimates the binding energies and underesti-
mates intermolecular equilibrium distances (see for exam-
ple, reference [16] and references therein). It will be shown
here that a recently introduced improved version of MP2
(termed SCS-MP2)[17] provides uniformly very accurate cy-
clophane structures that are within the error bars of experi-
mental X-ray crystal structure determinations. The two
common density functionals B3LYP[18,19] and PBE[20] will be
used for comparison.


Besides the most prominent structure [2.2]paracyclophane
(1), a metacyclophane (8,16-dimethyl[2.2]metacyclophane
(3)) and a metaparacyclophane (4) with methyl groups in
sterically demanding positions are investigated. The most
strained [26]cyclophane (2, superphane) is considered, be-
cause of its extremely short inter-ring contacts. The 2,6,15-
trithia[34,10][7]metacyclophane (5) is an example for a phane
with hetero (sulfur) atoms in the bridges and a close C�H
ring contact.


Computational methods


All calculations were performed with the TURBOMOLE suite of pro-
grams.[21] In all SCS-MP2 and MP2 treatments, the resolution-of-the-iden-
tity (RI) approximation[22±26] (also called ™density fitting∫) for the two-
electron integrals was employed; this yielded errors for equilibrium bond
lengths of less than 0.05 pm (for a parallel RI-MP2 energy implementa-
tion see reference [27]). The RI auxiliary basis sets were taken from ref-
erences [28, 29], in which they were optimized for the TZV and Dunnings
cc-pVxZ AO basis sets, respectively.


In two recent papers[17,30] it could be shown that a simple modification of
the standard MP2 scheme leads to dramatic improvements in accuracy.
The new method, termed spin-component scaled (SCS) MP2 is based on a
separate scaling of the second-order parallel (aa+bb) and antiparallel (ab)
spin pair correlation energies. The procedure effectively reduces many
outliers observed in standard MP2 calculations and seems to be a robust
and valuable quantum chemical tool of general use. For energetic problems,
we have already demonstrated in further applications for DNA base tau-
tomers[31], pericyclic transition states,[32] and fluorobenzene acidities[33] the
success of the new model. Improvements for the calculation of the equili-
brium structures of molecules have been demonstrated in reference [34].


In all correlation treatments only valence electrons were considered
(frozen core). Gaussian AO basis sets of valence triple-z quality
(TZV[35], i.e., C[5s3p], S [5s4p] H [3s]) with a (2df/2p) set of polariza-
tion/correlation functions on non-hydrogen and hydrogen atoms, respec-
tively, were used. The issue of the quality of the AO basis set employed
is of critical importance for the study of weak interactions. Small (very
incomplete) sets tend to provide too short non-bonded contacts due to
basis set superposition error (BSSE). On the other hand, small basis sets
are not able to provide accurate polarizabilities of the fragments; this
leads to too weak VDW attractions. For AO basis sets of intermediate
quality (valence-double-z, for example, 6±31G*) both effects (of opposite
sign) may accidentally cancel, such that for some systems relatively good
predictions can be obtained. However, for systematic studies of a variety
of systems, in general it is not recommended to rely on error compensa-
tion and thus, in this study large AO basis sets which yielded results close
to the limit were employed.


To illustrate this point in more detail, a basis set convergence study for
the two inter-ring distances (IRD) C3�C14 and C4�C13 in the [2.2]para-
cyclophane were performed at both the MP2 and DFT-B3LYP levels.


Dunnings correlation-consistent cc-
pVDZ, cc-pVTZ, and aug-cc-pVTZ
basis sets[36, 37] were used for this pur-
pose. As expected, the variations of
the calculated distances are small
(<0.5 pm) at the B3LYP level. With
MP2 we obtained 276.4, 274.9,
274.8 pm and 306.3, 304.8, 304.3 pm,
respectively, with the three AO basis
sets for the two parameters. These
data show that properly polarized
triple-z basis sets are necessary in ex-
plicitely correlated calculations. With
our standard TZV(2df,2p) set values
of 274.9 and 304.8 pm are obtained for
C3�C14 and C4�C13, respectively;
these values are the same as those ob-
tained with the larger cc-pVTZ set.
The effect of the diffuse (aug) func-
tions seems to be also relatively small,
so that we can conclude that these sen-
sitive geometrical parameters are
within 0.5±1 pm of the basis set limit-
ing values. Considering the estimated
experimental accuracy of about 1 pm
for these quantities, this seems to be
sufficient to draw general conclusions
about the performance of the different
methods.
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The experimental data for 2±5 were obtained from the structures taken
from the Cambridge Crystallographic Database.[38] The data of 1 were
taken from a recently re-measured structure which will be published in
detail separately.[39] Beside all important bond lengths between non-hy-
drogen atoms and the IRD, the benzene ring deformation angles (RDA)
a and b (see Scheme 1) were considered.


Results


[2.2]Paracyclophane : The [2.2]paracyclophane molecule is
the most prominent, but also structurally the most difficult
phane considered here. The first X-ray structure of 1 indi-
cated a rigid, face-to-face molecule with D2h symmetry.[40] A
later refinement revealed that at 93 K the substance equili-
brates between two structures in which the methylene
bridges are slightly de-eclipsed.[41] The most recent X-ray
structure of 1 determined at 19 K clearly shows a twisted
structure with D2 symmetry[42] and a dihedral angle C(Ar)-
C-C-C(Ar) of f=12.68.[39] Phane 1 is the only molecule in
this study for which different theoretical treatments predict
qualitatively different structures. At the DFT-B3LYP/
TZV(2df,2p) level, a minimum with D2h symmetry is ob-
tained that also prevails with larger AO basis sets. Previous
B3LYP/4±31G(d) calculations of Walden and Glatzhofer,[43]


which gave a slightly twisted geometry (f=3.98), seem to
suffer from basis set incompleteness and are thus not deci-
sive. The MP2/6±31G(d) calculations performed in 1998 by
Henseler and Hohlneicher[44] gave f=21.88, which is in rea-
sonable agreement with the MP2 data reported here. With
larger basis sets, MP2 calculations yield a twist angle around
198 and SCS-MP2/TZV(2df,2p) reduces this value to 17.68
(see Figure 1 and Table 1).


The very good agreement of the DFT-PBE result with ex-
periment (f=10.7 versus 12.68 (exptl), see Table 1) must be
considered as fortuitous, because the other geometrical pa-
rameters at this level are less accurate than those from, for
example, SCS-MP2. This twist angle seems to be relative
sensitive to the experimental measurement conditions as
can be seen from the value of 16.18 obtained in the older X-
ray study.[41] Considering furthermore the tiny D2±D2h barri-
er (double-minimum potential) of about 0.2 kcalmol�1


(SCS-MP2/cc-pVTZ), strong vibrational (anharmonic) ef-
fects on this parameter are expected, such that the deviation
of the SCS-MP2 result does not seem alarming. All other
structural details are very accurately predicted by SCS-MP2,
as indicated by the low mean absolute deviation (MAD) of


0.5 pm and errors <1 pm for the IRD and <0.58 for the
ring deformation angles (RDA).


The MP2 and DFT structures are significantly less accu-
rate. At the MP2 level the IRD are underestimated by
about 5 pm, while overestimations between 4 and 6 pm are
obtained from both DFT treatments. Note also, that the sp3±
sp3 bridging bond lengths are too long (by 1±2 pm) at the


Scheme 1. Definition of the benzene ring deformation angles (RDA) a


and b. a is the angle between the midpoints a±b, c±d, and the atom e. b is
the angle between the the midpoints c±d and the atoms e and f.


Figure 1. Optimized structures of the investigated cyclophanes (SCS-
MP2/TZV(2df,2p)). Theoretical and experimental (in parentheses) short-
est inter-ring distances are given in pm.


Table 1. Comparison of experimental[a] and calculated[b] structural pa-
rameters of [2.2]paracyclophane (1). Distances r are given in pm, the de-
formation angles a and b in degrees. The mean deviation [MD=1/
N�r(exptl)�r(calcd)] and mean absolute deviation [MAD=1/N� j r(ex-
ptl)�r(calcd) j ] are given for all distances.


Method
Exptl SCS-MP2 MP2 DFT-B3LYP DFT-PBE


rC1C2 159.3 159.4 158.9 161.1 160.7
rC2C3 150.8 150.6 150.3 151.0 151.0
rC3C4 139.9 140.1 140.0 139.7 140.4
rC3C8 139.9 140.0 139.9 139.7 140.3
rC4C5 139.6 139.4 139.3 138.9 139.5
rC3C14 278.2 277.2 274.9 282.7 281.4
rC4C13 309.7 308.0 304.8 315.6 314.3
f[c] 12.6 17.6 18.7 0.0 10.7
a 12.5 12.2 11.8 13.0 12.9
b 11.0 11.5 11.6 10.8 10.9
MD 0.4 1.3 �1.6 �1.5
MAD 0.5 1.4 1.9 1.5


[a] X-ray data (average of symmetry equivalent parameters) at 19 K
taken from reference [39]. [b] TZV(2df,2p) AO basis set. [c] Dihedral
angle C14 C1-C2-C3 in degrees.
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DFT level. When comparing the two density functionals, it
turns out that PBE at least qualitatively predicts a correct
(twisted) structure for 1 and that also the MAD for the
B3LYP functional is larger. Thus, we can conclude that the
overall accuracy of the three methods is SCS-MP2>MP2>
DFT-PBE>DFT-B3LYP.


[26]Cyclophane : The superphane is the most strained mole-
cule of the cyclophanes investigated. In the D6h symmetry,
which is found as a minimum in the calculations and also
observed in the crystal, there are six fully eclipsed ethano
bridges, short H¥¥¥H interbridge contacts, and an unfavorable
face-to-face arrangement of the two benzene rings (the anal-
ogous D6h structure of the benzene dimer is not a minimum;
see, for example, reference [44]). The experimental IRD of
262.4 pm is the shortest and the angle b (19.78) is the largest
of all systems, indicating considerable strain. Somewhat sur-
prisingly, the CC-bridge bond length is shorter than in 1
(158 versus 159.3 pm); this is not corroborated by the theo-
retical treatments, which yield almost the same value
(within �0.5±0.8 pm) for 2 and 1. The question of whether
this qualitatively different picture results from vibrational
(experimental data refer to r0 instead of the calculated re
values) or packing effects cannot be answered at present.
Deficiencies of the theoretical treatment (especially SCS-
MP2) seem, however, unlikely considering the overall accu-
racy for the different cyclophane structures considered.
Again, the SCS-MP2 structure is in very good agreement
with the experimental data (MAD=0.7 pm, see Table 2).


The largest deviation of 1.6 pm occurs for the bridge bond
length. With MP2 the C(ar)�CH2 bond lengths and the IRD
are too short by 1 pm and 2.6 pm, respectively. The errors
from both DFT treatments are qualitatively similar as for 1,
that is, too large IRD and RDA, although the errors are
generally smaller. This may be attributed to the more rigid
structure of 2, which is (relative to 1) dominated more by
bonded interactions. The overall accuracy of the three meth-
ods is SCS-MP2@DFT-PBE�MP2>DFT-B3LYP.


8,16-Dimethyl[2.2]metacyclophane : The two benzene rings
in 3 are displaced stepwise, in a manner typical for metacy-
clophanes, and the benzene rings are distorted asymmetri-
cally to a boat shape in order to avoid too close mutual con-
tact (see Figure 1). At first glance, the methyl groups seem
to introduce additional repulsive interactions because they
are located almost exactly above the center of the other aro-
matic ring. As can be seen from the data in Table 3, howev-


er, the deformation angle b (see Scheme 1) that describes
the pyramidalization at C8/C16 is close to zero. This shows
that the boat-type deformation of the ring (deformation
angle a) is sufficient to place the methyl group in an optimal
position. The shortest H(Me)¥¥¥C(ring) distance in 3 is about
248 pm, which is 40 pm shorter than the corresponding opti-
mum value of the benzene±methane van der Waals complex
(MP2/TZV(2df,2p) value). The origin of the closer H¥¥¥ring
contact in 3 compared to an unstrained reference system is
not clear at present, although it should be kept in mind that
the ring deformations and bridges in general introduce non-
negligible perturbations of the properties of benzene rings
in cyclophanes.


The results form the SCS-MP2 treatment are again in
good agreement with the experimental data (see Table 3).
The mean absolute deviation (MAD) for all distances is
only 0.9 pm and the largest error occurs for the IRD C8�
C16 (3.2 pm too short). The important deformation angle a


is almost exactly the same as experimental value. The stan-
dard MP2 treatment provides significantly less-accurate
structural parameters. The single bonds are slightly too
short and the IRD are too small by 8.4 and 5.6 pm, respec-
tively. Both DFT treatments yield deviations in the opposite
direction, as indicated by the negative mean deviation
(MD). The bridging bond lengths are too long by 1.2 pm
and for the inter-ring distances systematic overestimations
are observed that reach 5 pm with B3LYP. Opposite to the
common view (but similar as for 1 and 2), the pure PBE


Table 2. Comparison of experimental[a] and calculated[b] structural pa-
rameters of the superphane (2). Distances r are given in pm, the defor-
mation angle b in degrees. The mean deviation [MD=1/
N�r(exptl)�r(calcd)] and mean absolute deviation [MAD=1/N� j r(ex-
ptl)�r(calcd) j ] are given for all distances.


Method
Exptl SCS-MP2 MP2 DFT-B3LYP DFT-PBE


rC1C2 158.0 159.6 159.4 160.3 160.2
rC2C3 151.7 151.5 150.7 151.9 151.7
rC3C4 140.6 141.2 141.2 140.9 141.5
rC3C12 262.4 261.9 259.8 265.6 264.4
b 19.7 19.7 19.5 21.3 21.1
MD -0.4 0.4 �1.5 �1.3
MAD 0.7 1.4 1.5 1.3


[a] X-ray data (average of symmetry equivalent parameters) taken from
reference [50]. [b] TZV(2df,2p) AO basis set.


Table 3. Comparison of experimental[a] and calculated[b] structural pa-
rameters of 8,16-dimethyl[2.2]metacyclophane (3). Distances r are given
in pm, the deformation angles a and b (methyl-substituted side) in de-
grees. The mean deviation [MD=1/N�r(exptl)�r(calcd)] and mean abso-
lute deviation [MAD=1/N� j r(exptl)�r(calcd) j ] are given for all distan-
ces.


Method
Exptl SCS-MP2 MP2 DFT-B3LYP DFT-PBE


rC1C2 157.1 157.2 156.9 158.3 158.3
rC2C3 152.0 151.1 150.4 151.4 151.2
rC3C4 139.5 140.0 140.0 139.6 140.3
rC4C5 139.2 139.5 139.5 139.1 139.7
rC3C8 141.3 141.1 141.1 141.0 141.7
rC3C15 299.5 298.6 296.2 304.6 303.0
rC8C16 281.4 278.2 273.0 286.8 283.0
rH(Me)C5 248.9[c] 247.6 243.3 257.7 253.7
a 15.0 15.1 14.3 16.4 15.9
b 0.3 1.0 1.6 0.4 0.7
MD 0.7 2.3 �2.5 �1.5
MAD 0.9 2.5 2.7 1.7


[a] X-ray data (average of symmetry equivalent parameters) taken from
reference [51]. [b] TZV(2df,2p) AO basis set. [c] Experimental C�H(Me)
bond length adjusted to the SCS-MP2 value.
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functional yields a more accurate structure than B3LYP, es-
pecially with respect to the transannular interactions. The
overall accuracy of the three methods is SCS-MP2@DFT-
PBE>MP2�DFT-B3LYP.


16-Methyl[2.2]metaparacyclophane : Metaparacyclophanes
simultaneously contain structural features of meta- and par-
acyclophanes, that is, the para-substituted ring mainly shows
a boat-shape deformation at the substituted sides, while the
meta-substituted ring deforms mainly between the bridges
(see Figure 1). The methyl group in 4 lies almost on top of
the CC bond of the other ring thus introducing additional
non-bonded interactions of C�H¥¥¥p type as in 3. Both, ex-
perimental and theoretical data show that the investigated
compound has the second shortest IRD (between C3 and
C14) of all phanes investigated. The deformation angles a


and b are similar to the corresponding values in 1 and 3, re-
spectively. Inspection of Table 4 shows that the results from


the SCS-MP2 treatment are not in perfect agreement with
the experimental data. The MAD is larger (1.4 pm), a2 devi-
ates by more than two degrees, and some CC bond lengths
are in error by almost 2 pm. A closer look at the experimen-
tal data[45] reveals that these differences almost certainly
result from experimental problems, probably disorder in the
crystal. The structure determination is of relative poor quali-
ty as indicated by the accuracy of lattice constants, the stan-
dard deviation of bond lengths (0.6±1 pm), and the R
value.[45] Furthermore, some symmetry equivalent CC dis-
tances in the experimental structure deviate by 1±2 pm from
each other. Nevertheless, the data seem to be accurate


enough to draw some conclusions about the performance of
the methods applied. Again, SCS-MP2 is most accurate fol-
lowed my MP2 and the two DFT methods. Especially the
errors for the IRD with B3LYP are extremely large, reach-
ing 15 pm for the distance C7�C12. Also the errors for the
RDA a are larger, in the ranger 2±48. This somewhat unsys-
tematic behaviour, especially of B3LYP, is quite disappoint-
ing, because relative to compounds 1±3 no additional or new
structural features are present in the metaparacyclophane.


2,6,15-Trithia[34,10][7]metacyclophane : Up to here, only hy-
drocarbons with two aromatic units have been considered.
In order to put the conclusions on a more solid basis, a
quite different cyclophane with one ring, three bridges, and
heteroatoms (sulfur) is finally investigated. The compound
2,6,15-trithia[34,10][7]metacyclophane (5 ; Figure 1) has al-
ready been used by Pascal[11] in a benchmark study of mo-
lecular structures with different quantum chemical methods.
An additional feature of 5 is the close contact of the C�H
bond pointing exactly into the middle of the benzene ring;
this resembles the T-shaped structure of the benzene dimer.
The experimental data are taken from reference [46]. Al-
though structurally very different from the other phanes, the
new SCS-MP2 approach also performs very well here
(Table 5). This is indicated by a small overall MAD of


1.0 pm and accurate nonbonded distances (errors of about
1±2 pm). The C�S bond lengths are described very accurate-
ly, although standard MP2 seems to perform slightly better
for these parameters. Although only one ring is present in 5
and the nonbonded interactions occur between the p system
and the saturated parts of the molecule, the errors from
MP2 and DFT are similar to those of the other phanes. The
nonbonded distances are about 3±5 pm too small by MP2
and too large by 5±6 pm (B3LYP) or 4±5 pm (PBE) with
DFT. Larger errors of DFT are furthermore observed for
the C�S bond lengths, which are too long by 2±3 pm. The


Table 4. Comparison of experimental[a] and calculated[b] structural pa-
rameters of 16-methyl[2.2]metaparacyclophane (4). Distances r are given
in pm, the deformation angles a1, b1, (para-substituted ring) and a2, b2


(meta-substituted ring, methyl side) in degrees. The mean deviation
[MD=1/N�r(exptl)�r(calcd)] and mean absolute deviation [MAD=1/
N� j r(exptl)�r(calcd) j ] are given for all distances.


Method
Exptl SCS-MP2 MP2 DFT-B3LYP DFT-PBE


rC1C2 158.9 157.5 157.2 158.7 158.6
rC2C3 151.4 150.6 150.0 150.9 150.7
rC1C15 153.2 151.6 151.1 152.0 152.0
rC3C4 138.0 139.8 139.8 139.5 140.2
rC3C8 138.1 140.0 140.0 139.7 140.4
rC4C5 138.9 139.7 139.6 139.2 139.8
rC7C8 140.2 139.0 139.0 138.6 139.2
rC14C15 138.2 139.9 139.9 139.6 140.2
rC13C14 139.0 139.3 139.2 138.8 139.5
rC15C16 141.5 141.3 141.2 141.2 141.8
rC3C15 277.3 274.3 271.0 283.0 280.7
rC7C12 312.6 312.1 306.2 327.3 322.8
rC4C16 318.1 316.2 312.7 325.8 324.5
a1 12.1 12.7 12.1 14.3 14.1
b1 14.9 15.0 15.1 14.7 14.6
a2 10.3 12.3 11.6 14.0 13.5
b2 1.7 2.5 2.8 1.3 1.5
MD 0.2 1.4 �2.3 �2.0
MAD 1.4 2.5 2.9 2.5


[a] X-ray data (average of symmetry equivalent parameters) taken from
reference [46]. [b] TZV(2df,2p) AO basis set.


Table 5. Comparison of experimental[a] and calculated[b] structural pa-
rameters of 2,6,15-trithia[34,10][7]metacyclophane (5). Distances r are
given in pm, the deformation angles a and b in degrees. The mean devia-
tion [MD=1/N�r(exptl)�r(calcd)] and mean absolute deviation
[MAD=1/N� j r(exptl)�r(calcd) j ] are given for all distances.


Method
Exptl SCS-MP2 MP2 DFT-B3LYP DFT-PBE


rC1S 184.8 185.3 184.7 187.4 187.1
rC3S 183.1 183.8 183.2 185.4 185.0
rC7C8 149.6 150.2 149.8 150.2 150.3
rC3C4 152.0 153.5 153.0 154.1 154.0
rC8C9 138.1 139.1 139.2 138.8 139.5
rC4C8 309.8 307.7 305.0 314.5 313.0
rC4C9 312.0 310.8 307.8 318.2 316.6
rH(C4)C9 221.3[c] 220.8 218.1 227.3 225.0
a 4.4 4.9 4.5 5.7 5.5
b 19.8 18.9 19.1 18.2 18.4
MD �0.1 1.2 �3.1 �2.5
MAD 1.0 1.8 3.1 2.5


[a] X-ray data (average of symmetry equivalent parameters) taken from
reference [46]. [b] TZV(2df,2p) AO basis set. [c] Experimental C�H
bond length adjusted to the SCS-MP2 value.
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overall accuracy of the three methods is SCS-MP2>MP2>
DFT-PBE>DFT-B3LYP.


Discussion


What is the reason for the DFT errors that are outside the
usual error range for the prediction of organic structures?
Although it is well known that common density functionals
can not predict dispersive interactions,[10] this argument is
not fully satisfactory, because the IRD in cyclophanes are
significantly below, for example, the VDW distance between
graphite sheets (about 340 pm) and thus, the p orbitals (or
equivalently, the electron densities) of the rings begin to
overlap. This is clearly seen in iso-surface plots of the
HOMO and LUMO of 1 given in Figure 2.


While the HOMO has a nodal surface between the two
rings (antibonding), the opposite is observed for the LUMO,
which shows considerable bonding character in the inter-
ring region (other p and p* orbitals not shown also display
this behavior). In the MP2 treatments, HOMO±LUMO
double excitations de-populate the antibonding and popu-
late the bonding orbital to some extent and thus reduce the
steric (Pauli) repulsion of the fragments. This effect is over-
estimated by standard MP2 and corrected with the SCS
scheme. On the other hand, mean-field approaches like Har-
tree±Fock or Kohn±Sham DFT do not ™know∫ about the
bonding character of the LUMO (because it is unoccupied
in the ground state) and thus yield less attraction (too much
repulsion). In summary, the situation in cyclophanes can be
best described by strong p±p electron correlations between
the two rings. It should be distinguished from ™normal∫
VDW interactions because of the overlapping densities of
the fragments and may be termed as ™overlap-dispersive∫
interactions. Note that this classification is also in line with
the negligible effect of diffuse basis functions on the geome-
try of 1 (vide supra) which would be much stronger in the
pure VDW case.


Figure 3 shows the potential-energy curves (aug-cc-pVTZ
AO basis) for the face-to-face (D6h) dimerization of benzene
as an attempt to quantify the conclusion presented above.
The inset shows the difference with respect to the SCS-MP2
interaction energy, which is taken as a reference because
SCS-MP2 provides IRD close to experiment and, thus, the


interaction potential should be most reliable. Note, that the
data are not corrected for basis set superposition error, be-
cause this is in principle impossible for the ™real∫ situation
of the phanes. While MP2 and SCS-MP2 yield potential-
energy curves with very broad minima between 330 and
420 pm (with De values of �20 and �13 kJmol�1, respective-
ly), both density functionals as well as Hartree±Fock (HF)
yield purely repulsive potentials. The deviation with respect
to the SCS-MP2 reference increases in the case of HF and
DFT and decreases for MP2 as the two benzene molecules
approach each other. At about 300 pm distance, which is
considered as typical for the phanes considered,[47] the errors
are �18, 94 and 63 kJmol�1 for the MP2, DFT-B3LYP and
DFT-PBE interactions, respectively. These values are quali-
tatively in line with the results for the computed IRD which
show the same trend, that is, MP2<SCS-MP2<DFT-PBE<


DFT-B3LYP. Somewhat surprisingly, however, the HF
errors are smaller compared to both density functionals, but
this is actually not reflected in the geometries of cyclo-
phanes.[48] .


Conclusions


Correlated ab initio quantum chemical methods based on
second-order perturbation theory (MP2, SCS-MP2) and
density functional theory (DFT) have been used to calculate
the structures of five typical cyclophanes with one and two
aromatic rings. For accurate experimental structures (i.e., 1±
3 and 5), the new SCS-MP2 model provides mean absolute
deviations for bonded and nonbonded CC distances below
1 pm. The nonbonded inter-ring distances are accurate to
about 1±2 pm, and the errors for the characteristic benzene
ring deformation angles a and b are less than about 18. It
can thus be concluded that theory has reached a quantita-
tive description of cyclophane structures that is competitive
to experimental structure determinations. Larger differences


Figure 2. Iso-surface plots of the frontier orbitals of [2.2]paracyclophane
at the HF/cc-pVDZ level. Plots with various other types of basis sets or
when using Kohn±Sham (DFT) orbitals look qualitatively similar.


Figure 3. Potential-energy curves (aug-cc-pVTZ AO basis) for the face-
to-face (D6h) dimerization of benzene (r is the inter-ring distance). The
benzene fragments are not optimized and kept fixed at the benzene equi-
librium geometry (DFT-B3LYP/TZV(d,p)). The inset shows the differ-
ence with respect to the SCS-MP2 interaction energy taken as reference.
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between SCS-MP2 and experimental data found for the
metaparacyclophane are indicative of experimental errors or
of a slightly disordered crystal structure. The standard MP2
method accurately predicts (as SCS-MP2) CC bond lengths,
but fails for the description of the nonbonded inter-ring dis-
tances. Dispersive-type electron correlation effects, which
are in general overestimated by MP2, are responsible for
this. This results in too short nonbonded contacts and slight-
ly less-accurate deformation angles. The two density func-
tionals B3LYP and PBE show the opposite behavior. Due
to the missing effect of double excitations between occupied
inter-ring antibonding and unoccupied inter-ring bonding or-
bitals, the nonbonded distances are overestimated at the
DFT level. The effect is more pronounced for the B3LYP
than for the pure PBE functional, which can already be ob-
served in model calculations for the face-to-face oriented
benzene dimer. These findings are also in line with previous
studies showing that PBE provides in some cases a qualita-
tive correct picture of weak van der Waals type interac-
tions[49] . The DFT-PBE method is thus recommended for in-
itial molecular modeling of such structures; however, they
should be accompanied by SCS-MP2 treatments employing
large AO basis sets in order to obtain conclusive predic-
tions.
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Matrix Reactivity of Al and Ga Atoms (M) in the Presence of Silane:
Generation and Characterization of the h2-Coordinated Complex M¥SiH4,
the Insertion Product HMSiH3, and the MI Species MSiH3 in a Solid
Argon Matrix


Benjamin Gaertner,[a] Hans-Jˆrg Himmel,*[a] Victoria A. Macrae,[b]


Anthony J. Downs,[b] and Tim M. Greene[c]


Introduction


Several complexes in which the CH4 or SiH4 molecule is co-
ordinated to a transition-metal center have now been au-
thenticated. Such complexes excite attention mainly for
their relevance to C�H and Si�H bond activation, and their
properties are likely to be crucial to a proper understanding
of these processes.[1] Examples include species in which the
CH4 or SiH4 is coordinated to one metal center as, for exam-
ple, in the first h2-SiH4 transition-metal complex to be char-
acterized, cis-[Mo(h2-SiH4)(CO)(R2PC2H4PR2)2] (R=Ph,
iBu, Et),[2] and others in which the CH4 or SiH4 is trapped
between two metal centers, as in [(R3P)2H2Ru(SiH4)-


RuH2(PR3)2] (R=Cy or iPr).[3] Remarkably, cis-[Mo(h2-
SiH4)(CO)(Et2PC2H4PEt2)2] is reported


[2] to enter into equi-
librium with its tautomer [MoH(SiH3)(CO)(Et2PC2H4-
PEt2)2], which features a seven-coordinate Mo center, as
evidenced by the 1H and 31P NMR spectra of the solutions
at different temperatures. Quantum chemical studies indi-
cate that bonding in these SiH4 complexes occurs through 1)
a dative bond involving the s(Si�H) orbital and a vacant
metal (M) orbital of appropriate symmetry, and 2) d(M)!
s*(Si�H) back-donation.


By contrast, little is known about complexes of SiH4 or
CH4 with main-group elements, for which the interaction is
expected to be much weaker. The reaction of O atoms, pro-
duced by O3 photolysis, with SiH4 leads immediately to in-
sertion with the formation of HOSiH3 together with other
products.[4] Photoexcitation is a precondition for the forma-
tion of HSiCH3 from Si atoms and CH4, whereas Si atoms
react spontaneously with SiH4 to give HSiSiH3 and Si2H4.


[5]


Hg atoms have also been shown to react with SiH4 upon
photoactivation: insertion gives HHgSiH3, as well as other
secondary products, but no trace has been found of a com-
plex of the form Hg¥SiH4,


[6] although calculations predict a
bonding energy of no less than 29.7 kJmol�1.[7] Detailed
analysis of the IR spectra of gaseous van der Waals com-
plexes featuring Ar[8] or Ne[9] coordinated to SiH4 gives
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Abstract: Matrix isolation experiments
give evidence for the formation of the
loosely bonded metal±silane complex
M¥SiH4 by the spontaneous reaction of
Al or Ga atoms (M) with silane in a
solid Ar matrix at 12 K; however, Ga2
appears to insert spontaneously into an
Si�H bond to form HGaGaSiH3, prob-
ably with the structure HGa(m-
SiH3)Ga. In M¥SiH4 the metal atom is
h2-coordinated by the silane, resulting
in a species with C2v symmetry. The


complex has a distinctive photochemis-
try: it can be converted on photolysis
at l�410 or �254 nm to its tautomer,
HMSiH3, which also has a doublet
ground electronic state and from which
it can be regenerated with l�580 nm
radiation. Broadband UV-visible pho-


tolysis (l=200±800 nm) results in de-
composition of HMSiH3, the univalent
species MSiH3 being the only detecta-
ble product. The experimental data col-
lected for several silane isotopomers
(SiH4, SiD4, and SiD3H) and different
reagent concentrations, together with
the results of sophisticated quantum
chemical calculations, are used to ex-
plore in detail the properties of the de-
tected species and the reaction path-
ways compassing their formation.


Keywords: aluminum ¥ gallium ¥
matrix isolation ¥ silanes ¥ structure
elucidation
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some grounds for believing that an energy minimum is ach-
ieved by positioning the noble gas atom near one of the
midpoints of the six edges of the SiH4 tetrahedron. Rather
more strongly bonded complexes of silanes with molecules
such as NH3, HF, or HONO have also been characterized,
for example, SiH4,


[10] SiF4,
[11] or HSiCl3


[12] with NH3; SiH4,
Si2H6, CH3SiH3, (CH3)2SiH2, or (CH3)3SiH with HF;[13] and
SiH4 with HONO.[14]


Previous experiments with Group 13 metal atoms (M) in
an Ar matrix doped with CH4 revealed


[15,16] that UV photol-
ysis causes insertion of M into a C�H bond, with the forma-
tion of the photolabile MII product HMCH3, where M=Al,
Ga, or In. However, they give no spectroscopic sign of the
CH4 complex that might be expected to be the precursor to
this reaction. The more polarizable SiH4 molecule is un-
doubtedly a better prospect for forming a metal atom com-
plex that is sufficiently strongly bonded to be detected spec-
troscopically in the presence of an excess of free SiH4. Earli-
er experiments with Al atoms in an Ar matrix at �12 K cer-
tainly left no doubt about their potential, upon photoexcita-
tion, to activate SiH4 and so give rise to the AlII species
HAlSiH3.


[17] In a very recent preliminary communication,[18]


some of us have presented IR evidence that co-deposition
of Al and SiH4 under these conditions yields initially a
weakly bonded metal atom complex Al¥SiH4, whose physical
and photochemical properties have been outlined. Here we
give a more detailed account of these experiments, which
have now been augmented with the investigation of the be-
havior of not only Al but also Ga atoms. Quantum chemical
calculations identify three different isomers of the 1:1 com-
plex M¥SiH4 formed by the metal atom M (M=Al or Ga) in
its 2P ground electronic state, with little difference in energy
between them. In practice, according to a detailed analysis
of the IR spectra displayed by the complexes associated
with the different isotopomers SiH4, SiD4, and SiD3H, the
preferred configuration involves coordination through one
edge of the SiH4 tetrahedron, that is, M(h2-H2SiH2). The
™isolated∫ n(Si�H) modes[19] of the SiD3H complexes pro-
vide a direct experimental measure of the degree of pertur-
bation experienced by the silane molecule; this is repro-
duced well by calculations at an appropriate level of theory.
The experiments show, moreover, that tautomerization of
the complex to the MII derivative HMSiH3, brought about
by irradiation at wavelengths near 410 nm and also at l=


254 nm, can be reversed by moving the photolyzing radia-
tion to wavelengths near 580 nm. With broadband UV-visi-
ble photolysis, however, the univalent derivative MSiH3 of
the metal is believed to be the ultimate product. By contrast
with atomic Ga, however, the Ga2 dimer reacts spontane-
ously with SiH4 with insertion into an Si�H bond to form a
product, most probably with the formulation HGa(m-
SiH3)Ga.


Experimental Section


Evaporation of aluminum (Merck; purity 99.99%) or gallium (Strem;
purity 99.99%; or Aldrich, purity 99.9999%) was achieved from a boron
nitride or tantalum cell heated to �1100 or �900 8C, respectively. The


metal vapor was co-deposited with silane and an excess of argon on
either a highly polished copper block or a CsI window cooled to �12 K
by means of a closed-cycle refrigerator (Leybold LB510 or Air Products,
Model CS202). Further details of the matrix assemblies at Karlsruhe and
Oxford are given elsewhere.[15,20] The proportions SiH4/Ar lay typically
between 0.1:100 and 5:100, while the rate of deposition of matrix gas was
�2 mmolh�1 over a period of 0.5±1.5 h. The rate of metal deposition was
determined in some experiments with the aid of a microbalance to be
typically 5 mgh�1. Similar experiments were carried out with SiD4 and
SiD3H in place of SiH4.


The following gases were used (sources in parentheses): SiH4 (Linde,
>99.99%, or Aldrich, 99.9%), SiD4 (CDN Isotopes, 98 atom% D, or
prepared by the reaction of LiAlD4 with SiCl4 and purified by fractional
condensation in vacuo), SiD3H (prepared by reaction of LiAlD4 with
SiHCl3 and purified by fractional condensation in vacuo), and argon
(Messer, purity 99.998%, or BOC, Research grade). Gas mixtures of
argon with each of the different isotopic versions of silane were prepared
by standard manometric methods.


After deposition and IR analysis of the resulting matrix, the sample was
exposed for several periods to radiation of different wavelengths, and the
resulting changes were again monitored by IR measurements. The photo-
lyzing radiation issued from a medium-pressure Hg lamp (Philips LP125)
operating at 70 W or from a high-pressure Hg±Xe lamp (Spectral
Energy) operating at 800 W; in each case the IR radiation was absorbed
by a water filter to minimize any heating effects. Light spanning a narrow
band of wavelengths was delivered via an appropriate interference filter.


IR spectra recorded at Karlsruhe were measured in reflection using a
Bruker 113v spectrometer operating with either a liquid-N2-cooled
MCTB or a DTGS detector to cover the wavenumber range 4000±
250 cm�1; those recorded at Oxford were measured in transmission
over the same range using a Nicolet Magna-IR560 instrument with a
similar choice of detectors. UV-visible spectra were recorded with
0.2 and 0.5 nm resolution for the Al/SiH4 system at Karlsruhe with an
Xe arc lamp (from Oriel), an Oriel Multispec spectrograph, and a
photodiode array detector; and with the a similar resolution for the
Ga/SiH4 system at Oxford with a Perkin±Elmer±Hitachi Model 330 spec-
trophotometer.


Ab initio MP2 and DFT BP86 calculations on a TZVPP basis set were
performed with the aid of the TURBOMOLE program package.[21] Criti-
cal point and electron density calculations were plotted on the AIM 2000
version 1.0 software.[22]


Results


The IR spectra associated with the products of the thermally
and photolytically initiated reactions with silane are report-
ed in turn for Al and Ga atoms, respectively. Progress has
been tracked and products have been characterized princi-
pally with reference to the IR spectra of the Ar matrices.
The identities of the products have been confirmed 1) by
carrying out experiments with SiD4 or SiD3H in place of
SiH4, 2) by comparison with the results of appropriate quan-
tum chemical calculations, and 3) by reference to the results
of earlier experiments and to the properties of related mole-
cules.


Aluminum : IR spectra were recorded in an experiment in
which Al atoms were co-deposited with SiH4 in an excess of
Ar (SiH4/Ar=0.1:100) (Figure 1 and Table 1). In addition to
the absorptions characteristic of free SiH4 in these condi-
tions,[23] the spectrum of the matrix sample recorded imme-
diately after deposition contained five absorptions attributa-
ble to a common product (1 a) formed spontaneously by the
reaction of SiH4 with the metal atoms in their ground elec-
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tronic state. The strongest feature associated with 1 a ap-
peared at 892.4 cm�1 close to the n4 (t2) fundamental of free
SiH4;


[23] the others were located at 2181.1, 2174.5, 2131.4,
901.7, and 892.4 cm�1, again in close proximity to intense
SiH4 absorptions arising from either n3 (t2) or n4 (t2). There-
after the matrix was subjected to several cycles of selective
photolysis.


Earlier matrix studies[17] had
shown that the relatively sharp
2S !2P absorption of Al atoms
gives place to a red-shifted,
broader absorption centered
near 400 nm with the progres-
sive introduction of SiH4 to the
matrix. Accordingly, we exam-
ined first the effect of irradiat-
ing the matrix sample with l�
410 nm light, typically for
30 min. This caused the bands
due to the initial product 1 a to
decay almost to vanishing
point. Simultaneously, new
bands belonging to a second
product 2 a developed at 2158.4,
2127.6, 2113.3, 1780.9, and
846.2 cm�1. The most distinctive
feature of 2 a was the strong
signal at 1780.9 cm�1, occurring
in a region characteristic of the
n(Al�H) modes of AlII species
(compare HAlNH2 1761.1,[24]


HAlCH3 1764/1746,[15] HAlH
1806.3/1769.5,[25] and HAlPH2


1768.2 cm�1[26]). The bands at
2110±2160 and 846.2 cm�1 were
likewise strongly suggestive of
the n(Si�H) and d(SiH3) modes,
respectively, of an SiH3 frag-
ment[27] (compare d(SiH3) in
HHgSiH3 at 867.8/871.4 cm�1[6]).
Three of the bands due to 2 a
(at 2113.3, 1780.9, and
846.2 cm�1) were observed in
earlier studies and attributed to
the insertion product HAlSiH3,
which was also characterized by
its UV-visible and EPR spec-
tra.[17] The broadness of the IR
bands associated with both the
product and free SiH4 and occa-
sioned by the much higher con-
centrations of SiH4 then used
(SiH4/Ar=10:100) presumably
accounts for the failure to pick
out the other two n(Si�H) fea-
tures brought to light by the
present experiments.


There followed a period of
�30 min during which the pho-


tolyzing radiation was changed from l�410 to �580 nm.
This caused the IR absorptions due to 1 a to regain some of
their initial intensity at the expense of those of 2 a
(Figure 1). With a second period of photolysis at l�410 nm,
1 a could be reconverted almost completely to 2 a (Fig-
ure 1d). The IR difference spectra in Figure 2 illustrate
clearly this striking interconversion, which can be achieved


Figure 1. IR spectra showing the reactions of Al atoms with 0.1% SiH4 in an Ar matrix: a) following deposi-
tion; b) following photolysis at l�410 nm; c) following photolysis at l�580 nm; d) following a second period
of photolysis at l�410 nm. e) IR spectrum of an Ar matrix containing Al atoms and 1.5% SiH4 following
photolysis at l=200±800 nm.


Table 1. Observed IR wavenumbers [cm�1] for the products of the reaction of Al atoms with SiH4/SiD4/SiD3H
in a solid Ar matrix.[a]


SiH4 SiD4 SiD3H Deposition l�410 nm l�580 nm l�410 nm l�200±800 nm Absorber


2181.1 › fl › fl 1 a
2174.5 2171.9 › fl › fl 1 a
2158.4 › fl › fl 2 a
2151.3 › 3 a
2131.4 2128.8 › fl › fl 1 a
2127.6 › fl › fl 2 a
2113.3 2109.1 › fl › fl 2 a
1780.9 1781.1 › fl › fl 2 a


1591.1 1585.6 › fl › fl 1 a
1580.5 1577.7 › fl › fl 1 a
1572.9 › fl › fl 2 a
1543.7 › fl › fl 2 a
1520.3 › fl › fl 2 a
1297.8 1297.4 › fl › fl 2 a


901.7 818.1 › fl › fl 1 a
892.4 813.8 › fl › fl 1 a
846.2 810.4 › fl › fl 2 a
836.2 › 3 a


661.2 665.2 › fl › fl 1 a
639.7 640.8 › fl › fl 1 a
630.8 631.0 › fl › fl 2 a
623.6 › fl › fl 1 a
618.4 › 3 a


[a] ›: increase in intensity; fl: decrease in intensity.
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with near-perfect reversibility by selective photolysis. The
same spectra also help to elucidate the absorptions associat-
ed with the initial product 1 a, which were invariably at risk
of being masked by SiH4 absorptions in the original spec-
trum.


Finally, photolysis of the matrix with broadband UV-visi-
ble light (l=200±800 nm) resulted in the decay of the sig-
nals due to the product 2 a, but there was no sign to suggest
the regeneration of 1 a. Instead, new, weak absorptions ap-
peared at 2151.3 and 836.2 cm�1. With the wavenumbers
characteristic of n(Si�H) and d(SiH3) modes, respectively,
these must be assigned to a third, photostable product 3 a.


In an attempt to increase the concentrations of the reac-
tion products, and especially of 3 a, the experiments were re-
peated with a higher matrix concentration of SiH4 (SiH4/
Ar=1.5:100). Under these conditions, the absorptions of the
initial product 1 a were almost completely masked by the
broad and intense SiH4 absorptions. Nevertheless, all the
product bands that could be discerned had gained in intensi-
ty in comparison with their counterparts in the spectra of
the more dilute matrix. The experiment thus supported our
product assignments, and was particularly instructive with
regard to the ultimate product of broadband UV-visible
photolysis, 3 a, the two absorptions of which were now clear-
ly visible (see Figure 1e, for example).


Additional experiments, first with SiD4 and then with
SiD3H in place of SiH4, were performed to investigate the
products 1 a, 2 a, and 3 a. Figure 3 displays four IR spectra
recorded for an Ar matrix containing 0.3% SiD4 and one
for an Ar matrix containing 3.0% SiD4. Again, product ab-
sorptions were detectable in the spectrum recorded immedi-
ately after deposition of the dilute matrix, and could be at-
tributed to the perdeuterated version of the product 1 a. All
the features were strongly red-shifted with respect to their
counterparts for the isotopically natural form of 1 a. Thus,
the strong band at 623.6 cm�1 and the weaker one at
639.7 cm�1 clearly correlated with those at 892.4 and


901.7 cm�1 in the experiments with SiH4 (H/D=1.4310:1
and 1.4096:1, respectively). Likewise, the bands at 1591.1
and 1580.5 cm�1 were linked to those at 2181.1 and
2174.5 cm�1, giving H/D ratios of 1.3708:1 and 1.3758:1, re-
spectively. Any counterpart to the 2131.4 cm�1 transition of
the SiH4 product was presumably obscured by the strong ab-
sorption of free SiD4. However, the SiD4 product did display
a band at 661.2 cm�1 that was not clearly matched by the
SiH4 product, again probably because of masking by other
absorptions. Each of the five IR signals associated with the
product 2 a was observed to shift to a substantially lower
wavenumber in the SiD4 product; the wavenumbers given in
the order SiH4 product/SiD4 product (H/D) were: 2158.4/
1572.9 (1.3722:1), 2127.6/1543.7 (1.3782:1), 2113.3/1520.3
(1.3901:1), 1780.9/1297.8 (1.3722:1), and 846.2/630.8 cm�1


(1.3415:1). For the perdeuterated version of 3 a, however,
only one band could be detected with any certainty. Appear-
ing at 618.4 cm�1, this plainly correlated with the 836.2 cm�1


transition of the SiH4 product (H/D=1.3522:1), but the per-
deutero analogue of the 2151.3 cm�1 transition was evidently
obscured by other, stronger absorptions in the relatively
congested spectral region between 1500 and 1600 cm�1.


The experiments with SiD3H followed the same pattern as
those with SiH4 and SiD4, the only difference–but an im-
portant one–being that more, somewhat weaker IR signals
were detected for the new versions of 1 a and 2 a. The spec-
trum of matrix-isolated SiD3H alone showed not one but
two n(Si�H) bands, one at 2209.3 and the other at
2174.2 cm�1. The higher wavenumber band broadened and
decayed when the matrix temperature was raised to 20 K.
The n3 band of SiH4 trapped in an Ar matrix shows much
the same behavior, which can be attributed to the occupa-
tion of two distinct types of defect site in the noble gas
matrix.[23] The IR spectrum of the matrix containing both
SiD3H and Al atoms measured immediately after deposition
now contained not five but seven new absorptions (at


Figure 2. IR difference spectra showing the reactions of Al atoms with
0.1% SiH4 in an Ar matrix: a) after-minus-before photolysis at l�
410 nm; b) before photolysis at l�580 nm; c) after-minus-before a
second period of photolysis at l�410 nm.


Figure 3. IR spectra showing the reactions of Al atoms with 0.3% SiD4 in
an Ar matrix: a) following deposition; b) following photolysis at l�
410 nm; c) following photolysis at l�580 nm; d) following a second
period of photolysis at l�410 nm. e) IR spectrum of an Ar matrix con-
taining Al atoms and 3.0% SiD4 following photolysis at l=200±800 nm.
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2171.9, 2128.8, 1585.6, 1577.7, 818.1, 813.8, 665.2, and
640.8 cm�1) belonging to the partially deuterated version (or
versions) of product 1 a. Of particular note are the two fea-
tures at 2171.9 and 2128.8 cm�1, which must represent two
distinct ™isolated∫ n(Si�H) modes,[19] one corresponding to
an Si�H bond that is remote from the metal and the other
to an Si�H bond that is coordinated to the metal. The ab-
sorptions at 1585.6 and 1577.7 cm�1 surely represent n(Si�
D) modes, whereas those at lower wavenumber represent
deformation modes of a perturbed SiD3H molecule. Product
2 a again gave rise to five detectable IR bands, now centered
at 2109.1, 1781.1, 1297.4, 810.4, and 631.0 cm�1. The first
three are recognizable by their wavenumbers as originating
in an ™isolated∫ n(Si�H), a n(Al�H), and a n(Al�D) mode,
respectively. As in the previous experiments, the spectros-
copic signs of 2 a vanished on broadband UV-visible photo-
lysis. Unfortunately, however, the increased complexity and
reduced intensity of individual product bands prevented the
identification of any band clearly attributable to the product
3 a in this case, although we have no reason to doubt its for-
mation.


UV-visible absorption spectra were also measured in
order to monitor the relative abundance of Al atoms and
Al2 dimers in the matrices. With low oven temperatures
(1000 8C), the spectrum of the matrix displayed only the
band at 345 nm corresponding to the 2S !2P transition of Al
atoms;[24] the IR spectra measured under these conditions
witnessed the formation of all three products 1 a, 2 a, and
3 a. Raising the oven temperature to 1100 8C gave matrices
whose UV-visible spectra included not only the 345 nm
band, with correspondingly enhanced intensity, but also a
second, weaker band centered at 402 nm, which was identi-
fied previously[28] as arising from the Al2 dimer. However,
the IR spectra measured under these conditions differed
from those measured at the lower oven temperature only in
the increased intensity of all the product absorptions. Hence
we infer that the species 1 a, 2 a, and 3 a are produced by the
reaction of Al atoms and not Al2 dimers or higher clusters.
The UV-visible spectrum of an Ar matrix containing Al
atoms and silane included a broad band at 380 nm with a
full width at half maximum (FWHM) of 100 nm. This de-
creased after photolysis at 254 or 410 nm and regained
almost its initial intensity after photolysis at 580 nm. Ac-
cording to its behavior and to IR spectra recorded before
and after the photolysis cycles, it can be assigned to the red-
shifted 2S !2P transition of the Al atom in the silane com-
plex 1 a.


Gallium : In similar experiments with Ga instead of Al
vapor we expected to find close parallels between the two
metals in their response to SiH4. While such parallels cer-
tainly existed in practice, the Ga/SiH4 system proved to be
significantly more complicated and the results were accord-
ingly more difficult to unravel. In part, this was because the
IR absorptions associated with the Ga products were more
prone to appear as multiplets. More seriously, the presence
of the Ga2 dimer in small but significant concentrations led
to a new source of reactivity and to a product unlike any of
those brought to light by the Al experiments.


Figure 4 and Table 2 detail the results of co-deposition of
Ga vapor with SiH4-doped Ar (SiH4/Ar=0.1:100) followed
by exposure to various cycles of photolysis. On deposition,
the matrix exhibited, in addition to the IR absorptions char-
acteristic of SiH4,


[23] new features that could be shown, by
their dependence on the metal concentration, to arise from
not one but two products, 1 b and 4 b. The intensity of bands
at 2195.8, 2178.6, 2175.3, and 903.4/901.1/897.8 cm�1 had a
linear dependence on both metal and SiH4 concentrations
and, by analogy with the Al/SiH4 system, are most plausibly
identified with the spontaneously formed adduct 1 b of SiH4


with Ga atoms in their ground electronic state. These con-
trasted with a family of bands at 2148.6, 2138.0/2128.9,
1772.0/1751.2, and 864.9 cm�1, the intensities of which also
varied linearly with the SiH4 concentration, but showed a
higher-order dependence on the metal concentration (see
Figure 4). The most prominent and distinctive feature was


Figure 4. Top: IR spectra showing the reactions of Ga vapor with 0.1%
SiH4 in an Ar matrix: a) following deposition; b) difference spectrum:
after, minus before, photolysis at l�254 nm; c) difference spectrum:
after, minus before, photolysis at l�580 nm; d) difference spectrum:
after, minus before, a second photolysis at l�254 nm. Bottom: IR spec-
tra showing the reactions of Ga vapor with 0.1% SiH4 in an Ar matrix
with the metal oven: a) at �900 8C; b) at �850 8C.
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that at 1772.0 cm�1, a wavenumber suggestive of the n(Ga�
H) mode of a GaII hydride;[15,24±26] at the lowest metal con-
centrations (achieved with oven temperatures of �850 8C),
this was often the only clear sign of the second product, 4 b.
The spectrum included other weak signals that vary in inten-
sity from experiment to experiment and must be attributed
to the products of secondary reactions between Ga atoms or
Ga2 dimers and impurities such as H2O and H2. Among
these were bands at 1571.6, 1578.4, and 1002 cm�1 recogniza-
ble as belonging to the known species Ga¥H2O (A. J.
Downs, V. A. Macrae, unpublished results, and ref. [29]),
and Ga(m-H)2Ga,[30] respectively. In circumstances in which
Ga2¥H2O and Ga(m-H)2Ga were relatively conspicuous, it
was noticeable that 4 b was present in some abundance. All
the signs suggest therefore that 4 b is the product of a spon-
taneous reaction of SiH4, not with Ga atoms but with Ga2
dimers.


As in the Al experiments, the matrix was then exposed to
several photolysis cycles. Preliminary studies showed that ir-
radiation at l�410 nm resulted in decay of the bands due to
1 b and 4 b and the appearance of new bands. However, alto-
gether better photoconversion and more clearcut results
were achieved, particularly at low SiH4 concentrations, by
photolysis with light at l�254 nm (approximating to the
wavelength of the 2D !2P transition of matrix-isolated Ga
atoms[31]). This brought about the growth of seven new
bands at 2123.8, 2117.1, 2113.3, 1792.1, 1759.0, 1752.8, and
848.4/845.0/840.2 cm�1 associated with a product 2 b. The
strongest feature, near 845.0 cm�1, occurs in the region char-
acteristic of d(SiH3) vibrational modes,[27] whereas the mul-
tiplet at 1792.1/1759.0/1752.8 cm�1 is likely to represent a
n(Ga�H) mode of a divalent Ga species (compare HGaNH2


1721.8,[24] HGaCH3 1719.7,[15] HGaH 1806.3/1769.5,[25] and


HGaPH2 1768.2 cm�1[26]). All the signs are that 2 b is the Ga
analogue of the Al species 2 a.


Thereafter the matrix was subjected to a second photoly-
sis cycle with l�580 nm light. This led to the re-appearance
of the bands due to the initial product 1 b (but not of 4 b)
and the simultaneous decay of the bands due to 2 b. A last
photolysis cycle with broadband radiation (l=200±800 nm)
led to the decay of the absorptions of 1 b and a further
decay of those due to 2 b. At the same time, a new feature
grew in at 816.2/812.9 cm�1 in a region characteristic of
d(SiH3) vibrational modes.[27] The absorber responsible for
this band is most likely to be the Ga analogue, 3 b, of the
species 3 a formed in the corresponding experiments with
Al.


The experiment was repeated using SiD4 instead of SiH4


to assess the response of the matrices to photolysis cycles
that followed the same pattern as with SiH4. In the case of
SiD4, absorptions at 1559.4, 1536.9, and 666.1 cm�1 attributa-
ble to product 1 b were detected. The red shift of the most
distinct absorption (at 666.1 cm�1) relative to the corre-
sponding feature of the SiH4 product at 897.8 cm�1 gives an
H/D ratio of 1.3478:1. The other bands arising from the
SiD4 product were both recognizable as having counterparts
in the spectrum of the SiH4 product, as attested by the rele-
vant H/D ratios. The deuterated version of 4 b was recogniz-
able by bands at 1571.5 and 1277.3 cm�1, the latter being the
more intense and plainly correlating with the 1772.0 cm�1


transition of the 1H product so that H/D=1.3873:1. Follow-
ing photolysis at l�254 nm, new bands attributable to 2 b in
its perdeuterated form appeared at 1292.5/1269.2 and
629.3 cm�1; correlation with analogous features of the
normal form gives H/D ratios of 1.3865/1.3859:1 and
1.3428:1, respectively. No absorptions attributable to prod-
uct 3 b in its perdeuterated form could be observed.


Unfortunately, the combination of low intensity and mul-
tiplet structure that characterized the product bands frus-
trated attempts to add significantly to the information avail-
able from experiments with SiD3H. Some of the expected
bands were certainly observed, but it was not possible to
locate with any confidence ™isolated∫ n(Si�H) modes for
either 1 b or 2 b.


UV-visible absorption spectra of the matrices were also
measured. With low oven temperatures (850 8C), the 300±
900 nm range of the spectrum of an Ar matrix containing
Ga and a low concentration of SiH4 displayed only a sharp
UV band at 342 nm, corresponding to the 2S !2P transition
of atomic Ga;[31] the IR spectra measured under these condi-
tions, followed by the appropriate photolysis cycles, wit-
nessed the formation of all four products 1 b, 2 b, 3 b, and
4 b. Raising the oven temperature gave matrices whose UV-
visible spectrum included not only the 342 nm band, with
correspondingly enhanced intensity, but also a second ab-
sorption, much weaker and broader than the first. Centered
at 610 nm, this was identified previously[28] as arising from
the Ga2 dimer. As in the case of the Al/SiH4 system, the IR
spectra measured under these conditions differed from
those measured at the lower oven temperature only in the
increased intensity of all the product absorptions, but partic-
ularly of those due to 4 b, lending confidence to the view


Table 2. Observed IR wavenumbers [cm�1] for the products of the reac-
tion of Ga atoms with SiH4 in a solid Ar matrix.[a]


SiH4 Deposition l� l� l� Absorber
254 nm 580 nm 200±800 nm


2195.8 › fl › fl 1b
2178.6 › fl › fl 1b
2175.3 › fl › fl 1b
2148.6 › fl 4b
2138.0 › fl 4b
2128.9 › fl 4b
2123.8 › fl fl 2b
2117.1 › fl fl 2b
2113.3 › fl fl 2b
1792.1 › fl fl 2b
1772.0 › fl 4b
1759.0 › fl fl 2b
1752.8 › fl fl 2b
1751.2 › fl 4b
903.4 › fl › fl 1b
901.1 › fl › fl 1b
897.8 › fl › fl 1b
864.9 › fl 4b
848.4 › fl fl 2b
845.0 › fl fl 2b
840.2 › fl fl 2b
816.2 › 3b
812.9 › 3b


[a] ›: increase in intensity; fl: decrease in intensity.
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that 1 b, 2 b, and 3 b are monometal products, whereas 4 b is
a dimetal product. As the initial concentration of SiH4 in
the matrix increased, the sharp band at 342 nm gradually
gave place to a much broader one at somewhat longer wave-
length. With a matrix ratio SiH4/Ar=5:100, no trace was
evident of the 342 nm transition, which had been replaced
by an absorption with an FWHM of 90 nm centered near
350 nm. Irradiation of the matrix at l�254 nm caused this
feature to decay almost to vanishing point. Although no
new absorption could be perceived to develop, exposure of
the matrix to 580 nm light was then found to restore the
350 nm band, only for this to be extinguished by subsequent
exposure to broadband UV-visible light. From its behavior,
the 350 nm feature must be associated with the product 1 b,
so presumably it represents the counterpart to the 380 nm
band attributable to the Al species 1 a. Although its diffuse-
ness meant that there was still significant absorption at
�410 nm, the poorer wavelength match of photolyzing radia-
tion to maximum UV absorption was plainly responsible for
the reduced efficiency of 410 nm photolysis in the Ga case.


Discussion


Combination of all the results derived both from experiment
and from detailed quantum chemical calculations leads us to
identify the products as, successively, the complex M¥SiH4


(1 a, 1 b), its tautomer HMSiH3 (2 a, 2 b), from which it can
be regenerated photolytically [Eq. (1)], and the simple MI


species MSiH3 (3 a, 3 b), where M=Al or Ga. The experi-
ments with Ga vapor give evidence of spontaneous insertion
into an Si�H bond by the Ga2 dimer, probably to form the
unprecedented SiH3-bridged digallium hydride HGa(m-
SiH3)Ga (4 b) [Eq. (2)].


M � � � SiH4


l�254 or 410 nm


l�580 nm
��������! ��������HMCSiH3 ð1Þ


M¥SiH4 [M=Al (1a) or Ga (1 b)]: The IR signatures ob-
served for the products 1 a and 1 b are all very close to the
absorptions of free SiH4. This, allied to the conditions of for-
mation and the precedents of earlier studies,[24,26] suggests
that 1 a and 1 b each contain a perturbed SiH4 group. The
prime candidate is a complex of the form M¥SiH4. For such
a complex, there are three possible geometries (Figure 5).
Structure I features an M atom located above the midpoint
of one of the edges of the SiH4 tetrahedron, resulting in a
geometry with C2v symmetry. In II the M atom is located
above one of the four faces, and in III it is near one of the
corners of the SiH4 tetrahedron; in both the assembly con-
forms to C3v symmetry. The optimized dimensions of the
three possible structures, as derived from ab initio MP2 and
DFT BP86 calculations, are given in Table 3 for M=Al and
M=Ga. Hereafter the results of these calculations are given


in the order MP2/BP86. Hence I represents the global mini-
mum structure for both M=Al and M=Ga, whereas II and
III have minima lying, 2.1/6.2 and 3.9/10.7 kJmol�1, respec-
tively, to higher energy for M=Al, and 6.1/10.8 and 3.6/
6.6 kJmol�1, respectively, to higher energy for M=Ga. The
reaction of Al atoms with SiH4 to give the adduct Al¥SiH4 in
its global minimum C2v structure is exothermic by �5.4/
�12.0 kJmol�1; that of Ga atoms to give Ga¥SiH4 is similarly
exothermic by �8.8/�12.5 kJmol�1. For M=Al, the best
match of the experimental with the calculated wavenumbers
(Table 4) is achieved for the C2v structure I (that is, with the
Al atom located above an edge of the SiH4 tetrahedron), in
agreement with the calculated energies of the different con-
formers (see Supporting Information). In effect, the prefer-
red form involves h2 coordination of the SiH4. The observed
pattern of a doublet to high wavenumber and a singlet to
low wavenumber is identical with that characterizing an h2-
coordinated BH4


� ligand[32] as found, for example, in
H2Ga(m-H)2BH2.


[33]


As evidenced by the matrix site effects noted here and in
earlier matrix[23] and other studies,[34] the n(Si�H) fundamen-
tals of silane are particularly sensitive reporters of environ-
ment. Accordingly, their wavenumbers carry additional in-
formation about the M¥SiH4 complexes. The calculations in-
dicate that two n(Si�H) modes of M¥SiH4 are red-shifted,
and the other two blue-shifted with respect to the antisym-
metric n(Si�H) fundamental, n3 (t2), of free SiH4; the three
IR absorptions that can be perceived in this region for both
M=Al and M=Ga are consistent with this pattern
(Tables 4 and 5). We infer that the Si�H bonds directed
toward the metal are elongated, whereas the Si�H bonds
pointing away from the metal are shortened, either because
there is a slight transfer of charge in the direction SiH4!M
or as a result of polarization effects. Any charge transfer
must, however, be much smaller than in the corresponding
Al or Ga complex of the much more basic NH3 molecule,


Figure 5. Calculated structures of the three possible isomers of M¥SiH4


(M=Al or Ga) with M approaching an edge (I), a face (II), and a corner
(III) of the SiH4 tetrahedron.
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Table 3. Calculated dimensions of the three possible isomers of M¥SiH4, with the M atom approaching an edge (I), a face (II), and a corner (III) of the
SiH4 tetrahedron, and of HMSiH3 and MSiH3.


M¥SiH4 (I) M¥SiH4 (II) M¥SiH4 (III) HMSiH3 MSiH3


MP2 BP MP2 BP MP2 BP MP2 BP MP2 BP


M=Al
energy [kJ mol�1][a] �5.4 �12.0 �3.3 �5.8 �1.5 �1.3 �59.0 �68.7
r(Al¥¥¥Si) [pm] 368.7 304.4 420.4 441.1 435.1 382.8 248.4 249.4 259.3 260.8
r(Si�H)[pm] 147.6/148.0[b] 149.5/150.5[b] 147.6/147.8[b] 149.8/149.3[b] 147.6/148.1[b] 149.13/151.14[b] 148.5/148.2 150.3/149.8 149.0 150.9
r(Al¥¥¥SiH4) [pm] 469.1/306.2 409.3/243.6 395.6/568.1 416.9/590.9 502.9/287.0 452.6/231.6
r(H-Al-SiH3) [pm] 159.4 161.9
a(Al-Si-H) [8] 124.9/54.0 125.2/52.4 180.0/70.2 180.0/70.9 109.0/0.0 108.0/0.0 112.3/110.8 112.8/110.9 112.7 113.4
a(H-Al-SiH3) [8] 118.3 117.7
M=Ga
energy [kJ mol�1][a] �8.8 �12.5 �2.7 �1.7 �5.2 �5.9 �34.0 �30.4
r(Ga¥¥¥Si) [pm] 344.4 308.6 397.3 432.4 410.8 382.4 243.2 246.9 257.8 260.9
r(Si�H)[pm] 147.6/148.2[b] 149.5/150.3[b] 147.6/147.8[b] 149.9/149.3[b] 147.6/148.2[b] 149.2/150.7 148.4/147.9 150.2/149.6 149.0 150.9
r(Ga¥¥¥SiH4) [pm] 445.5/283.4 413.4/249.3 374.3/544.9 409.0/582.3 479.5/262.6 452.5/231.7
r(H-Ga-SiH3) [pm] 157.0 160.9
a(Ga-Si-H) [8] 124.9/53.8 125.3/53.1 180.0/70.0 180.0/71.0 108.8/0.0 108.5/0.0 111.6/110.3 111.7/110.6 112.6 113.4
a(H-Ga-SiH3) [8] 121.6 120.5


[a] Relative to free M and SiH4 in their ground electronic states. [b] H atoms pointing toward the M atom.


Table 4. Experimental IR wavenumbers [cm�1] of Al¥SiH4 and calculated wavenumbers [cm�1] and intensities [km mol�1, given in parentheses] of the
three isomers I, II, and III.


Obsd Assign I II III
BP MP2 BP MP2 BP MP2


2181.1 n1(a1) 2173.4 (253) 2311.8 (132) 2209.6 (67) 2318.4 (99) 2187.1 (97) 2313.6 (138)
2174.5 n7(b1) 2172.8 (72) 2318.3 (94) 2206.4 (64) 2317.0 (100) 2184.7 (100) 2309.2 (88)
2131.4 n2(a1) 2125.1 (50) 2283.0 (87) 2159.3 (64) 2307.4 (56) 2172.1 (122) 2305.4 (95)


n10(b2) 2124.6 (18) 2283.8 (76) 2064.0 (295) 2274.5 (236) 2149.6 (257) 2298.5 (9)
n3(a1) 928.4 (44) 1001.9 (1) 934.7 (1) 1002.7 (0.1) 931.4 (0.3) 1006.1 (0.4)


901.7 n11(b2) 878.7 (58) 950.7 (114) 921.3 (20) 998.4 (1) 928.7 (0.4) 1003.3 (0.1)
892.4 n4(a1) 869.2 (320) 943.9 (288) 877.5 (134) 949.9 (139) 869.4 (96) 949.2 (143)


n6(a2) 826.1 (0) 991.4 (0) 875.5 (185) 944.8 (225) 854.6 (144) 948.3 (128)
n8(b1) 748.2 (34) 934.6 (117) 821.3 (44) 943.1 (132) 848.1 (162) 946.9 (190)
n12(b2) 343.9 (2) 150.8 (0.4) 284.8 (0.1) 172.4 (0.2) 111.0 (0.1) 110.2 (0.1)
n9(b1) 282.4 (0.1) 151.5 (0.1) 260.5 (0.2) 163.2 (0.1) 52.0 (2) 86.0 (0.1)
n5(a1) 137.2 (5) 54.4 (2) 105.8 (3) 46.9 (1) 30.1 (1) 34.5 (0.1)


Table 5. Experimental IR wavenumbers [cm�1] of Ga¥SiH4 and calculated wavenumbers [cm�1] and intensities [km mol�1, given in parentheses] of the
three isomers I, II, and III.


Obsd Assign I II III
BP MP2 BP MP2 BP MP2


2195.8 n1(a1) 2173.76 (229) 2312.76 (139) 2192.52 (86) 2314.58 (134) 2211.09 (66) 2318.91 (100)
2178.6 n7(b1) 2173.27 (78) 2320.11 (92) 2181.55 (102) 2307.72 (86) 2206.99 (65) 2318.50 (99)
2175.3 n2(b2) 2133.57 (31) 2278.51 (69) 2179.94 (79) 2304.22 (94) 2093.05 (363) 2307.91 (54)


n10(a1) 2132.19 (46) 2276.94 (86) 2147.36 (206) 2304.22 (11) 2072.01 (4) 2268.54 (270)
903.4/901.1/897.8 n3(a1) 929.57 (26) 1004.35 (0.1) 929.75 (0.3) 1005.73 (0.5) 935.72 (3) 1000.50 (0.2)


n11(b2) 877.03 (65) 955.82 (113) 927.05 (1) 1003.39 (0.4) 916.90 (21) 994.18 (5)
n4(a1) 870.51 (314) 946.57 (307) 870.37 (96) 948.53 (136) 873.09 (95) 948.00 (139)
n6(a2) 830.39 (0) 989.06 (0) 860.01 (121) 947.54 (136) 867.54 (224) 942.63 (241)
n8(b1) 744.23 (42) 929.43 (109) 839.44 (200) 946.01 (188) 810.16 (45) 935.70 (124)
n12(b2) 286.78 (1) 179.21 (0.5) 135.27 (0.6) 117.47 (0.08) 220.32 (0.23) 135.49 (0.02)
n9(b1) 184.27 (0.8) 177.24 (0.04) 120.69 (0.06) 92.59 (0.08) 165.25 (0.06) 128.57 (0.03)
n5(a1) 106.97 (1) 48.75 (1) 21.66 (0.7) 32.12 (0.1) 84.38 (1) 48.93 (1)
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where it was clearly evidenced by the IR,[24,35] UV-visible,[24]


and EPR[35,36] spectra.
Of particular note are the n(Si�H) bands associated with


the partially deuterated species M¥SiD3H. For SiD3H isolat-
ed alone in what seems to be its primary, stable site in a
solid Ar matrix at �12 K, the relevant band occurs at
2174.2 cm�1. It is therefore red-shifted by 13.0 cm�1 with re-
spect to the gaseous molecule,[19] in keeping with the exer-
cise of a purely dielectric effect of the matrix on a relatively
polarizable molecule. No similar band or bands could be ob-
served for the complex Ga¥SiD3H, but Al¥SiD3H was found
to give rise to two n(Si�H) bands, both shifted to low wave-
number of the corresponding mode of the parent SiD3H.
The two distinct ™isolated∫ Si�H stretching modes, nis(Si�
H),[19] thus identified clearly relate to two types of Si�H
bond, one stronger than the other, with the added advantage
of eliminating any doubts about the possible effects of vibra-
tional coupling of n(Si�H) modes or of Fermi resonance.[19]


The relevant bands could be discerned weakly but clearly
only in difference spectra following photolysis at l�410 nm,
and notwithstanding the difficulties of estimating intensities
reliably under these circumstances, they appeared to be of
comparable intensity. This is consistent with the presence of
strong and weak Si�H bonds in equal numbers, as required
only by model I (compare II and III). For a limited range of
silanes that includes SiH4, McKean and co-workers[19] have
established a correlation between nis(Si�H) and r0(Si�H)
that takes the simple linear form of Equation (3). Although


r0ðSi�HÞ ½pm	 ¼ 187:29�0:01798nisðSi�HÞ ½cm�1	 ð3Þ


this is somewhat lower in scope and reliability than an anal-
ogous relation linking nis(C�H) to r0(C�H),[37] its predictive
capability in relation to r0 values is reported to be better
than �0.3 pm, at least for silane derivatives with fully satu-
rated bonding. Where specific interactions create differences
between the Si�H bonds in a particular molecule, Equa-
tion (3) may be expected to provide a reasonably faithful es-
timate of the difference in bond length, Dr0(Si�H). On this
basis, Dr0(Si�H) is 0.77 pm for Al¥SiH4.


Using ab initio calculations with a 4-21G/3-3-21G basis
set, McKean and co-workers[19] have determined re(Si�H)
distances for various silanes and shown that these too corre-
late well with experimentally determined nis(Si�H) values in
accordance with Equation (4). Hence we calculate Dre(Si�


reðSi�HÞ ½pm	 ¼ 190:89�0:01998nisðSi�HÞ ½cm�1	 ð4Þ


H)=0.86 pm for Al¥SiH4. The empirical approaches embod-
ied in Equations (3) and (4) thus give results in satisfactory
agreement with regard both the absolute Si�H distances
and the difference between them, with those of our MP2
and DFT calculations (see Table 3). Coordination of the
SiH4 molecule is calculated to cause the Si�H bonds direct-
ed toward the metal to be attenuated by 0.4±1.0 pm relative
to the bonds directed away from the metal. The degree of
perturbation of the SiH4 thus implied is small but compara-
ble in magnitude with that often experienced by a CHn or
SiHn unit which is coordinated to a transition-metal center


and subject to a weak secondary or ™agostic∫ interaction
with the metal.[1,38] Such interactions may be critical in pre-
figuring potential reaction pathways.


Figure 6 (top) shows an electron density distribution plot
of the Al¥SiH4 complex, including the bond critical points.[22]


Figure 6. Top: The electron density distribution in Al¥SiH4 and Al¥NH3


(contour values [epm�3]: 4î10�1, 2î10�1, 8î10�2, 4î10�2, 2î10�2, 8î
10�3, 4î10�3, 2î10�3, 8î10�4, 4î10�4, 2î10�4, 8î10�5, 4î10�5) and the
bond critical points. Saddle points: î (68.3î10�9 epm�3 for the Si�H
bond in Al¥SiH4 directed toward the Al atom; 32.3î10�9 epm�3


(Al¥SiH4) and 340.8î10�9/342.9î10�9 epm�3 (Al¥NH3) for the Si�H and
N�H bonds directed away from the Al atom) and (4.5î10�9 epm�3,
and 3.3î10�9 epm�3 for Al¥SiH4 and Al¥NH3, respectively). Local mini-
mum of the electron density: N (3.0î10�9 epm�3 for Al¥SiH4). Bottom:
The MO scheme and the shapes of the frontier orbitals (a and b spin or-
bitals) for Al¥SiH4.
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Hence it is clear that the bonding between Al and SiH4


occurs through the H atoms and not directly between the Al
and Si atoms. Nevertheless, the electron density between the
Al and H atoms, at 4.54î10�9 epm�3, is significantly lower
than that between Al and N atoms in the more strongly
bonded Al¥NH3 complex (32.83î10�9 epm�3). Finally, the
frontier orbitals were evaluated (Figure 6, bottom). They
can be described as weakly perturbed Al and SiH4 orbitals
with relatively little overlap, in keeping with the experimen-
tal results.


We have performed similar calculations for a complex
Al¥CH4, despite the absence of experimental data in this
case. The energy for the formation of this complex starting
from CH4 and an Al atom in its ground electronic state is
about �2.6 kJmol�1, that is, 2.8 kJmol�1 lower than for the
Al¥SiH4 complex (at the MP2 level). The Al¥¥¥C distance is
some 30 pm longer than the Al¥¥¥Si distance in the corre-
sponding SiH4 complex (see Supporting Information). As a
consequence of the very weak perturbation of the CH4 mol-
ecule by the Al atom, the vibrational modes suffer only
small changes of wavenumber. It is not altogether surprising,
therefore, that the Al¥CH4 complex has so far eluded detec-
tion, although it is presumably present in Ar matrices
formed by co-condensing Al vapor with CH4 and is the pre-
cursor to the photochemical activation of the CH4 molecule
which can be brought about under these conditions.[15, 16]


HMSiH3 [M=Al (2a) or Ga (2 b)]: The IR spectroscopic re-
sults collected for the various isotopomers of the products
2 a and 2 b indicate that each hosts a terminal M�H bond
and an SiH3 group. The clear inference is that insertion of
the metal atom into an Si�H bond of SiH4 has taken place
to afford HMSiH3, that is, an MII derivative. Strong circum-
stantial support for such an assignment comes from earlier
studies which show that a photoactivated Al or Ga atom in
its 2S or 2D excited state, and within the confines of a
matrix, is capable of inserting into various bonds, engaging
hydrogen with either itself or another atom (for example, in
H2,


[25] CH4,
[15,16] NH3,


[24] or H2O.[29]) According to our DFT
calculations, HAlSiH3 and HGaSiH3 each has a global mini-
mum structure with Cs symmetry. HAlSiH3 is characterized
by Al�Si, Al�H and Si�H distances of 248.4, 159.4, and


148.5/148.2 pm, respectively, and an Si-Al-H angle of 118.38 ;
in the case of HGaSiH3, the Ga�Si, Ga�H, and Si�H distan-
ces are 243.2, 157.0, and 148.4/147.9 pm, respectively, and
the Si-Ga-H angle is 121.68 (see Table 3). Experiments and
calculations agree that the HMSiH3 molecules do not con-
tain a hydrogen bridge, as one might have expected, but
they do favor a structure closely resembling that of
HMCH3,


[15,16] with the unpaired electron located near the
metal atom. The calculated wavenumbers and IR intensities
for the vibrational fundamentals of the four isotopomers
HMSiH3, DMSiD3, HMSiD3, and DMSiD2H detected in our
experiments are in satisfactory agreement with the observed
features (see Tables 6 and 7 for M=Al and Ga, respective-
ly), when due allowance is made for details lost either for
want of intensity or through masking by stronger absorp-
tions due to other species. The appearance of not one but
three bands for HGaSiH3 in the region 1700±1800 cm�1 must
be ascribed to Fermi resonance involving the n(Ga�H) fun-
damental and either the combination n4+n5 or the overtone
2n10 (setting both n4 and n10 near 900 cm�1).


The IR spectra measured for the HMSiH3, DMSiD3,
HMSiD3, and DMSiD2H molecules do not in themselves


Table 6. Observed and calculated IR wavenumbers [cm�1] and calculated intensities [km mol�1, given in parentheses] for HAlSiH3, DAlSiD3, HAlSiD3,
and DAlSiD2H in Cs or C1 symmetry.


HAlSiH3 DAlSiD3 HAlSiD3 DAlSiD2H (Cs) DAlSiHD2 (C1) Assignment
obsd calcd[a] obsd calcd[a] obsd calcd[a] obsd calcd[a] calcd[a]


2158.4 2161.9 (79) 1572.9 1559.7 (44) 1781.1 1780.3 (223) 2109.1 2160.5 (77) 2134.3 (67) n1(a’)
2113.3 2126.7 (57) 1520.3 1515.8 (31) ±[b] 1559.7 (42) ±[b] 1522.4 (32) 1529.4 (34) n2(a’)
1780.9 1780.2 (220) 1297.8 1282.2 (116) ±[b] 1515.8 (33) 1297.4 1282.2 (115) 1283.0 (115) n3(a’)


±
[b] 904.9 (32) ±[b] 647.4 (18) ±[b] 647.5 (19) ±[b] 763.3 (98) 748.7 (104) n4(a’)


846.2 836.5 (221) 630.8 618.1 (107) 631.0 618.5 (98) ±[b] 633.2 (48) 644.3 (64) n5(a’)
±[b] 575.5 (48) ±[b] 431.0 (31) ±[b] 538.6 (73) ±[b] 454.1 (34) 443.5 (19) n6(a’)
±[b] 412.9 (31) ±[b] 344.2 (11) ±[b] 345.5 (11) ±[b] 360.8 (21) 349.4 (6) n7(a’)
±[b] 345.8 (3) ±[b] 287.4 (10) ±[b] 315.8 (6) ±[b] 299.0 (9) 293.1 (10) n8(a’)


2127.6 2139.7 (71) 1543.7 1545.4 (40) ±[b] 1545.4 (40) ±[b] 1545.4 (40) 1559.2 (42) n9(a’’)
±[b] 919.1 (28) ±[b] 658.4 (15) ±[b] 658.4 (15) 810.4 823.8 (28) 809.7 (29) n10(a’’)
±[b] 425.1 (16) ±[b] 308.4 (7) ±[b] 307.9 (6) ±[b] 318.1 (7) 342.9 (20) n11(a’’)
±[b] 331.4 (9) ±[b] 239.7 (5) ±[b] 335.4 (14) ±[b] 240.0 (4) 220.4 (4) n12(a’’)


[a] DFT calculation using the BP86 method and a TZVPP-type basis set. [b] Too weak to be observed, or obscured.


Table 7. Observed and calculated IR wavenumbers [ cm�1] and calculat-
ed intensities [km mol�1, given in parentheses] for HGaSiH3 and
DGaSiD3.


HGaSiH3 DGaSiD3 Assign
obsd calcd[a] obsd calcd[a]


±[b] 2166.9 (82) ±[b] 1563.9 (46) n1(a’)
2123.8 2147.2 (69) ±[b] 1514.9 (31) n2(a’)
1792.1/1759.0/1752.8 1732.9 (276) 1292.5/1269.2 1234.9 (140) n3(a’)
±[b] 915.0 (31) ±[b] 642.3 (20) n4(a’)
848.8/845.0/840.2 814.3 (263) 629.3 601.7 (133) n5(a’)
±[b] 551.7 (24) ±[b] 409.1 (11) n6(a’)
±[b] 367.5 (18) ±[b] 271.9 (9) n7(a’)
±[b] 349.9 (15) ±[b] 260.1 (7) n8(a’)
2117.1/2113.3 2126.6 (55) ±[b] 1551.4 (40) n9(a’’)
±[b] 897.2 (36) ±[b] 656.1 (17) n10(a’’)
±[b] 280.0 (4) ±[b] 254.2 (8) n11(a’’)
±[b] 191.3 (1) ±[b] 137.6 (1) n12(a’’)


[a] DFT calculation using the BP86 method and a TZVPP-type basis set.
[b] Too weak to be observed, or obscured.
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give any direct guidance to the geometry of the molecules.
However, the nis(Si�H) mode of the isotopomer DAlSiD2H
has been located at 2109.1 cm�1. On the assumption that
Equations (3) and (4) are applicable, the nis(Si�H) wave-
numbers translate into the Si�H bond lengths r0=149.4 pm,
re=148.8 pm. As predicted by the MP2 and DFT calcula-
tions (Table 3), these distances are about 1±2 pm longer
than in free SiH4, and slightly longer even than the more at-
tenuated of the Si�H bonds in the Al¥SiH4 adduct. Although
this may suggest a small contribution of antibonding Si�H
to the makeup of the molecular orbital occupied by the un-
paired electron, a more significant factor is likely to be the
partial negative charge that the SiH3 group assumes when
linked to the electropositive metal atom. Unfortunately the
nis(Si�H) mode of the isotopomer DGaSiD2H could not be
observed.


MSiH3 [M=Al (3a) or Ga (3 b)]: As already noted, the IR
signals near 2150 and 840 cm�1 associated with the product
3 a, as formed from SiH4, are most plausibly assigned to
n(Si�H) and d(SiH3) vibrations, respectively. Product 3 b
could be identified only by a signal near 815 cm�1. Hence
these products are likely to contain an SiHn moiety, but
there is no longer any sign of an M�H bond. Disilane, Si2H6,
is a known secondary product of similar matrix reactions in-
volving a Group 12 metal atom such as Zn.[6,39] The possibili-
ty that this or the SiH3C radical is being formed by the pres-
ent reactions can be largely discounted by comparison with
the spectra recorded previously for these species under
matrix conditions.[6,40] The precedents of earlier matrix stud-
ies are that divalent aluminum or gallium hydrides, such as
HMOH,[29] HMNH2,


[24] HMCH3,
[15,16] and HMH,[25] are pho-


tolabile and decompose under the action of broadband UV-
visible irradiation through cleavage of the M�H bond to
form the appropriate MI compound and HC atoms. Accord-
ingly, the ultimate photoproducts 3 a and 3 b are most proba-
bly the MI species AlSiH3 and GaSiH3, respectively. DFT
calculations find a global minimum energy that corresponds
to a geometry conforming to C3v symmetry. The distances
and angles are: AlSiH3, r(Al�Si) 259.3 pm, r(Si�H)
149.0 pm, aH-Si-Al 112.78 ; GaSiH3, r(Ga�Si) 257.8 pm,
r(Si�H) 149.0 pm, aH-Si-Ga 112.68. Comparison of the IR
properties simulated for the normal and perdeuterated
forms of the two molecules (see Supporting Information)
with the limited experimental data attributable to 3 a and 3 b
shows that the transitions expected to be most intense in IR
absorption are matched by experiment, with wavenumbers
in pleasing agreement with the calculated ones. Despite the
sparseness of the experimental evidence, we have no reason
to doubt that HMSiH3 emulates HMCH3


[15,16] in its response
to broadband UV-visible light, and that its decomposition
gives rise to HC+MSiH3.


HGa(m-SiH3)Ga (4 b): The product 4 b is formed on co-dep-
osition of Ga vapor with SiH4 in yields that vary with the
metal concentration so as to suggest that Ga2 and SiH4 are
its sources. There is a clear analogy with observations on co-
deposition of Ga vapor with H2 in similar circumstances,[30]


the only evidence of any spontaneous reaction being that


between Ga2 and H2 to afford the cyclic molecule Ga(m-
H)2Ga. The Ga2H2 system suggests the possibility of at least
five possible isomers IV±VIII for the Ga2SiH4 molecule, dis-


counting a loosely bonded adduct Ga2¥¥¥SiH4, which would
be difficult to reconcile with the IR properties observed for
4 b. Of these, the singlet tricyclic species HGa(m-SiH3)Ga
(VII) is found by DFT calculations to lie lowest in energy,
being more stable than trans-HGaGaSiH3 (V) by
17 kJmol�1; no stable geometry (without imaginary vibra-
tional frequencies) can be established for models IV, VI,
and VIII. The preferred geometry is characterized by a
planar HGa(m-Si)Ga skeleton and conforms overall to Cs


symmetry; the dimensions computed for this and the slightly
less favored isomer V are given in Figure 7. The system


Ga2SiH4 thus contrasts with Ga2H2, for which all the corre-
sponding isomers are represented by stable minima on the
potential-energy hypersurface; here the global minimum
corresponds to the tetracyclic Ga(m-H)2Ga which, together
with GaGaH2 and trans-HGaGaH, has been identified ex-
perimentally.[30] The instability of IV must reflect the incom-
patibility of the bridging requirements of the H and SiH3 li-
gands.


Figure 7. Calculated structures of the two most stable isomers of
Ga2SiH4.
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In Table 8 the wavenumbers and IR intensities estimated
for the optimum geometries of models V and VII are com-
pared with the IR properties observed for 4 b. Both models
reproduce quite well the essential features of the measured


spectra in predicting that the two most intense absorptions
should occur near 1700 and 800 cm�1, and it is impossible to
distinguish between them on this evidence alone. Our pref-
erence for model VII is therefore guided by the DFT calcu-
lations, although we cannot rule out the possibility that the
calculations are insufficiently refined to evaluate reliably the
relative energies of the two isomers. It is also possible that
the solvating effect of the
matrix changes the energy bal-
ance, or that kinetic factors as-
sociated with the matrix condi-
tions override thermodynamic
preferences. Calculations
showed that triplet electronic
states of the isomers V and VII
lie at higher energies than the
corresponding singlet states.


Although parallels with
Ga2H2


[30] suggest the possibility
of isomerization of Ga2SiH4 on
photoactivation, we have been
unable to detect any clear sign
of such a change in our experi-
ments. It is possible, therefore,
that photodecomposition occurs
on irradiation at l�254 nm,
with regeneration of SiH4.


Reaction pathways : According to our experimental results,
co-condensation of Al or Ga atoms (M) with SiH4-doped Ar
results in the spontaneous formation of a complex M¥SiH4.
With interaction energies calculated at the MP2 level to be
only 5.4 and 8.8 kJmol�1 for M=Al and Ga, respectively,


these are bonded only weakly, albeit less weakly than the
corresponding complex of Al with the less polarizable CH4


molecule. Photolysis of the complex with light at l�410 or
�254 nm then brings about tautomerization to give the MII


derivative HMSiH3. The effect of this photolysis is to excite
an electron from a valence M np into either an M (n+1)s or
an M nd orbital, both the valence and higher energy orbitals
being more or less strongly perturbed by the coordinated
SiH4 molecule. There is some weight of evidence now that
the excited M(2S) or M(2D) atoms thus formed can insert
spontaneously into X�H bonds (where X=H, CH3, NH2, or
OH) in a solid matrix environment, whereas the same atoms
in their 2P ground electronic state are inert.[15±17,24,25,41±44] The
insertion process for SiH4 [Eq. (5)] is calculated [MP2/BP86]


to be exoergic by 53.6/56.7 and 25.2/17.9 kJmol�1 for M=Al
and Ga, respectively. Photolysis of HMSiH3 with light at l�
580 nm reverses the change, leading back to the adduct
M¥SiH4 [Eq. (1)]. In this respect, the behavior parallels that
of the M/PH3 system in similar circumstances: earlier stud-
ies[26] revealed that the adduct M¥PH3 is converted to
HMPH2 by irradiation at l�440 nm and regenerated by ir-
radiation of this product at l�550 nm.


The conditions of formation and tautomerization of
M¥SiH4 and HMSiH3 allow us roughly to define limits to the
barrier to tautomerization. The existence of a significant
barrier is made plain by the detection of only the adduct
M¥SiH4 before photolysis. Figure 8 displays the relative ener-


gies calculated for the species M¥SiH4 and HMSiH3 in their
ground electronic states and the excited states accessible
under the conditions of photolysis applied in this study. The
energies of the first excited states of M¥SiH4 and HMSiH3


are estimated to lie about 290 and 205 kJmol�1, respectively,


Table 8. Observed and calculated IR wavenumbers [cm�1] and calculated
intensities [km mol�1, given in parentheses] of the different isomers of
HGaGaSiH3.


Calcd[a] Obsd
HGa(m-SiH3)Ga HGaGaSiH3


2128.5 (86) 2133.7 (100) 2148.6
2072.4 (74) 2126.4 (88) 2138.0
2048.2 (199) 2108.7 (99) 2128.9
1703.1 (473) 1676.9 (518) 1772.0/1751.2
908.5 (43) 913.9 (30) ±[b]


876.0 (8) 897.8 (35) ±[b]


803.3 (269) 807.6 (361) 864.9
445.9 (6) 441.8 (4) ±[b]


317.4 (31) 334.3 (26) ±[b]


280.1 (6) 318.8 (4) ±[b]


255.0 (6) 279.0 (19) ±[b]


215.7 (22) 179.5 (19) ±[b]


163.3 (6) 161.2 (1) ±[b]


127.6 (5) 113.3 (2) ±[b]


121.1 (9) 47.2 (2) ±[b]


[a] DFT calculation using the BP86 method and a TZVPP-type basis set.
[b] Too weak to be observed, or obscured.


Figure 8. Estimate of the barrier to conversion of Al¥SiH4 to HAlSiH3 on the basis of selective photolysis ex-
periments and of quantum chemical calculations.
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higher than that of the ground states on the evidence of the
experimental selective photolysis results, regardless of
whether M=Al or Ga. Taking into account the energy dif-
ferences of �54 kJmol�1 between Al¥SiH4 and HAlSiH3 in
their ground states, we deduce that �150 kJmol�1 is the
upper limit to the barrier to tautomerization (see Figure 8).
Similar arguments lead to a value of 180 kJmol�1 for the Ga
system.


As observed previously with the reaction sequences for
the matrix-isolated systems M/H2


[25] and M/CH4,
[15] the inser-


tion product HMSiH3 is not the limit to photochemical
change. Instead, it decomposes when exposed to broadband
UV-visible light (l=200±800 nm) with fission of the M�H
bond, release of HC atoms, and formation of the MI deriva-
tive MSiH3. Scheme 1 summarizes the reaction channels ob-
served in our experiments.


The question naturally arises of why we find no sign of
the Al counterpart to the digallium compound HGa(m-
SiH3)Ga. Possibly Al2 differs from Ga2 in its reactivity:
more probably the answer concerns matrix concentrations,
and the circumstantial evidence that Al2 is not formed to
the same extent as Ga2. The problem of how Ga2, which has
a triplet 3P ground electronic state, is transformed by its
facile reaction with H2 to a singlet product, Ga(m-H)2Ga,[30]


has been analyzed elsewhere in some detail.[43] The formally
forbidden intersystem crossing necessitated in this case, and
presumably also in the reaction with SiH4, is confronted ap-
parently by a relatively small activation barrier. A more de-
tailed account of the matrix reactivity of M2 dimers toward
SiH4 and related molecules must, however, await the results
of continuing research.[44]
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Reactions of Substituted (1,3-Butadiene-1,4-diyl)magnesium,
1,4-Bis(bromomagnesio)butadienes and 1,4-Dilithiobutadienes
with Ketones, Aldehydes and PhNO To Yield Cyclopentadiene
Derivatives and N-Ph Pyrroles by Cyclodialkenylation


Hongyun Fang,[a] Guotao Li,[a] Guoliang Mao,[a] and Zhenfeng Xi*[a, b]


Introduction


There is an increasing interest in preparation and applica-
tions of organolithium and organomagnesium reagents in
synthetic chemistry and organometallic chemistry.[1,2] Partic-
ular attention has been paid to the synthetic application of
polylithium and polymagnesium reagents with carbonyl
compounds, since new methods for useful cyclic and acyclic
products are anticipated. Barluenga and co-workers report-
ed that bis(2-lithioallyl)amines, a class of non-conjugated di-
lithio reagents, react with carboxylic esters affording cyclic
alcohols after hydrolysis (Scheme 1).[3] A dilithiated dihy-
dropyrrole was generated from bis(2-lithioallyl)amines by
intramolecular carbolithiation of a lithiated double bond
and served as the key intermediate.[3]


Similarly, nine-membered carbocycles could be prepared
from the reaction of 2,9-dilithio-1,4,6,9-decatetraenes with
acyl halides or carboxylic esters (Scheme 2).[4] The success


of this cyclization can be explained with the centered conju-
gated diene system which fixes the skeleton and the two al-
kenyllithium moieties in close proximity.


Maercker and co-workers reported on the reaction of pol-
ylithium organic compounds.[5] 3,4-Dilithio-2,5-dimethyl-2,4-
hexadiene reacted with carbonyl compounds such as diethyl
carbonates, esters, aldehydes and ketones to afford acyclic
compounds. Depending on electrophiles, mono- and disub-
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College of Chemistry, Peking University, Beijing 100871 (China)
Fax: (+86)10-62751708
E-mail : zfxi@pku.edu.cn
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Abstract: 1,4-Dilithiobutadiene deriva-
tives 1, 1,4-bis(bromomagnesio)buta-
diene derivatives 2 and metallacyclic
(1,3-butadiene-1,4-diyl)magnesium re-
agents 3 were prepared and their reac-
tions with ketones, aldehydes, and
PhNO were investigated. Multiply sub-
stituted cyclopentadienes and N-Ph
pyrroles were formed by unprecedent-
ed reaction conditions. The carbonyl


group of aldehydes and ketones was
deoxygenated during the reaction and
behaved formally as a one-carbon unit;
the N=O moiety of PhNO was cleaved
to afford N-Ph pyrrole derivatives. Fur-


thermore, different reactivities among
these three types of reagents 1, 2 and 3
were revealed. The 1,4-dilithium re-
agents 1 readily reacted with both alde-
hydes and ketones; the 1,4-dimagnesi-
um reagents 2 reacted with aldehydes,
but not ketones; the metallacyclopen-
tadiene reagents of magnesium 3
showed higher reactivity and did react
with ketones.


Keywords: carbonyl compounds ¥
cyclopentadienes ¥ heterocycles ¥
lithiation ¥ pyrroles


Scheme 1. An example of a reaction of dilithio reagents with carbonyl
compounds.


Scheme 2. Reaction of 2,9-dilithium reagents with acid chloride affording
nine-membered rings.
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stituted derivatives with either butadiene, allene, or alkyne
skeleton were obtained.[5]


Yus and co-workers have also described reactions of dili-
thio compounds such as 1-lithio-3-(2-lithioethyl)benzene, 1-
lithio-4-(2-lithioethyl)benzene, 1,3- dilithiopropane and 1,4-
dilithiobutane with carbonyl compounds. These reactions
proceeded in the normal pattern affording the expected
diols after hydrolysis with water.[6]


We have recently studied the preparation and reaction
chemistry of 1,4-dilithiobutadiene derivatives 1 (Figure 1)
and have reported preliminary results on a novel reaction of
1 with ketones and aldehydes.[7] When treated with one
equivalent of ketone or aldehyde at �78 8C for 30 min, 1,4-
dilithiobutadiene derivatives 1 afforded multiply substituted
cyclopentadienes 4 in good to excellent isolated yields
(Scheme 3).[7] Formation of cyclopentadiene derivatives
from 1,4-dilithio-1,3-dienes and aldehydes or ketones repre-
sents the first example of an unknown pattern of carbon±
carbon bond formation involving deoxygenation of C=O
double bonds in carbonyl compounds.[8±15]


Although only a limited number of 1,4-bis(bromomagne-
sio) reagents have been reported, they have been shown to
be useful in organic synthesis.[16,17] Rieke and co-workers
have demonstrated that substituted 2-butene-1,4-diylmagne-
sium reagents, a class of metallacyclic compounds of magne-
sium, possess interesting and useful reactivities towards a
series of electrophiles.[1e,18]


These interesting and useful reaction patterns of 1,4-dili-
thiobutadiene derivatives 1 with ketones and aldehydes re-
ported from our group, and 1,4-bis(bromomagnesio) re-
agents and metallacyclic compounds of magnesium reported
by others, prompted us to prepare 1,4-bis(bromomagnesio)-
butadiene derivatives 2 and metallacyclic (1,3-butadiene-1,4-
diyl)magnesium 3 and investigate their reactions. In this full
paper, we report 1) reactions of 1, 2 and 3 with ketones;
2) reactions of 1, 2 and 3 with aldehydes; 3) reactions of 2
with CO2, PhNO2, and PhNO. Mechanistic aspects of these
reactions are discussed.


Results and Discussion


Reactions of 1,4-dilithiobutadiene derivatives 1, 1,4-bis(bro-
momagnesio)butadiene derivatives 2 and (1,3-butadiene-1,4-
diyl)magnesium reagents 3 with ketones : 1,4-Dilithio-
1,2,3,4-tetrapropyl-1,3-butadiene 1a (1 mmol) in diethyl
ether (5 mL) was generated in situ from the corresponding
diiodo compound 5a (1 mmol) and tBuLi (4 mmol) at
�78 8C (Scheme 4),[7,19] while 1,4-bis(bromomagnesio)-
1,2,3,4-tetrapropyl-1,3-butadiene 2a (1 mmol) in tetrahydro-
furan (20 mL) was generated in situ from the corresponding
dibromo compound 6a (1 mmol) and Mg powder
(Scheme 4). Formation of these bimetallic reagents 1 and 2
was monitored by GC analysis or by TLC.


Reaction of organo mono-lithium compounds, including
alkyl- and alkenyllithium compounds, with carbonyl groups
is usually straightforward forming alcohols after hydrolysis,
or forming a-deprotonation products.[1,2] Interestingly, how-
ever, the in situ generated 1a reacted immediately with one
equivalent of cyclohexanone at �78 8C to afford the cyclo-
pentadiene derivative 4a as the only product in 75% isolat-
ed yield (Scheme 4).


Surprisingly, however, no reaction was observed when the
in situ generated 2a was treated with cyclohexanone even at
higher temperatures (Scheme 4), probably due to the exis-
tence of skeleton conjugation.


Representative results are summarized in Table 1. Both
aromatic and aliphatic ketones could be applied for the
preparation of a variety of cyclopentadiene derivatives of di-
verse structures, such as spiro compounds and tetrahydroin-
dene derivatives.


In order to compare the reactivity between 2 and 3, and
to make sure which is the real reactive species in THF solu-
tion, compounds 2a and 2c in THF were replaced by 3a
and 3b, respectively, in 1,4-dioxane according to literature
procedures.[20] As expected, 3a and 3b showed higher reac-
tivity than 2a and 2c, and did react with ketones
(Scheme 5).


An interaction (or chelation) of the alkenyllithium moiet-
ies with the carbonyl group is proposed to be essential in
this intermolecular±intramolecular reaction between 1,4-di-
lithium reagents and ketones (Scheme 6). One of the two al-
kenyllithium moieties reacts first with the carbonyl group to
form 8, which is then intramolecularly attacked by the re-


Scheme 3. A new type of C�C bond forming reactions by cleavage of
C=O double bonds of carbonyl compounds.


Figure 1. 1,4-Dilithio-1,3-dienes 1, 1,4-bis(bromomagnesio)-1,3-dienes 2,
and (1,3-butadiene-1,4-diyl)magnesium 3.


Scheme 4. In situ Generation of 1 and 2 and their reactions with ketones.


Chem. Eur. J. 2004, 10, 3444 ± 3450 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3445


3444 ± 3450



www.chemeurj.org





maining alkenyllithium moiety to give cyclopentadiene de-
rivatives 4 along with release of lithium oxide.


For reactions between metallacyclic (1,3-butadiene-1,4-
diyl)magnesium reagents 3 with ketones, a proposed reac-
tion mechanism is given in Scheme 7. As usually observed


for Grignard reagents, insertion
of the C=O double bond of a
ketone into one of the two Mg�
C bonds of 3 affording 9 is pro-
posed to be the first step.


Reactions of 1,4-dilithiobuta-
diene derivatives 1, 1,4-bis(bro-
momagnesio)butadiene deriva-
tives 2 and (1,3-butadiene-1,4-
diyl)magnesium reagents 3 with
aldehydes : Probably due to
higher reactivity of aldehydes
towards organolithium reagents
compared with ketones, alde-
hydes with 1,4-dilithiobuta-
dienes 1 proceeded not as
cleanly as ketones in these reac-
tions and gave lower reaction
yields. In some cases, formation
of a by-product was observed.
The by-products were later
characterized to be polysubsti-
tuted 2,5-dihydrofurans 10.[21]


By changing the reaction condi-
tions of 1,4-dilithio-1,3-dienes 1
with aldehydes, either polysub-
stituted 2,5-dihydrofurans 10 or
cyclopentadienes 11 could be
prepared selectively. When one
equivalent of an aldehyde was
added to the dilithio reagent 1
at �78 8C, 1,2,3,4,5-pentasubsti-


tuted cyclopentadienes 11 were obtained.[7] However, when
two equivalents of an aldehyde were added to the dilithio


Table 1. Reaction of 1,4-dilithio- and 1,4-bis(bromomagnesio)-1,3-dienes with ketones.[a]


Organolithium
Entry reagent or Ketone Product Yield [%][b]


Grignard reagent


1 1a : M=Li
4a


75


2 2a : M=MgBr 0


3 1b : M=Li
4b


72


4 2b : M=MgBr 0


5 1c : M=Li
4c


74[c]


6 2c : M=MgBr 0


7 1c 4d 92


8 1c 4e 75


9 1d 4 f 67


[a] Reaction conditions are given in Scheme 4. [b] Yields refer to isolated amounts after column chromatogra-
phy. [c] Two isomers in 3:1; the major isomer has an exocyclic double bond.


Scheme 5. Generation of magnesio-cyclopentadienes from 1,4-bis(bromo-
magnesio)-1,3-dienes and different reactivities.


Scheme 6. Proposed reaction mechanism between 1,4-dilithium reagents
and ketones.


Scheme 7. Proposed reaction mechanism between metallacyclic reagents
of magnesium 3 and ketones.
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reagent 1 at room temperature, 2,5-dihydrofuran derivatives
10 were formed with high stereoselectivity (Scheme 8).[21]


It was found that the in situ
generated 1,4-bis(bromomagne-
sio)butadienes 2 could react
with aldehydes in a similar pat-
tern to afford cyclopentadiene
derivatives 11 (Scheme 9). Re-
sults are summarized in Table 2.
It should be noted that reac-
tions of 2 with aldehydes did
not result in the formation of
2,5-dihydrofurans 10 as the
major products, even at higher
temperature and with an exces-
sive amount of aldehydes
(Scheme 9).


The metallacyclopentadiene
derivatives of magnesium 3a
and 3b reacted with aldehydes
in a similar way to afford
cyclopentadiene derivatives
(Scheme 10). The low yields of
products were due to the proce-
dure for the in situ generation
of intermediates 3.


Reaction mechanisms de-
scribed in Schemes 6 and 7 can
be applied for reactions of 1, 2
and 3 with aldehydes.


Reactions of 1,4-bis(bromomag-
nesio)butadiene derivatives 2
with CO2 and PhNO : Earlier,
we reported an efficient and se-
lective synthetic method of cy-
clopentadienone derivatives
from carbon dioxide and 1,4-di-
lithio-1,3-dienes 1.[22] 1,4-Bis-
(bromomagnesio)butadiene de-
rivatives 2 reacted similarly


Scheme 8. Reactions of the 1,4-dilithi-
um reagents with aldehydes.


Scheme 9. Reactions of the 1,4-bis(bromomagnesio)-1,3-diene reagents
with aldehydes.


Table 2. Reaction of 1,4-bis(bromomagnesio)-1,3-dienes with aldehydes.[a]


Entry Grignard Aldehyde Product Yield [%][b]


reagent


1 2a PhCHO 11a 80 (56)


2 2a 11b 72 (55)


3 2a 11c 71 (59)


4 2a 11d 67 (51)


5 2a PrCHO 11e 53 (31)


6 2c PhCHO 11 f 71 (53)


7 2c 11g 71 (61)


8 2c PrCHO 11h 59 (41)


9 2d 11 i 72 (57)


[a] Reaction conditions are given in Scheme 9. [b] GC yields. Yields refer to isolated amounts after column
chromatography are given in parentheses.
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with CO2 affording substituted cyclopentadienones 12,
though in lower yields (Scheme 11). The reaction mecha-
nism is assumed to be the same.


All the above reactions of 1, 2, and 3 involve the C=O
double bonds of aldehydes, ketones and carbon dioxide. In
order to study the reaction scope, we used PhNO2 as a
model substrate containing N=O double bonds to investi-
gate its reaction with 1, 2, and 3. Reactions between organo-
magnesium reagents and nitroarenes have attracted much
attention and have been recently highlighted.[23] However,
we found that these organometallic reagents 1, 2, and 3 re-
acted with PhNO2 to give different products. We then tried
reactions of 1, 2, and 3 with PhNO, which is known to un-
dergo various addition, reduction, and oxidation reactions.[24]


Interestingly, we found that 1,4-bis(bromomagnesio)buta-
diene derivatives 2 reacted PhNO to afford substituted N-


Ph pyrrole derivatives (Scheme 12). This reaction provides a
new method for preparation of pyrrole derivatives.[25] Com-
pound 3a reacted with PhNO in a similar way to afford 13a
in 19% isolated yield. A proposed reaction mechanism is
given in Scheme 13.


Conclusion


Multiply substituted cyclopentadienes and N-Ph pyrroles
were formed from reactions of 1,4-dilithiobutadiene deriva-
tives 1, 1,4-bis(bromomagnesio)butadiene derivatives 2 and
metallacyclic (1,3-butadiene-1,4-diyl)magnesium reagents 3
with ketones, aldehydes, and PhNO by unprecedented reac-
tion conditions. The carbonyl group of aldehydes and ke-
tones was deoxygenated in the reaction and behaved formal-
ly as a one-carbon unit; the N=O moiety of PhNO was
cleaved to afford N-Ph pyrrole derivatives. Furthermore, dif-
ferent reactivities among these three types of reagents 1, 2
and 3 were revealed. The 1,4-dilithium reagents 1 readily re-
acted with both aldehydes and ketones; the 1,4-dimagnesi-
um reagents 2 reacted with aldehydes, but not ketones; the
metallacyclopentadiene reagents of magnesium 3 showed
higher reactivity and did react with ketones.


Experimental Section


General : Unless otherwise noted, all starting materials were commercial-
ly available and were used without further purification. All reactions in-
volving organometallic compounds were run under a slightly positive
pressure of dry N2 with use of standard Schlenk techniques. THF, diethyl
ether and dioxane were heated under reflux and distilled from sodium/
benzophenone under a nitrogen atmosphere. nBuLi and tBuLi were ob-
tained from Acros Chemical Co. Ltd. The 1,4-dibromo-1,3-diene deriva-
tives and 1,4-diiodo-1,3-diene derivatives were synthesized by the report-
ed procedure.[19]


1H and 13C NMR spectra were recorded at 300 and 75 MHz, respectively.
All spectra were measured in CDCl3 at 25 8C, with TMS as internal refer-
ence. GLC analysis was performed on a gas chromatograph (Shimadzu
14B) equipped with a flame ionization detector and a capillary column
(CBP1-M25-25). GLC yields were determined using suitable hydrocar-
bons as internal standards.


Typical procedure for reactions of 1,4-dilithiobutadiene derivatives 1 with
ketones : nBuLi (2.2 mmol, 1.6m in hexane) was added to a solution of
1,4-diiodo compound 5 (1 mmol) in diethyl ether (5 mL) at �78 8C. The
reaction mixture was then stirred at �78 8C for 1 h to generate 1. After
the addition of the ketone (1.1 mmol) at �78 8C, the mixture was stirred
at �78 8C for 0.5 h. Hydrolysis with 3n HCl followed by normal work up
and column chromatography afforded the products.


The characterization data of 4a±f have been reported.[7]


Scheme 11. Reaction of 1,4-bis(bromomagnesio)butadienes 2 with CO2


affording cyclopentadienones.


Scheme 12. Reaction of 1,4-bis(bromomagnesio)butadienes 2 with PhNO
affording pyrrole derivatives.


Scheme 13. Proposed reaction mechanism for the reaction between 1,4-
bis(bromomagnesio)butadienes 2 and PhNO affording pyrrole deriva-
tives.


Scheme 10. Reactions of the magnesiocyclopentadienes with aldehydes.
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Typical procedure for the reactions of 1,4-bis(bromomagnesio)butadiene
derivatives 2 with ketones: Magnesium powder (400 mg) in THF (5 mL)
was warmed to 50 8C, and 1,2-dibromoethane (0.3 mL) was added. Ten
minutes later, dibromo compound 6 (1.0 mmol) in THF (15 mL) was
added dropwise while stirring via syringe. The reaction mixture was then
stirred at 60 8C for 8 h. The Grignard reagent 2 was filtered under an at-
mosphere of nitrogen to remove the excess of magnesium. The ketone
(1.1 mmol) was then added to the THF solution of 2. No reaction was ob-
served.


Typical procedure for the reactions of (1,3-butadiene-1,4-diyl)magnesium
reagents 3 with ketones : 1,4-Bis(bromomagnesio)-1,2,3,4-tetrapropyl-1,3-
diene (2a ; 1 mmol) in THF (20 mL) was generated in situ from the corre-
sponding dibromo compound 6a (1 mmol) and Mg powder. Subsequently
the solution of 2a was cooled to room temperature. Dioxane (20 mL)
was added and the reaction mixture was stirred at room temperature for
2 h. After the mixture was filtered under an atmosphere of nitrogen to
remove the precipitate, the filtrate was evaporated in vacuo to remove
the solvent. Dioxane (15 mL) was added and the reaction mixture was
stirred for 2 h. Then the mixture was kept without stirring for 4 h and fil-
tered under an atmosphere of nitrogen to remove the precipitate again
to generate 3. The ketone (1.1 mmol) was added at room temperature.
The reaction mixture was then stirred for 0.5 h, quenched with saturated
aqueous NH4Cl, followed by normal work up and column chromatogra-
phy afforded the products.


1,2,3,4-Tetrapropyl-5,5-diphenyl-cyclopenta-1,3-diene (4g): White solid
(isolated yield: 25%, 80 mg); b.p. 103 8C; 1H NMR (CDCl3, Me4Si): d=
0.63±1.48 (m, 20H), 2.08 (t, J=6.4 Hz, 4H), 2.25 (t, J=7.8 Hz, 4H),
7.10±7.26 (m, 10H); 13C NMR (CDCl3, Me4Si): d=14.7, 14.8, 23.1, 23.4,
28.6, 29.6, 72.0, 126.0, 127.9, 128.5, 141.0, 141.9, 148.0; HRMS: m/z : calcd
for C29H38: 386.2974, found: 386.2966.


Typical procedure for the reactions of 1,4-bis(bromagnesio)butadiene de-
rivatives 2 with aldehydes : After 1,4-bis(bromomagnesio)-1,2,3,4-tetra-
propyl-1,3-diene (2a ; (1 mmol) in THF (20 mL) was generated, the alde-
hyde (1.1 mmol) was added at �40 8C. The reaction mixture was then stir-
red for 0.5 h at �40 8C, quenched with saturated aqueous NH4Cl, fol-
lowed by normal work up and column chromatography to afford the
products.


The NMR data of 11a,[26] 11b±c,[27] 11d±i[26] are consistent with the re-
ported data.


Typical procedure for the reactions of (1,3-butadiene-1,4-diyl)magnesium
reagents 3 with aldehydes : After (1,3-butadiene-1,4-diyl)magnesium re-
agent 3 was generated, the aldehyde (1.1 mmol) was added at room tem-
perature. The reaction mixture was stirred for 0.5 h, quenched with satu-
rated aqueous NH4Cl, followed by normal work up and column chroma-
tography to afford the products.


Typical procedure for the reactions of 1,4-bis(bromagnesio)butadiene de-
rivatives 2 with CO2 : After 1,4-bis(bromomagnesio)-1,2,3,4-tetrapropyl-
1,3-diene (2a ; 1 mmol) in THF (20 mL) was generated, CO2 was bubbled
for 1 h at room temperature. The reaction mixture was quenched with sa-
turated aqueous NH4Cl and followed by normal work up and column
chromatography to afford the products.


2,3,4,5-Tetrapropyl-cyclopenta-2,4-dienone (12a): Orange liquid (isolated
yield: 47%, 117 mg); 1H NMR (CDCl3, Me4Si): d=0.81±0.91 (m, 12H),
1.30±1.38 (m, 4H), 1.45±1.55 (m, 4H), 2.05±2.16 (m, 8H); 13C NMR
(CDCl3, Me4Si): d=14.38, 14.42, 22.8, 23.2, 25.4, 28.4, 126.2, 154.6, 203.9.
The NMR data are consistent with the reported data.[22]


2,4-Dibutyl-3,5-diphenyl-cyclopenta-2,4-dienone (12b): Orange liquid
(isolated yield: 60%, 206 mg); 1H NMR (CDCl3, Me4Si): d=0.57 (t, J=
6.9 Hz, 3H), 0.75 (t, J=6.9 Hz, 3H), 0.80±1.53 (m, 8H), 2.12 (t, J=
6.9 Hz, 2H), 2.42 (t, J=6.9 Hz, 2H), 7.22±7.43 (m, 10H); 13C NMR
(CDCl3, Me4Si): d=13.4, 13.8, 22.4, 22.7, 22.8, 26.7, 29.9, 31.6, 125.0,
127.1, 127.9, 128.1, 128.2, 128.4, 128.5, 129.3, 131.7, 134.2, 153.5, 158.3,
202.5. The NMR data are consistent with the reported data.[22]


3,4-Dihexyl-2,5-bis-trimethylsilanyl-cyclopenta-2,4-dienone (12c): Orange
liquid (isolated yield: 10%, 39 mg); 1H NMR (CDCl3): d=0.00 (s, 18H),
0.69±0.71 (m, 6H), 1.13±1.22 (m, 16H), 2.14±2.16 (m, 4H); 13C NMR
(CDCl3, Me4Si): d=0.1, 14.0, 22.6, 28.4, 29.8, 30.7, 31.6, 128.2, 172.9,
211.2; HRMS: m/z : calcd for C23H44OSi2: 392.2931, found 392.2927.


Typical procedure for the reactions of 1,4-bis(bromagnesio)butadiene de-
rivatives 2 with PhNO : After 1,4-bis(bromomagnesio)-1,2,3,4-tetraprop-
yl-1,3-diene (2a ; 1 mmol) in THF (20 mL) was generated, PhNO was
added at �30 8C. The reaction mixture was stirred at �30 8C for 2 h,
quenched with saturated aqueous NaHCO3 and followed by normal work
up and column chromatography to afford the product.


1-Phenyl-2,3,4,5-tetrapropyl-1H-pyrrole (13a): Colorless liquid (isolated
yield: 51%, 158 mg); 1H NMR (CDCl3, Me4Si): d=0.69 (t, J=7.2 Hz,
6H), 0.99 (t, J=7.2 Hz, 6H), 1.12±1.26 (m, 4H), 1.48±1.56 (m, 4H), 2.27±
2.40 (m, 8H), 7.19±7.42 (m, 5H); 13C NMR (CDCl3, Me4Si): d=14.2,
14.7, 24.0, 25.4, 27.1, 27.4, 118.4, 127.2, 128.6, 128.9, 129.0, 139.8; HRMS:
m/z : calcd for C22H33N: 311.2613; found: 311.2614.


1-Phenyl-2,3,4,5-tetramethyl-1H-pyrrole (13b): Red-orange liquid (isolat-
ed yield: 60%, 119 mg); 1H NMR (CDCl3, Me4Si): d=1.96 (s, 6H), 2.01
(s, 6H), 7.16±7.45 (m, 5H); 13C NMR (CDCl3, Me4Si): d=9.39, 10.57,
113.83, 123.64, 127.177, 128.44, 128.90, 139.46. The NMR data are consis-
tent with the reported data.[25]
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Low-Lying Excited States and Primary Photoproducts of [Os3(CO)10-
(s-cis-L)] (L=Cyclohexa-1,3-diene, Buta-1,3-diene)] Clusters Studied by
Picosecond Time-Resolved UV/Vis and IR Spectroscopy and by Density
Functional Theory


Frank W. Vergeer,[a] Pavel Matousek,[b] Michael Towrie,[b] Paulo J. Costa,[c, d]


Maria J. Calhorda,[c, d] and Frantisœek Hartl*[a]


Introduction


Photochemical and photophysical studies of transition-metal
carbonyl clusters are of considerable interest. The reason is
not only their potential to act as versatile catalysts or cata-
lyst precursors,[1] in fine chemistry, for example, but also
their challenging application as key components of more
complex supramolecular systems. The photoactivation of
(thermally stable) cluster compounds may lead to novel re-
actions of high selectivity.[2,3] In tailored supramolecular sys-
tems with cluster moieties connecting donor and acceptor
sites, changes in the structural and electronic properties of
the cluster induced by the light absorption may be utilised
in, for example, controlled electron/energy transport.


Time-resolved infrared spectroscopy (TRIR), in which
UV-visible flash photolysis is combined with (ultra)fast in-
frared detection, is a powerful tool for probing the primary
events after photoexcitation. This applies especially to com-
plexes containing strongly IR-active ligands, such as CO or
NO, which can act as direct IR probes of the electron densi-
ty at the metal centre. As photoexcited transition-metal
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Abstract: Combined picosecond transi-
ent absorption and time-resolved infra-
red studies were performed, aimed at
characterising low-lying excited states
of the cluster [Os3(CO)10(s-cis-L)] (L=


cyclohexa-1,3-diene, 1) and monitoring
the formation of its photoproducts.
Theoretical (DFT and TD-DFT) calcu-
lations on the closely related cluster
with L=buta-1,3-diene (2’) have re-
vealed that the low-lying electronic
transitions of these [Os3(CO)10(s-cis-
1,3-diene)] clusters have a predominant
s(core)p*(CO) character. From the
lowest sp* excited state, cluster 1 un-
dergoes fast Os�Os(1,3-diene) bond


cleavage (t=3.3 ps) resulting in the
formation of a coordinatively unsatu-
rated primary photoproduct (1a) with
a single CO bridge. A new insight into
the structure of the transient has been
obtained by DFT calculations. The
cleaved Os�Os(1,3-diene) bond is
bridged by the donor 1,3-diene ligand,
compensating for the electron deficien-
cy at the neighbouring Os centre. Be-


cause of the unequal distribution of the
electron density in transient 1a, a
second CO bridge is formed in 20 ps in
the photoproduct [Os3(CO)8(m-CO)2-
(cyclohexa-1,3-diene)] (1b). The latter
compound, absorbing strongly around
630 nm, mainly regenerates the parent
cluster with a lifetime of about 100 ns
in hexane. Its structure, as suggested by
the DFT calculations, again contains
the 1,3-diene ligand coordinated in a
bridging fashion. Photoproduct 1b can
therefore be assigned as a high-energy
coordination isomer of the parent clus-
ter with all Os�Os bonds bridged.


Keywords: cluster compounds ¥
density functional calculations ¥
diene ligands ¥ IR spectroscopy ¥
photochemistry
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clusters are usually too short-lived to be studied with nano-
second (ns) transient absorption (TA) or TRIR, faster spec-
troscopic techniques are required in order to characterise
the excited states and to monitor the formation of the pri-
mary photoproducts. Although several picosecond (ps)
TRIR studies of simple, mononuclear transition-metal com-
plexes with, for example, M0 (Cr, Mo, W[4] or Fe[5]) and MI


(Co,[6] Rh and Ir[7]) centres have been reported, those of di-
and polynuclear transition-metal complexes are scarce.[8] We
have recently used ps TRIR conveniently to probe the pho-
toreactions of the triangular clusters [Ru3(CO)12]


[9] and
[Ru3(CO)8(m-CO)2(dmb)] (dmb=4,4’-dimethyl-2,2’-bipyri-
dine),[10] in particular by monitoring the spectral changes in
the bridging carbonyl region.


[Ru3(CO)12] transforms photochemically into a transient
(t �55 ps) with a single CO bridge (Figure 1).[9] By contrast,
two different bridging carbonyl ligands have recently been


identified by Bakker et al. by ns TRIR spectroscopy in a
photoproduct of the substituted cluster [Os3(CO)10(s-cis-cy-
clohexa-1,3-diene)].[11] This cluster represents osmium±diene
compounds that may serve as activated precursors for vari-
ous synthetic applications.[12,13] In analogy to the reactive
photoisomer of [Ru3(CO)12], the nonradical photoproduct of
[Os3(CO)10(s-cis-1,3-cyclohexadiene)] was proposed to have
one Os�Os(1,3-diene) bond split and the two remote
osmium centres connected by a bridging carbonyl group
(Figure 1). The resulting electron deficiency at Os1 was then
considered partly compensated by donation from another
carbonyl group bridging over the Os1�Os2 bond. The 1,3-
diene ligand was assumed to retain its s-cis coordination at
Os3. This tentative structure of the ns transient was found
to correspond well to the fragmentation into {Os2(CO)6(m-
CO)(L)2} and {Os(CO)3(1,3-diene)} in the presence of L=


CO, olefin.
In this work we present the results of a combined ps TA


and TRIR study of the photoreactivity of [Os3(CO)10(s-cis-
cyclohexa-1,3-diene)] (1). The ps TA spectra were recorded
in order to determine the decay kinetics of the excited state
and its absorption features. The ps TRIR study was aimed
towards gaining more information about cluster 1 in its reac-
tive excited state and towards monitoring, with a suitable
time resolution, the formation of the two different CO
bridges in the nonfragmented ultimate photoproduct. Impor-
tantly, density functional theory (DFT and TD-DFT) calcu-
lations were performed 1) on the geometry-optimised clus-
ters [Os3(CO)10(buta-1,3-diene)] (2’ and 2’’) in order to sup-
port the interpretation of the experimentally acquired time-


resolved spectroscopic data, and 2) on the short-lived photo-
chemical transients to obtain information about their possi-
ble geometries and for better understanding of the photore-
action pathway. The latter goal is unprecedented in cluster
photochemistry. In particular, we wondered whether the 1,3-
diene ligand could also be involved in the stabilisation of
the transient geometries.


Results and Discussion


DFT calculations on clusters [Os3(CO)10(buta-1,3-diene)]:
Density functional theory (DFT) calculations were per-
formed in order to understand the bonding properties of the
[Os3(CO)10(s-cis-buta-1,3-diene)] (2’) cluster and to assign
its low-lying electronic transitions. This cluster provides a
good model for the cyclohexa-1,3-diene cluster (1) used in
the experiments. The crystal structures of [Os3(CO)10(s-cis-
buta-1,3-diene)] (2’) and its isomer [Os3(CO)10(s-trans-buta-
1,3-diene)] (2’’) have been reported.[16,17] In 2’, the buta-1,3-
diene ligand is coordinated to a single osmium centre in a
chelating fashion and a cis arrangement, with one C=C bond
equatorial and the other in an axial position (s-cis). Isomer
2’’, with approximate C2 symmetry, has the trans-buta-1,3-
diene ligand bridging over an Os�Os bond, with both C=C
bonds in equatorial positions (s-trans). The optimised struc-
tures of the two isomers 2’ and 2’’ are depicted in Figure 2.


Isomer 2’’, with the 1,3-diene ligand coordinated in the
trans fashion and bridging, is slightly more stable
(10 kJmol�1). The small energy difference does not prevent
[Os3(CO)10(s-cis-buta-1,3-diene)] (2’) from being obtained in
high yields both from [H2Os3(CO)10]


[16] and from [Os3-
(CO)10(MeCN)2],


[11] the latter cluster even being pre-activat-
ed for the s-trans geometry, due to the coordination of the
MeCN ligands at different osmium centres.[18]


The optimised geometries of isomers 2’ and 2’’ are in
good agreement with the experimentally determined struc-
tures (Tables SI1 and SI2, respectively, in the Supporting In-
formation). The reproduction of the Os�Os distances in par-
ticular has proven difficult in the past,[12,19] but with better
basis sets, as used in this work, the agreement is better. For
2’, the three experimentally ascertained Os�Os distances are


Figure 1. Proposed schematic structures of the open-core photoproducts
[Ru3(CO)11(m-CO)] (n=3),[14] [Ru3(CO)12(m-CO)] (n=4)[15] (left),
[Os3(CO)9(m-CO)(1,3-diene)] (middle) and [Os3(CO)8(m-CO)2(1,3-
diene)][11] (right).
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2.863(3), 2.861(3) and 2.884(3) ä, very similar to the calcu-
lated values of 2.943, 2.921 and 2.941 ä, respectively. For
cluster 2’’, the two sets of distances are 2.858(3), 2.856(3)
and 2.932(3) ä (experimental) and 2.934, 2.931 and 2.987 ä
(calculated), the longest distance corresponding to the
Os�Os bond spanned by the bridging ligand. As cluster 1
was used in the ps TRIR photochemical studies, the follow-
ing discussion refers only to the corresponding s-cis isomer
of [Os3(CO)10(buta-1,3-diene)] (2’).


The composition of the molecular orbitals of cluster 2’
corresponds to the data given in Table 1, with the
HOMO (H) and LUMO (L) indicated in bold. Three-di-
mensional representations of the three highest occupied mo-
lecular orbitals (HOMO, HOMO�1 and HOMO�2) and of
the lowest unoccupied molecular orbital (LUMO) are de-
picted in Figure 3. The LUMO of 2’ has a predominantly
axial p*(CO) character, together with small osmium±
osmium antibonding contributions. The HOMO has signifi-
cant contributions from all three metal centres and the
equatorial carbonyl groups; it is mainly s-bonding between
the Os1 and Os3(1,3-diene) centres, and can therefore be
described as a s(Os1�Os3) bonding orbital. By contrast, the
HOMO�1 is mainly localised on Os3, the diene ligand and


one axial carbonyl group, corresponding to the back dona-
tion from Os3 to these two ligands, and can be assigned as a
p(C=C�Os3�C(10)O) bonding orbital. All three metal cen-
tres participate in the HOMO�2, that is, s-bonding between
Os1 and Os2 and s-bonding between Os3 and the equatorial


C=C bond of the 1,3-diene
ligand. The HOMO�3 has a
character similar to that of the
HOMO, with significant contri-
butions from all three metal
centres and the carbonyl
groups. From the natures of the
frontier orbitals, the predomi-
nant character of the HOMO±
LUMO transition can be de-
scribed as s(Os1�Os3)-to-
p*(CO). The excitation ener-
gies and the oscillator strengths
of the singlet±singlet low-lying
electronic transitions of 2’ were


calculated by TD-DFT methods
and are presented in Table 2.


Electronic absorption spectra of
[Os3(CO)10(s-cis-buta-1,3-
diene)] (2’): The electronic ab-
sorption spectrum of cluster 1
in hexane shows a non-solvato-
chromic lowest energy absorp-
tion band around 400 nm, close
to a more intense band at
331 nm. Similar absorption


bands are also present in the spectra of [Os3(CO)10(s-cis-
buta-1,3-diene)] (2’) (Figure 4). The positions of the absorp-
tion maxima of the two low-lying bands of cluster 2’ are in
good agreement with the calculated TD-DFT values for its
optimised geometry (Table 2).


Figure 2. Optimised geometries of the isomeric clusters 2’ (= s-cis ; left) and 2’’ (= s-trans ; right).The relative
energies are 10 and 0 kJmol�1 for 2’ and 2’’, respectively.


Table 1. Compositions [%] and energies of selected frontier molecular orbitals (MOs) of the geometry-opti-
mised cluster [Os3(CO)10(s-cis-buta-1,3-diene)], 2’ (L=LUMO, H=HOMO).


MO E [eV] Os1[a] Os2[a] Os3[a] diene CO


110a L+3 �2.52 2.2 1.2 5.7 6.5 84.6
109a L+2 �2.69 5.5 4.3 1.5 0.6 85.4
108a L+1 �2.96 2.2 2.9 4.4 3.7 86.0
107a L �3.39 7.4 9.6 10.4 6.3 61.0
106a H �5.96 25.7 12.0 12.2 12.5 30.1
105a H�1 �6.20 4.3 3.6 57.3 9.6 18.9
104a H�2 �6.32 8.5 17.9 24.3 22.4 19.8
103a H�3 �6.57 24.2 14.6 15.9 6.6 34.2


[a] See Figure 2.


Figure 3. Three-dimensional plots of the frontier orbitals of geometry-op-
timised [Os3(CO)10(s-cis-buta-1,3-diene)] (2’).
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As the absorption features in the visible region are gener-
ally broad and poorly resolved, the first four electronic tran-
sitions (440±395 nm, Table 2) most probably contribute to
the lowest energy band. These allowed transitions are direct-
ed to the LUMO and LUMO+1 orbitals, which have pre-
dominant cluster-core±p*(CO) characters. At a higher
energy, a second group of fairly intense transitions is found
(close-lying transitions 5±7, Table 2). Like the first group,
these transitions are mainly directed to p*(CO) orbitals,
while the parent occupied orbitals (HOMO, HOMO�2 and
HOMO�3) are bonding with respect to specific metal±
metal bonds within the cluster core. The intense 331 nm
band in the UV/Vis spectrum of [Os3(CO)10(s-cis-buta-1,3-
diene)] (2’) therefore also has a s(core)p*(CO) character.


The TD-DFT results thus reveal that the electronic transi-
tions of [Os3(CO)10(s-cis-buta-1,3-diene)] (2’) in the visible
region have a predominant s(core)p*(CO) character. The
calculated excitation energies and oscillator strengths com-
pare reasonably well with the experimentally obtained data
for 2’ recorded in hexane. Excitation into the s(core)-to-
p*(CO) transitions does not result in large perturbations of
the cluster bonds in systems like the nonsubstituted precur-
sor [Os3(CO)12], in which selective irradiation into its
lowest-energy s(core)p*(CO) absorption band does not trig-
ger any significant photoreactivity.[20] By contrast, visible ir-


radiation of cluster 1 partly re-
sults in its fragmentation into
mono- and dinuclear com-
plexes.[11] The difference in the
photoreactivity of cluster 1 in
relation to symmetric
[Os3(CO)12] presumably lies in
a more pronounced weakening
of Os�Os bonds on excitation,
caused by the donor ability of
the 1,3-diene ligand. This situa-
tion should facilitate the cleav-
age of the Os1�Os3 and Os2�
Os3 bonds, especially in the
presence of a coordinating


Lewis base. It remains undecided, however, whether the ini-
tial bond-cleavage reaction, as discussed in more detail
below, takes place straightforwardly from a reactive sp*
state,[21] or through an interaction of the sp* state with a
rapidly decaying dissociative state of a ss* character. A sim-
ilar avoided crossing along the reaction coordinate, which
transforms the sp* state into a dissociative state, occurs in
the clusters [Os3(CO)10(a-diimine)].[22]


Picosecond time-resolved spectroscopy of [Os3(CO)10(s-cis-
1,3-cyclohexadiene)] (1): In order to investigate the primary
events following the photoexcitation of cluster 1, picosecond
transient absorption (ps TA) spectra were recorded in
hexane and CH2Cl2. The ps TA spectra were obtained by ex-
citation at 430 nm, and spectral changes were monitored in
the 450±650 nm wavelength region. Kinetic profiles were
probed at 500 nm in 250 fs intervals up to 15 ps. The ps TA
spectra of 1 in CH2Cl2, measured 1±10 ps after the 130 fs
laser pulse, are depicted in Figure 5, and the corresponding
kinetic profile is shown in Figure 6.


The ps TA spectrum of cluster 1 in CH2Cl2 recorded at
td=1 ps (Figure 5) shows two broad, overlapping transient
absorption bands with maxima around 505 nm and 595 nm.
Within 10 ps, the lowest-energy band becomes considerably


Table 2. TD-DFT calculated low-energy excitation energies (E) and oscillator strengths (O.S.) for the geome-
try-optimised cluster [Os3(CO)10(s-cis-buta-1,3-diene)], 2’.


Transition Composition E l lmax
[a] O.S.


[eV] [nm] [nm] (î103)


1 69% (H!L), 15% (H�1!L) 2.82 440 18
2 84% (H�1!L), 11% (H!L) 2.88 431 4.3
3 89% (H!L+1) 3.07 404 7.6
4 63% (H�2!L), 18% (H�3!L), 7% (H!L) 3.14 395 400[b] 29
5 62% (H!L+2), 21% (H�3!L), 10% (H�2!L) 3.31 375 10
6 42% (H�3!L), 25% (H!L+2), 12% (H�2!L+1) 3.39 366 331[c] 16
7 46% (H!L+3), 31% (H�3!L+1), 6% (H�2!L+1) 3.59 346 12


[a] Observed absorption maxima for [Os3(CO)10(s-cis-buta-1,3-diene)] (2’) in hexane at 293 K.[11] [b] Asymmet-
ric band with shallow resolved maximum (ca. 380 nm) and a shoulder around 410 nm. It probably comprises
the calculated transitions 1±4. [c] This absorption band probably comprises the calculated transitions 5±7.


Figure 4. UV/Vis spectra of clusters [Os3(CO)10(s-cis-cyclohexa-1,3-
diene)] (1) (d) and [Os3(CO)10(s-cis-buta-1,3-diene)] (2’) (c) in
hexane at 293 K. Major electronic transitions of cluster 2’ as calculated
with the ADF program (see Table 2).


Figure 5. Transient difference absorption spectra of cluster 1 in CH2Cl2,
measured at time delays of �1 (baseline), 1, 2, 3, 5, 8 and 10 ps, respec-
tively, after FWHM excitation (430 nm, 130 fs).
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red-shifted and transforms into a broad, well-resolved ab-
sorption band with a distinct maximum at 630 nm. On the
same timescale, the band at 505 nm initially shows a small
blue shift, to 480 nm at td=4 ps. After this time delay no dis-
tinct maximum can any longer be observed between 450 and
550 nm and only a broad unresolved absorption remains.
The kinetic profile of 1 probed at 500 nm is clearly mono-
exponential in both hexane and CH2Cl2 and provides an ex-
cited state lifetime of 2.5�0.1 ps (Figure 6). The transient
absorption at td=10 ps is very similar to that observed by
Bakker et al. in the ns TA spectra of this cluster and as-
signed to the photoproduct [Os3(CO)8(m-CO)2(L)] (L=cy-
clohexa-1,3-diene).[11] In order to verify that the absorptions
in the ps and nanosecond time domains refer to the same
species, we also measured the TA spectra at 300, 600 and
900 ps after the laser pulse. These spectra do not differ from
those measured at 10 ps or at 10 ns. From this observation
we conclude that the double CO-bridged photoproduct pre-
viously observed on the nanosecond timescale is already
present in the picosecond time domain.


Another important aim of this work was to find out
whether the different bridging carbonyl ligands in the photo-
product [Os3(CO)8(m-CO)2(cyclohexa-1,3-diene)] are formed
in a stepwise fashion or directly from the excited state in a
concerted process. For this purpose, ps TRIR spectra of clus-
ter 1 were recorded in heptane after 400 nm excitation at
several pump±probe delays between 0 and 500 ps. Represen-
tative difference IR spectra in the 2130±2070 cm�1 and
1900±1750 cm�1 regions are shown in Figures 7 and 8, re-
spectively. The extensive overlap between the bleached
n(CO) bands of the complex in the ground state and the ex-
cited-state absorptions largely precludes assignment of the
excited-state CO-stretching modes. In fact, only the clearly
separated highest frequency band at 2111 cm�1 could be
used to monitor the population of the excited state and the
subsequent formation of photoproducts. After irradiation
into the lowest energy absorption band of 1 in heptane, the
ps TRIR spectra at early time delays (<3 ps) display instan-
taneous bleaching of the parent n(CO) bands (negative sig-
nals), together with broad transient absorption bands due to
the excited state of 1. The highest frequency ground-state


band at 2111 cm�1 becomes shifted to smaller wavenumbers
in the excited state (2090 cm�1, Figure 7). This behaviour is
in line with the population of an excited state having a pre-
dominant sp* character, and results from a decrease in the
C�O bond order due to the population of anti-bonding
p*(CO) orbitals. If the lowest excited state were localised at
the metal core with mainly a ss* character, a decrease in
the p back-bonding to the carbonyl ligands would be expect-
ed, resulting in a shift of the n(CO) bands in the opposite di-
rection. At td=1 ps, the transient n(CO) band at 2090 cm�1


exhibits a high-frequency shoulder around 2100 cm�1 that
develops into a distinct band at the expense of the band at
2090 cm�1, reaching its maximum intensity at about 2.5 ps.
At longer time delays (up to 10 ps), the latter band also
decays and a new n(CO) band appears at 2106 cm�1, and
further shifts to 2111 cm�1 at td=500 ps. The remaining dif-
ference spectrum at td=500 ps closely resembles the report-
ed difference IR spectrum of cluster 1 on the nanosecond
timescale.[11]


Figure 6. Kinetic profile of the difference absorption of cluster 1 in
CH2Cl2, probed at 500 nm after FWHM excitation (430 nm, 130 fs). Figure 7. TRIR difference spectra of cluster 1 in heptane between 2130±


2070 cm�1: (&) 1 ps, (*) 2 ps, (~) 3 ps, (!) 5 ps, (^) 10 ps, (*) 40 ps and
(î) 500 ps after 400 nm (ca. 150 fs FWHM, 5 mJ per pulse) excitation.
Inset: kinetic trace representing the decay of the 2090 cm�1 band.


Figure 8. TRIR difference spectra of cluster 1 in heptane between 1900±
1750 cm�1: a) 1.5 ps, b) 2.5 ps, c) 3 ps, d) 5 ps, e) 7 ps and f) 20 ps after
400 nm (ca. 150 fs FWHM, 5 mJ per pulse) excitation.
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In order to monitor the CO-bridge formation, we focused
on the IR spectral changes in the 1900±1750 cm�1 region.
After excitation of cluster 1 at 400 nm, the ps TRIR spectra
at early time delays (<5 ps) show the appearance of a broad
n(m-CO) band around 1815 cm�1, reaching its maximum in-
tensity after approximately 3 ps (Figure 8). This point
having been reached, a shoulder at 1801 cm�1 and a new
band at 1857 cm�1 further develop at the expense of the
1815 cm�1 band. At td=20 ps, the initial n(m-CO) band has
completely disappeared and only the two new n(m-CO)
bands at 1801 and 1857 cm�1 are present, their intensity not
changing up to 500 ps. Importantly, these n(m-CO) bands
closely resemble those observed on the nanosecond time-
scale.[11]


The ps TRIR spectra of cluster 1 in the 1900±1750 cm�1


region reveal that the two different CO-bridges in the pho-
toproduct [Os3(CO)8(m-CO)2(cyclohexa-1,3-diene)] (1b)
form stepwise. Initially, primary photoproduct 1a is rising,
showing only a single n(m-CO) band at 1815 cm�1. The ob-
servation of this band already at 1.5 ps after the laser pulse
implies that population of the reactive sp* excited state
(vide supra) occurs on the sub-picosecond timescale. The
ps TRIR spectra do not reveal whether at lexc=400 nm the
p*(CO) orbitals are populated from a molecular orbital
with predominant s(Os1�Os3) (HOMO) or s(Os1�Os2)
(HOMO�2) character (Table 2). From the nature of the
fragmentation products formed upon continuous-wave irra-
diation of cluster 1,[11] the Os1�Os2 bond connecting the
two Os centres in the dinuclear photoproducts [Os2(CO)6(m-
CO)(L)2] (L=CO, ethene) should remain intact. As this
reasoning does not agree with the depopulation of the
HOMO�2 (Figure 3), it is proposed that the reactive sp*
excited state should have s(Os1�Os3)p*(CO) (HOMO±
LUMO) character. On the other hand, the depopulation of
the HOMO�2 (Figure 3) should also weaken the bond be-
tween Os3 and the equatorial C=C bond of the 1,3-diene
ligand (vide supra), contributing to electron deficiency at
the Os3 centre. The DFT study of the primary photochemi-
cal transient (vide infra) shows us that this situation can also
be of importance for triggering the photoreaction. The
ps TRIR study thus indicates that the first carbonyl bridge
forms in order to compensate for electron deficiency at the
Os3 centre. However, it does not allow us to decide whether
the carbonyl ligand is spanned over a cleaved or intact Os�
Os bond, for the 1,3-diene ligand may also be forming a
bridge (vide infra).


In a second step, transient 1a rapidly transforms, within a
few picoseconds, into secondary photoproduct 1b with two
different CO bridges. This process involves the movement
of another terminal CO ligand to a bridging position in
order to compensate further for electron deficiency in the
cluster core caused by the primary photochemical event.
Also in this case, the structural information from the
ps TRIR spectra is limited and a theoretical study of 1b
(vide infra) was needed in order to distinguish between sev-
eral possibilities. In the primary photoproduct of the sym-
metric cluster [Ru3(CO)12]


[14] (Figure 1), the electron density
is equally distributed over the CO-bridged Ru centres. The
movement of a second carbonyl to a bridging position is


therefore redundant in this case. The consecutive formation
of the different carbonyl bridges upon the excitation of clus-
ter 1 is also reflected in the IR spectral changes in the termi-
nal n(CO) region (Figure 7). The transient n(CO) band at
2100 cm�1 grows in on the same timescale as the n(m-CO)
band at 1815 cm�1 and can therefore be ascribed to transient
1a. As this band develops at the expense of the 2090 cm�1


band, the latter can be assigned to the sp* excited state of
1. Finally, the n(CO) band at 2106 cm�1, which in turn grows
at the expense of the 2100 cm�1 band, reaches its maximum
intensity at the same time delay as the n(m-CO) bands at
1857 and 1801 cm�1 and is therefore attributable to 1b. As
the n(m-CO) bands at 1801 and 1857 cm�1 do not change in
intensity or position after td=20 ps, the shift of the
2106 cm�1 band to 2111 cm�1 at longer time delays (td>
50 ps) is not ascribed to the formation of a new thermal
product, but most probably reflects a structural rearrange-
ment within 1b. In general, the shift of the highest frequen-
cy n(CO) band of cluster 1 in the excited state to larger
wavenumbers upon formation of 1a and 1b reflects the de-
creased p back-bonding towards the terminal CO ligands, in
line with the consecutive formation of the two more strongly
p-accepting CO bridges.


In order to describe the observed kinetics in a qualitative
way, the formation of photoproduct 1b is represented
by two consecutive irreversible first-order reactions
(Scheme 1). After excitation of 1, quantitative formation of


the transient 1a from the excited state 1* is assumed (rate
constant k1). This is inferred from the negligible change in
intensity of the highest frequency bleach of 1 at 2111 cm�1


at td between 2 and 3 ps, whereas the n(CO) band at
2090 cm�1 due to the excited state (1*) significantly decreas-
es. In a second step, primary photoproduct 1a can either re-
generate the parent cluster (rate constant k2) or transform
into 1b with rate constant k3. Finally, photoproduct 1b
mainly regenerates the parent cluster (ca. 70%, rate con-
stant k4), while a small part of the molecules fragments into
mono- and dinuclear products (ca. 30%, k5).


[11] As the last
two processes only take place in the nanosecond time
domain (t1b=94 ns in hexane),[11] k4 and k5 do not influence


Scheme 1. Schematic representation of the primary events taking place
after photoexcitation of cluster 1. The structures of transient 1a and pho-
toproduct 1b are discussed in the main text and shown in Figure 9.
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the kinetics on the early picosecond timescale (i.e., k1 and
k3). According to the mechanism depicted in Scheme 1, the
reactive sp* excited state 1* decays mono-exponentially
with a lifetime 1/k1. Although both vibrational cooling pro-
cesses and the decay of the excited state take place on simi-
lar timescales, the excited-state lifetime (t1*=3.3�0.1 ps)
was estimated by plotting the integrated intensity of the
2090 cm�1 band against time (Figure 7, inset). In accordance
with the development of the
1815 cm�1 band, this implies
that photoexcitation of cluster 1
results in rapid cleavage of an
Os�Os(diene) bond, accompa-
nied by the formation of a
single CO bridge in transient
1a (k1=3î1011 s�1). In the pro-
posed mechanism the concen-
tration of 1a over time is de-
scribed by the kinetics of a con-
secutive process, which unfortu-
nately cannot be solved from
the available experimental data.
However, as 1a is clearly ob-
servable by means of the n(CO)
bands at 1815 and 2100 cm�1, its
conversion to 1b together with
the decay to the ground state
(k2+k3) must be slower than its formation from the excited
state (k1). Moreover, as the absorption molar coefficients of
the n(m-CO) bands of 1a and 1b are assumed to be similar,
the fairly high intensity of the n(CO) bands at 1801 and
1857 cm�1 (1b) also indicates that regeneration of the
parent cluster from transient 1a is either a process of minor
importance (k2<k3) or does not take place at all. Formation
of photoproduct 1b is therefore concluded to be the rate-de-
termining step.


The excited state lifetime of 3.3 ps, derived from the
TRIR experiments, closely resembles the value of 2.5 ps ob-
tained from the TA measurements. Consistently with the
TRIR experiments, the UV/Vis spectral changes within the
first 10 ps after excitation (Figure 5) represent both the for-
mation of 1a from the sp* excited state and its conversion
into 1b. As the 500 nm kinetic profile of cluster 1 in CH2Cl2
(Figure 6) is clearly mono-exponential and the n(m-CO)
bands attributed to 1b only reach their maximum intensity
after about 20 ps (Figure 8), the initial 2.5 ps TA process
mainly corresponds to the decay of the excited state and
concomitant formation of 1a. As no kinetic change is ob-
served at 500 nm upon subsequent formation of 1b, both
photoproducts 1a and 1b are assumed to absorb similarly
around this wavelength.


DFT study of models of transient 1a and photoproduct 1b :
DFT calculations were performed in order to provide more
insight into the possible structures of transient 1a and pho-
toproduct 1b, by use of the geometry-optimised buta-1,3-
diene cluster 2’ (Table SI1 in the Supporting Information). It
is well known that carbonyl triosmium clusters do not
favour the presence of bridging carbonyl groups unless a


very strong s-donor ligand is present, which is not the
case.[3] Therefore, in the attempts to obtain structures with
bridging carbonyl groups, some constraints had to be kept in
the initial steps of the optimisation procedure, forcing one
or more carbonyl ligands to remain bridging (see Experi-
mental Section for more details). Two structures could be
found, both at significantly higher energies than parent clus-
ter 2’ (see Figure 9).


Most notably, in both calculated structures the 1,3-diene
coordination has changed from purely chelating to bridging,
as one carbon atom already binds at the adjacent Os1 atom.
In 2a, there is one bridging CO group (Os2,3�C4 distances:
1.894, 2.047 ä) and another one, which can be called semi-
bridging, being severely distorted (Os1,2�C5 distances
2.007, 2.494 ä) toward making a bridge. On the other hand,
there are two bridging carbonyl groups in 2b (Os1,2�C5 dis-
tances 2.195, 2.085 ä; Os2,3�C4 distances 2.250, 2.032 ä).
The Os�Os distances (Table 3) are misleading and cannot
be used directly to compare bond strengths. As has been
shown before,[19] the formation of a bridging carbonyl results
in an increased metal±metal repulsion, which should lead to
a longer intermetallic distance. However, the small bite of
the carbonyl ligand prevents this relaxation from occurring,
and the distance remains short. Therefore, Wiberg and
Mayer indices, which can be used as indicators of bond
strengths, were also calculated, and are shown in Table 3.
The Wiberg indices[23] are the result of a natural population
analysis[24] by Gaussian 98, while Mayer indices[25] can be di-
rectly calculated from the ADF data by using the MAYER
program.[26] For comparison, the same values are given in
Table 3 for parent cluster 2’.


Several conclusions can be drawn from the values in
Table 3. In the structure 2a, the Os2�Os3 bond keeps the
same distance (2.940/2.941 ä), but both Wiberg and Mayer
indices show that the bond is weaker (0.118 and 0.295, com-
pared to 0.220 and 0.424, respectively, in geometry-opti-
mised 2’). A carbonyl group is bridging over these two
osmium atoms. The Os1�Os2 and Os1�Os3 bonds become
slightly longer, but much weaker, as reflected in both indi-
ces. From 2a to 2b, the Os1�Os2 bond shortens the most.


Figure 9. Calculated (ADF program) geometries of transient 2a (left) and photoproduct 2b (right). The ener-
gies, relative to those of geometry-optimised cluster 2’ (Figure 2), are 101 and 50 kJmol�1 for 2a and 2b, re-
spectively. The dark circles represent the carbon atoms of the bridging or semi-bridging carbonyl groups.
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The Wiberg indices and Mayer indices drop from 0.197 and
0.493 for 2’ to 0.146 and 0.374 in 2b, respectively. For the
other two Os�Os bonds, the increase in length is accompa-
nied by the expected decrease in strength. These results
demonstrate that bond length cannot be used reliably to es-
timate bond strength in clusters containing bridging carbon-
yl groups. In general, we can conclude that all Os�Os bonds
weaken in the transient and in the photoproduct.


To check the agreement between the theoretical and ex-
perimentally determined structures of the photoproduct, IR
CO-stretching wavenumbers of the bridging carbonyl groups
in 2b were calculated by the DFT method to be 1864 and
1832 cm�1. In view of the limitations, the calculated values
compare fairly well with those of 1857 and 1801 cm�1 meas-
ured for 1b (vide supra). This result demonstrates the differ-
ence between the CO bridges. Even though they each span
an Os�Os bond, the weakened Os�Os bonds are not equiv-
alent. In previous work,[11] one of the carbonyl groups was
assumed to bridge the open Os1�Os3 bond instead of the
1,3-diene ligand, in analogy to the transients [Ru3(CO)n(m-
CO)] (n=11, 12).[14,15] No similar attempt could be made for
2a, since the low stability of the product forced a constrain-
ed geometry optimisation and prevented a meaningful fre-
quency calculation.


Remarks on the photoreactivity of clusters 1 and 2’: Apart
from the ps±ns TA and TRIR data, and the assignment of
the products of the photofragmentation,[11] the TD-DFT
study of the parent clusters and the transients/photoproducts
provides an important basis for a more detailed analysis of
the initial steps in the photoreaction mechanism of clusters
1 and 2’ (Scheme 1). Importantly, the theoretical results are
in favour of the cleavage of an Os�Os(1,3-diene) bond from
the initially populated sp* excited state. According to the
strong involvement of the HOMO in the lowest sp* excited
state (Table 2), the cleavage concerns the Os1�Os3 bond.
As a response to this dissociation step and the resulting
electron deficiency at the Os1 centre, the former Os1�Os3
bond becomes bridged by the 1,3-diene ligand, using one of
its C=C p systems, bound in the parent cluster exclusively to
the Os3 atom, in the equatorial position. As mentioned
above, the involvement of the HOMO�2 in the low-energy
photoexcitation (Table 2) may also facilitate this develop-
ment. The preferential bridging coordination of the 1,3-
diene (see also Figure 2), not considered in the previous ten-


tative mechanism,[11] may reflect its higher donor ability and
larger bite angle in relation to those of CO. The first CO
bridge over the Os2�Os3 bond is most probably formed in a
concerted way in the sub-picosecond time domain, to com-
pensate for some electronic deficiency at the Os3 centre. In
the calculated coordinatively unsaturated transient 2a (cor-
responding to 1a in Scheme 1), the Os1�Os3 bond is drawn
open (Figure 9), in agreement with the 18-electron count
rule at the Os1 centre, even though the other two Os�Os
bonds are also significantly weaker than in 2’. The Os1�Os2
bond is stabilised by the formation of the second carbonyl
bridge in 2b (representing 1b in Scheme 1) in the picosec-
ond time domain and becomes the strongest metal±metal
bond in the photoproduct. This explains why this particular
bond does not cleave upon coordination of Lewis bases
(CO, olefins) at this stage.[11] According to Table 3, it is
likely that the Os1�Os3 bond is restored in the photoprod-
uct and that 2b is a fully bridged coordination isomer of
parent cluster 2’, converting in the nanosecond time domain
back to the thermodynamic structure with stronger Os�Os
bonds.


Conclusion


Picosecond TRIR spectroscopy has proven to be a powerful
tool for obtaining some structural information about cluster
1 in its lowest excited state and for monitoring the conver-
sion into photoproducts. In contrast to the photoreactivity
of non-substituted [Ru3(CO)12],


[9] the IR spectral changes
observed for cluster 1 reveal stepwise formation of two CO
bridges, resulting in the photoproduct [Os3(CO)8(m-CO)2(cy-
clohexa-1,3-diene)] (1b). The formation of the second CO
bridge in the latter cluster is favoured by increased electron
density in the transient [Os3(CO)9(m-CO)(cyclohexa-1,3-
diene)] (1a) caused by the bridging coordination of the 1,3-
diene ligand.


Both the experimentally measured data and the TD-DFT
results support the assignment of the low-lying electronic
transitions of 1 as having a predominant s(core)-to-p*(CO)
character. The reactive lowest sp* excited state, most proba-
bly populated from the higher lying, optically accessible
s(Os1±Os2)p* state, is ascribed a s(Os1�Os3)p*(CO) char-
acter. This assignment is supported by the structure of the
transient species obtained by DFT calculations. Indeed, in


Table 3. Calculated Os�Os and Os�C(O)bridge bond lengths [ä], and Wiberg and Mayer indices in photoproducts 2a and 2b, as well as in geometry-opti-
mised parent cluster 2’.


2a 2a 2a 2b 2b 2b 2’ 2’ 2’
Bond[a] Length Wiberg Mayer Length Wiberg Mayer Length Wiberg Mayer


indices indices indices indices indices indices


Os1�Os2 3.029 0.110 0.326 2.869 0.146 0.374 2.921 0.197 0.493
Os1�Os3 3.166 0.119 0.325 3.125 0.139 0.370 2.943 0.214 0.439
Os2�Os3 2.940 0.118 0.295 2.958 0.118 0.293 2.941 0.220 0.424
Os1�C5 2.007 0.707 0.862 2.195 0.475 0.582 ± ± ±
Os2�C5 2.494 0.199 0.329 2.085 0.547 0.708 ± ± ±
Os2�C4 1.894 0.727 0.888 2.250 0.362 0.529 ± ± ±
Os3�C4 2.047 0.592 0.673 2.032 0.697 0.789 ± ± ±


[a] See Figure 9.
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the calculated buta-1,3-diene transient 2a, the Os1�Os3
bond is cleaved and bridged in the equatorial plane by the
1,3-diene ligand. In accordance with the ps TRIR spectra, a
carbonyl bridge is also present, as well as a distorted carbon-
yl group. The latter will easily transform into a second
bridge when forming the photoproduct. The Os1�Os2 bond,
spanned by a bridging carbonyl group, is strengthened when
2a converts into 2b, preventing its cleavage during fragmen-
tation reactions with Lewis bases. The experimental evi-
dence for the bridging coordination of the 1,3-diene in the
photogenerated species remains a challenge for the intended
future studies.


Experimental Section


Materials and preparations : Solvents of analytical grade (Acros) were
freshly distilled from sodium wire (hexane) or CaH2 (acetonitrile
(MeCN), dichloromethane) under an atmosphere of dry N2. Cyclohexa-
1,3-diene (Acros), dichloromethane, hexane and heptane (all Aldrich,
spectroscopic grade) were used as received. Trimethylamine N-oxide,
Me3NO¥2H2O (Alfa), was dehydrated before use by vacuum sublimation.
Silica 60 (70±230 mesh, Merck) for column chromatography was activat-
ed by heating under vacuum at 450 K overnight and stored under N2.


Synthesis of [Os3(CO)10(s-cis-cyclohexa-1,3-diene)] (1): Cluster 1 was
prepared under an inert atmosphere of dry N2, by use of standard
Schlenk techniques. We followed a synthetic procedure similar to that
employed by Braga et al. ,[27] with [Os3(CO)10(MeCN)2].


[28]


Cyclohexa-1,3-diene (2.5 mL, 26 mmol) was added to a solution of [Os3-
(CO)10(MeCN)2] (500 mg, 0.54 mmol) in CH2Cl2 (70 mL). The reaction
mixture was stirred for 2.5 h. After this period, the solvent was evaporat-
ed under vacuum. Purification of the crude product by column chroma-
tography over silica with hexane/CH2Cl2 10:1 (v/v) as eluent gave cluster
1 as a yellow powder in 65% yield. 1H NMR (300 MHz, CDCl3, 293 K):
d=5.58 (dd, 3J(H,H)=5.3 Hz, 3J(H,H)=3 Hz, 2H; �CH=CH�CH=CH�),
3.76 (d, 3J(H,H)=7.2 Hz, 2H;�CH=CH�CH=CH�), 1.87 ppm (br s, 4H;
�CH2�CH2�); IR (hexane): ñ(CO)=2111 (m), 2062(s), 2032(s),
2023(vs), 2009(s), 1991(w), 1982(m), 1974(w), 1938 cm�1 (w); UV/Vis
(hexane): lmax (e)=244(sh), 342 (10.1î103 mol�1dm3cm�1), 400 (sh) nm.


Spectroscopic measurements : Electronic absorption spectra were record-
ed on a Hewlett±Packard 8453 diode array spectrophotometer, FTIR
spectra on a Bio-Rad FTS-7 spectrometer, and 1H NMR spectra on a
Bruker AMX 300 (300.13 MHz for 1H) spectrometer.


Photochemistry : Picosecond transient absorption (ps TA) spectra and
single-wavelength kinetic traces were recorded on the set-up installed at
the University of Amsterdam.[22] Part of the 800 nm output of a Ti-sap-
phire regenerative amplifier (1 kHz, 130 fs, 1 mJ) was focussed into a
H2O flow-through cell (10 mm, Hellma) to generate white light. The re-
sidual part of the 800 nm fundamental was used to provide 430 nm
(fourth harmonic of the 1500 OPA signal beam) excitation pulses with a
general output of 5 mJ per pulse. After passing through the sample, the
probe beam was coupled into a 400 mm optical fibre and detected with a
CCD spectrometer (Ocean Optics, PC2000). Typically, two thousand ex-
citation pulses were averaged to obtain the transient at a particular time
delay. The picosecond time-resolved infrared (ps TRIR) spectra were re-
corded on the PIRATE set-up at the Central Laser Facility of the Ruth-
erford Appleton Laboratory.[29] The laser system was based on a Ti-sap-
phire regenerative amplifier (Spectra Physics/Positive Light, Superspit-
fire), operating at 1 kHz repetition rate at about 800 nm, with an energy
of 2±3 mJ per pulse (150 fs FWHM). Tuneable mid-IR outputs
(150±200 cm�1 FWHM, 200 fs) were generated by frequency-down con-
version of the signal and idler outputs of a white-light seeded, 800 nm
pumped BBO OPA in an AgGaS2 crystal. Second harmonic generation
of the residual fundamental light (800 nm) provided 400 nm excitation
pulses. The mid-IR beam generated by the first OPA was split into refer-
ence and probe beams with a 50% germanium beam-splitter. Below
1800 cm�1, N2-purged infrared beam paths were applied to reduce probe


beam absorption by water vapour. The flow-through cell, consisting of
two CaF2 windows separated by 0.25±1 mm spacers, was allowed to make
a rastering movement perpendicular to the probe beam in order to avoid
local heating and sample decomposition by the laser beams. Two separate
64 element HgCdTe linear array detectors (MCT-13±64el (Infrared Asso-
ciates Inc.) and MCT-64000 pre-amplifiers (Infrared Systems Develop-
ment Corp.)) were used to detect the mid-IR reference and probe signals.
TRIR spectra covering the whole CO-stretching region (2200±1700 cm�1)
were constructed from a precise overlap of three to four 150 cm�1 win-
dows. Calibration of the spectra was established by comparison of the
parent bleach positions with the peak positions of the corresponding
n(CO) bands in the regular FTIR spectra.


Computational details : Density functional theory (DFT) calculations[30]


were carried out with the Amsterdam Density Functional (ADF-2002)
program.[31] Vosko, Wilk and Nusair×s local exchange correlation poten-
tial was used.[32] Gradient-corrected geometry optimisations[33] were per-
formed by use of the generalised gradient approximation (Becke×s ex-
change[34] and Perdew×s correlation[35] functionals). Relativistic effects
were treated with the ZORA approximation.[36] The core orbitals were
frozen for Os ([1±4] s, [1±4]p, [3±4]d) and C, O (1s). Triple-z Slater type
orbitals (STOs) were used to describe the valence shells of H (1s), C, O
(2s and 2p) and Os (4 f, 5d, 6 s). A set of two polarisation functions was
added: H (single z, 2p, 3d), C, O (single z, 3d, 4 f), Os (single z, 6p, 5 f).
Full geometry optimisations were performed without any symmetry con-
straints on clusters based on the available crystal structures for the two
isomers of cluster [Os3(CO)10(buta-1,3-diene)], with chelate (2’) or bridg-
ing (2’’) buta-1,3-diene.[15, 16]


The geometry optimisation of the photoproducts [Os3(CO)9(m-CO)(buta-
1,3-diene)] (2a) and [Os3(CO)8(m-CO)2(buta-1,3-diene)] (2b) started with
constraining of the carbonyl groups to remain bridging. After conver-
gence had been achieved, the photoproducts were fully optimised. Vari-
ous combinations were tried, with one or two CO bridges in several posi-
tions. All attempts at full optimisation of the resulting constrained struc-
ture of photoproduct 2a always led to 2b. The optimised structure 2a
was thus obtained with geometry constraints, while that of 2b was fully
optimised. IR frequencies of the photoproduct 2b were calculated after
full optimisation. A smaller basis set than that described above was used.
The core orbitals were frozen for Os ([1±4] s, [1±4]p, [3±4]d, 4 f) and C,
O (1s). Triple-z STOs, plus one polarisation function (single-z, 6p), were
used to describe the valence shells of Os (5d, 6s). Double-z STOs were
used to describe the valence shells of H (1s), C and O (2s and 2p). One
polarisation function was added to C and O (single-z, 3d). As the geome-
try of 2a was not completely optimised, frequency calculations were not
performed.


Single-point calculations at the DFT/B3LYP[37,38] levels were performed
on the ADF-optimised geometries by use of Gaussian 98.[39] This func-
tional includes a mixture of Hartree±Fock exchange with DFT exchange-
correlation, given by Becke×s three-parameter functional[38] with the Lee,
Yang and Parr correlation functional,[37] which includes both local and
non-local terms. The standard LanL2DZ basis set was used for Os[40] and
a 6±31G* basis set[41] for the other atoms (C, O, H).


A natural population analysis (NPA)[24] was performed and Wiberg indi-
ces[23] (using the B3LYP density) were evaluated and used as bond
strength indicators. Mayer indices[25] were calculated with the ADF densi-
ties by use of the MAYER program.[26]


Time-dependent DFT calculations (TD-DFT)[42] in the ADF implementa-
tion were used to determine the excitation energies. In all cases the ten
lowest singlet±singlet excitation energies were calculated by use of the
optimised geometry.
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Supramolecular Porphyrin Assemblies through Amidinium±Carboxylate
Salt Bridges and Fast Intra-Ensemble Excited Energy Transfer


Joe Otsuki,*[a] Kosyo Iwasaki,[a] Yosuke Nakano,[a] Mitsunari Itou,[b]


Yasuyuki Araki,[b] and Osamu Ito[b]


Introduction


Photosynthetic antenna arrays found in nature funnel photo-
excited energy into the reaction center.[1] Attempts have
been made to mimic the antenna function by using artificial
chromophores, porphyrins in particular, to better understand
the energy-transfer processes and to create energy-harvest-
ing devices. It has become increasingly apparent that nonco-
valent self-assembly is better suited to construct complex
multichromophore assemblies.[2] Interactions that have been
employed in constructing energy donor±acceptor porphyrin
assemblies in this regard include metal coordination interac-
tions,[3±6] hydrogen bonds,[6±8] and others.[9] The required
properties for the intermolecular interaction joining chro-
mophores include strength and directionality. Asymmetry is
needed when a heterotopic supramolecule, such as a do-
nor±acceptor pair, is desired. Another important issue,
though often made light of, is whether the intermolecular in-
teraction facilitates the energy-transfer process.


We here demonstrate that amidinium±carboxylate salt
bridges, which have been used to construct electron donor±
acceptor dyads[10] or a donor±spacer±acceptor triad,[11] can


also be used to assemble an energy donor±acceptor dyad
and pentad. The salt bridge consists of complementary
double hydrogen bonds and electrostatic interaction, and,
therefore, excels in directionality and strength.[10] We pre-
pared the Zn±porphyrin complex with an amidine group
(ZnPA) as the energy donor. This porphyrin was combined
with the free-base porphyrins bearing either one (FbPC),
and four (FbPC4) carboxy groups to prepare the 1:1 donor±
acceptor pair, ZnPA¥FbPC, and the antenna-type 4:1 assem-
bly, (ZnPA)4¥FbPC4, respectively. The intra-ensemble sin-
glet±singlet excited energy-transfer process was probed with
steady-state and picosecond time-resolved fluorescence
measurements. Fast excited energy transfer was observed in
these supramolecules; this implies the involvement of a
through-bond mechanism mediated by intermolecular
bonds.


Results and Discussion


1H NMR titration studies : The assembly of ZnPA with the
two free-base porphyrins, that is, the free-base porphyrin
with one (FbPC) and four (FbPC4) carboxy moieties, was in-
vestigated with 1H NMR titration experiments in [D6]ben-
zene/[D6]DMSO (99:1). DMSO was added in order to dis-
solve enough of the free-base porphyrins, especially FbPC4.
The use of DMSO also simplifies the analysis of the assem-
bly process. ZnPA aggregates with itself by axial coordina-
tion through the amidine group in non-coordinating solvents
such as toluene; therefore, the 1H NMR resonances are
broadened and the electronic absorption spectrum exhibits
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Abstract: Well-defined supramolecular
assemblies of Zn and free-base por-
phyrins are constructed through the
formation of amidinium±carboxylate
salt bridges. A one-to-one donor±ac-
ceptor pair and a four-to-one antenna-
type assembly are investigated. The
steady-state and time-resolved fluores-
cence measurements unequivocally


showed that efficient singlet±singlet ex-
cited energy transfer from the Zn±por-
phyrin complex to the free-base por-


phyrin takes place in these assemblies.
Indeed, the observed energy-transfer
rates in both types of assemblies are
much faster than those the Fˆrster
mechanism would suggest, implying the
involvement of an intermolecular
through-bond mechanism.


Keywords: energy transfer ¥ por-
phyrinoids ¥ salt bridges ¥ supra-
molecular chemistry ¥ through-bond
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red-shifted Q-band peaks relative to the Zn±tetraphenylpor-
phyrin (ZnTPP) complex (data not shown). DMSO itself co-
ordinates to the Zn ion in the macrocycle to prevent ZnPA
from assembling with itself.


Incremental amounts of ZnPA were added into a solution
of FbPC in [D6]benzene/[D6]DMSO (99:1), and the chemi-
cal shifts of the FbPC protons were recorded. The shifts
changed on addition of up to one equivalent of ZnPA and
then saturated as shown in Figure 1a. The formation of the


1:1 complex, ZnPA¥FbPC, was clearly established by this 1H
NMR titration experiment. The downfield shifts indicate
that two porphyrin rings lie in a side-by-side fashion, consid-
ering the large ring-current effect of porphyrin macrocy-
cles.[12] The fact that protons closer to the carboxylate group
experience larger shifts is consistent with the formation of
the carboxylate±amidinium salt bridge. As for the mixtures
of FbPC4 and ZnPA, similar chemical shift changes were
observed as shown in Figure 1b. The formation of the 4:1
complex, (ZnPA)4¥FbPC4, was also clearly proven from the
abrupt halt of the chemical shift changes at this stoichiome-
try.


Absorption and fluorescence spectra : Absorption and fluo-
rescence spectra were recorded for these porphyrins in tolu-
ene/DMSO (99:1) at 25 8C. Table 1 lists the Soret- and Q-
band absorption maxima (labs) with their molar extinction
coefficients, as well as the fluorescence maxima (lfl). The
labs×s of ZnPA are practically identical to those of the model
Zn±tetrakis(3,5-di-tert-butyl)porphyrin complex (ZnP). This
indicates that substitution with the amidine group does not
perturb the electronic properties of Zn±porphyrin com-


Abstract in Japanese:


Figure 1. 1HNMR chemical shifts of selected protons in free-base por-
phyrins in [D6]benzene/[D6]DMSO (99:1) as a function of the ratio of
added ZnPA to the free-base porphyrin concentration: a) FbPC
(5.6 mm); b) FbPC4 (0.11 mm).


Table 1. Absorption and fluorescence data in toluene/DMSO (99:1) at
25 8C.


Soret band region Q-band region Fluorescence[a]


labs [nm] e [m�1 cm�1] labs [nm] e [m�1 cm�1] lfl [nm]


ZnP 430 6.0î105 561 2.3î104 606, 658
600 1.2î104


ZnPA 430 6.0î105 561 2.5î104 606, 656
601 1.2î104


FbP 421 5.0î105 517 2.0î104 652, 710
551 1.1î104


593 5.8î103


649 6.4î103


FbPC 422 4.1î105 517 1.7î104 651, 713
551 8.6î103


593 4.7î103


650 4.0î103


FbPC4 422 4.0î105 515 2.0î104 653, 710
551 1.0î104


592 6.6î103


649 4.5î103


[a] lex=560 nm.
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plexes. Therefore, the D4h symmetry of the metalloporphyrin
is considered as being maintained as far as the electronic
transitions are concerned. This is also the case for the car-
boxy derivatives of porphyrin; the labs×s of FbPC and FbPC4


are practically identical to those of the model free-base por-
phyrin, tetrakis(3,5-di-tert-butyl)porphyrin (FbP). Thus,
these porphyrins retain the D2h symmetry electronically. The
fact that the electronic structures are not perturbed by sub-
stitution in the porphyrins used in this study is an important
point when the value of the orientation factor in the Fˆrster
mechanism is estimated (vide infra). The lfl×s of ZnP, FbPC,
and FbPC4 are also nearly identical to those of the respec-
tive model porphyrins.


Then, self-assembly of ZnPA with FbPC and excited
energy transfer therein have been examined by steady-state
electronic absorption and fluorescence spectra. The absorp-
tion spectrum for an equimolar mixture (4mm) of FbPC and
ZnPA in toluene/DMSO (99:1) was virtually identical to the
sum of those for component porphyrins, as shown in Fig-
ure 2a; this not only indicates that there is little ground-
state interaction between the two porphyrin chromophores,
but also excludes the possibility that simple aggregation of
porphyrins occurs. One the other hand, fluorescence from
the mixture was completely different from the sum of com-
ponent spectra. Basically, the fluorescence from ZnPA was
diminished and that from FbPC increased. The fluorescence
intensity at 712 nm (lex=560 nm), at which only the free-
base porphyrin fluorescence is observed, increased upon ad-
dition of ZnPA as shown in Figure 3, indicating that energy
transfer from ZnPA to FbPC occurred. Assuming that this
sensitization is due to the formation of the ZnPA¥FbPC
complex, the association constant was found to be 2.9(�
0.1)î105m�1; as determined from the fluorescence intensity
data by using a least-squares curve-fitting procedure. The
need of the carboxy group in efficient sensitization is evi-
dent, since FbP showed only a little increase in fluorescence
intensity, due to diffusional encounters, see Figure 3.


Similar experiments were done with FbPC4 in place of
FbPC. Again, the absorption spectrum for a mixture of
ZnPA and FbPC4 is identical to the sum of component spec-
tra, as shown in Figure 2b. The result of a sensitization ex-


periment is included in Figure 3. The increase of fluores-
cence in this case is nearly four times larger than that for
FbPC, in agreement with more molecules (up to four) of
ZnPA associating with FbPC4. The fluorescence intensity
dependence on ZnPA concentration was best fitted by as-
suming four independent, identical binding sites, that is, car-
boxy groups, on FbPC4 leading to the formation of the 4:1
complex, (ZnPA)4¥FbPC4. The association constant between
ZnPA and one of the sites on FbPC4 was determined as
2.2(�0.2)î106m�1.


Time-resolved studies on excited energy transfer : Time-re-
solved fluorescence measurements were undertaken to de-
termine the rates of energy transfer. For a pure sample, the
fluorescence lifetime (tZnPA) of ZnPA was 1.92 ns in toluene/
DMSO (99:1). For the 1:1 mixture, ZnPA¥FbPC
(0.1:0.1mm), the decay of the excited state of ZnPA moni-
tored at 590±610 nm, at which the Zn-porphyrin fluores-
cence dominates, was biexponential with components of 0.22
and 1.92 ns (Figure 4a). The longer lifetime is the same as
that of ZnPA alone, and the fast component (t) is attributed
to the energy transfer within the complex. Indeed, the frac-
tion of the faster component increased with increasing
ZnPA concentration, as shown in Figure 5. The energy-


Figure 2. Comparison of observed (lines) and calculated (crosses) absorp-
tion spectra for the mixtures of Zn and free-base porphyrins in toluene/
DMSO (99:1) at 25 8C. The calculated spectra are obtained simply by
adding the component spectra: a) ZnPA and FbPC (5mm each); b) ZnPA
(16mm) and FbPC4 (4mm).


Figure 3. Fluorescence intensities of free-base porphyrins (4mm) moni-
tored at 712 nm as a function of ZnPA concentration in toluene/DMSO
(99:1) at 25 8C (lex=560 nm). Dots are observed intensities, while lines
are calculated curves based on the association constants as described in
the text.


Figure 4. Time-resolved fluorescence traces in toluene/DMSO (99:1) (Ti:
sapphire laser, lex=400 nm). Solid line: excitation laser; round dots:
ZnPA fluorescence (582±617 nm); triangles: free-base porphyrin fluores-
cence (720±770 nm): a) ZnPA (0.1mm) and FbPC (0.1mm); b) ZnPA
(0.4mm) and FbPC4 (0.1mm).
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transfer rate (kET) was determined from this fast component
from Equation (1) as 4.0î109 s�1.


kET ¼ t�1�t�1
ZnPA ð1Þ


These fluorescence lifetimes also give a quantum yield for
the energy transfer (FET) as 0.89. The occurrence of energy
transfer in this supramolecular dyad is clearly indicated by a
delayed increase in fluorescence monitored at 720±770 nm,
at which only the FbPC moiety emits, as shown in Figure 4a.


Similar analysis was also conducted for the 4:1 complex,
(ZnPA)4¥FbPC4 (0.4:0.1mm). The time trace of ZnPA fluo-
rescence can be fitted with a superposition of two exponen-
tial functions with lifetimes of 0.08 ns (72%) and 1.2 ns
(28%). The fast component may be attributed to energy-
transfer processes within the supramolecular complex. With
this value, the energy-transfer rate constant and the quan-
tum yield were determined as 1.2î1010 s�1 and 0.96, respec-
tively. However, the slower component is substantially
slower than that for free ZnPA ; this might reflect a compli-
cated equilibrium in solution involving Fb, ZnFb, Zn2Fb,
Zn3Fb, and Zn4Fb complexes.[13] A delayed rise in fluores-
cence from FbPC4 is also apparent from Figure 4b, provid-
ing direct evidence for the energy transfer.


The mechanism of excited energy transfer : The through-
space Fˆrster energy-transfer rates (kFˆrster)[14] for the dyad
and pentad are estimated to be 5.1î108 and 6.8î108 s�1, re-
spectively, from Equation (2), whereby k2 is an orientation
factor, FZnPA is the fluorescence quantum yield of ZnPA in
the absence of the acceptor, JF is the spectral overlap term
(in m


�1 cm3), n is the solvent refractive index, tZnPA is the
fluorescence lifetime of ZnPA in the absence of the accept-
or (in s), and r is the donor±acceptor center-to-center dis-
tance (in cm).[2c]


kF »orster ¼ 8:81� 10�25 k2 FZnPA JF
n4 tZnPA r6


ð2Þ


The Fˆrster calculation is based on values of k2=1.01,
FZnPA=0.021 (measured with reference to FZnTPP=0.030[15]),
JF=3.4î10�14 (ZnPA¥FbPC) and 4.5î10�14


m
�1 cm3


((ZnPA)4¥FbPC4), n=1.51 (toluene), tZnPA=1.92î10�9 s,


and r=2.23î10�7 cm. The center-to-center separation, r, is
based on data from the X-ray structures of ZnTPP,[16] free-
base TPP,[17] and an amidinium±carboxylate complex.[18] The
value of the orientation factor, k2, is for parallel Zn±por-
phyrin/free-base porphyrin arrays. This value is based on the
Jablonski×s symmetrical planar oscillator model for Zn±por-
phyrin,[19] which requires that the D4h symmetry must not be
severely perturbed by substitution. It is most likely that this
requirement is fulfilled, as the absorption spectrum of
ZnPA is virtually identical to that of the model porphyrin,
ZnP (vide supra; Table 1). The value of k2 is also based on
another assumption that the transition dipoles of FbPC is
oriented along the imidazole NH±NH and N±N axes.[20] This
assumption may also be justified, since the absorption spec-
trum of FbPC is virtually identical to that of FbP, showing
again that perturbation is minimum. The value of k2=1.01
gives an upper limit, since the two porphyrin groups can
rotate about the center-to-center axis in fluid solutions,
giving a lower averaged k2 value.


The obtained Fˆrster rates are certainly too small to ac-
count for the observed rates of energy transfer, even if
structural uncertainties are taken into account. If the ob-
served energy-transfer rate of 4.0î109 s�1 for the dyad were
accounted for by the Fˆrster mechanism, the center-to-
center separation would have to be ~16 ä, which is improb-
ably short; the center-to-center separation between two por-
phyrins connected with the diarylethyne bridge, �Ph�C�C�
Ph�, is already 20 ä.[15] Some sort of aggregation of the por-
phyrins, which might give a close contact between the
Zn±porphyrin complex and free-base porphyrin is excluded
from the fact that the absorption spectra of the mixture is
identical with the sum of the component absorption spectra
(vide supra).


These considerations infer that a through-bond mecha-
nism[21] is in operation in the excited energy transfer in these
Zn/Fb porphyrin assemblies through the amidinium±carbox-
ylate salt bridges. Thus, it is suggested that hydrogen bonds,
augmented by electrostatic attraction in this particular case,
can mediate through-bond energy transfer. Although there
have already been many examples of noncovalent energy
transfer involving porphyrins,[2±9] as described in the intro-
duction, there seems to be no report on through-bond
energy transfer involving intermolecular bonds. In many re-
ports in which energy-transfer rates are measured, the
observed rates are consistent with the Fˆrster mecha-
nism.[4a,5f,5h,7,9c] Thus, it is unusual that a faster rate is ob-
served than that estimated from the Fˆrster mechanism; this
may warrant further studies on this system to clarify the
mechanism of the fast singlet±singlet intra-ensemble excited
energy transfer.


Conclusion


We have constructed a supramolecular porphyrin dyad and
pentad through amidinium±carboxylate salt bridges, in
which energy transfer occurs efficiently. The observed rates
of energy transfer are much faster than expected from the
Fˆrster mechanism. Hence, a through-bond mechanism is


Figure 5. Fractions of the longer (crosses) and shorter (circles) compo-
nents of ZnPA (0.1mm) fluorescence as a function of added FbPC con-
centration in toluene/DMSO (99:1).
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implicated involving the hydrogen-bond interface. It is
worth noting that although through-bond electron transfer
mediated by intermolecular interactions, such as coordina-
tion bonds and hydrogen bonds, has been widely recog-
nized,[10,22,23] the involvement of a through-bond mechanism
in energy transfer in well-defined supramolecular architec-
tures has received little attention so far. It would be impor-
tant to shed more light on intermolecular through-bond
energy transfer to understand natural energy transfer and,
ultimately, to create efficient artificial energy transfer sys-
tems.


Experimental Section


Physical measurements : 1H NMR spectra were recorded on a JEOL
JNM-GX400 spectrometer. Proton peak positions were referenced to tet-
ramethylsilane. Laser desorption ionization time-of-flight MS (LDI-
TOFMS) spectra for porphyrins were taken on an Applied Biosystems
Voyager RP-PRO without using a matrix. Elemental analyses were per-
formed by the Chemical Analysis Center of the College of Science and
Technology, Nihon University. FAB-HRMS measurements were conduct-
ed by I. Yoshikawa of University of Tokyo.


Steady-state absorption and fluorescence measurements (except for the
fluorescence quantum yield determination) were conducted in air-equili-
brated toluene/DMSO (99:1), using Shimadzu RF-2400PC and UV-
5300PC spectrometers, respectively. The samples were maintained at
25 8C in constant temperature units. It was confirmed that the spectro-
scopic behavior described herein is not appreciably affected by small var-
iations of the DMSO content. Picosecond time-resolved fluorescence life-
times were measured for samples purged with Ar by using an argon-ion
pumped Ti:sapphire laser (Tsunami) (lex=400 nm) and a streak scope
(Hamamatsu Photonics).


Materials : Toluene was purchased from Godo Solvents and distilled from
Na. Spectroscopic grade DMSO was purchased from Kanto Kagaku.
ZnTPP obtained from Aldrich was purified to remove chlorin.[24] FbPC4


was purchased from Aldrich and used as received. FbPC was prepared
according to the literature.[25±27] FbP was obtained as a byproduct in the
preparation of FbPCN,[28] to which Zn ion was incorporated to give
ZnP.[29] ZnPA was prepared according to Scheme 1, as detailed in the fol-
lowing.


NiPCN : A solution of FbPCN[28] (200 mg, 0.21 mmol) in CHCl3 (20 mL)
and a solution of Ni(AcO)2¥4H2O (315 mg, 1.26 mmol) in MeOH
(10 mL) were mixed; and this solution was refluxed for 24 h in the dark.
After the solvent was evaporated, the residue was dissolved in a small
amount of CH2Cl2, was washed with aqueous NaHCO3 (10%), and was
dried over Na2SO4. After the removal of Na2SO4 and then the solvent,
the residue was purified by chromatography over silica gel with CH2Cl2/
hexane (1:2) as eluent. The second fraction was collected to afford a


purple solid (166 mg, 78%). 1H NMR (400 MHz, CDCl3, TMS): d=1.46
(s, 54H; tBuH), 7.71±7.72 (m, 3H; tBuArH), 7.85±7.86 (m, 6H;
tBuArH), 7.98 (d, J=8 Hz, 2H; NCArH), 8.15 (d, J=8 Hz, 2H;
NCArH), 8.61 (d, J=5 Hz, 2H; porphyrin-b), 8.80±8.81 ppm (m, 6H;
porphyrin-b); LDI-TOFMS (without matrix): m/z : 1031 [M+]; elemental
analysis calcd (%) for C69H75N5Ni¥0.5H2O (1042.2): C 79.53, H 7.35, N
6.72; found: C 79.24, H 7.20, N 6.73.


NiPA¥HCl : A solution of AlMe3 in hexanes (2m, 0.80 mL) was added to
a suspension of NH4Cl (86 mg, 1.6 mmol) in dry toluene (10 mL), and the
mixture was stirred for 2 h at room temperature under Ar. A solution of
NiPCN (166 mg, 0.16 mmol) in dry toluene (10 mL) was added, and the
resulting solution stirred at 80 8C for 46 h in the dark. The reaction mix-
ture was poured into a suspension of silica gel in CHCl3 (10 g, 50 mL).
The mixture was well stirred and filtered. The solvents were evaporated
from the filtrate. The residue was purified by chromatography (silica,
CHCl3/MeOH, 2:1) and the second band gave a purple solid (160 mg,
91%) as the amidinium chloride. 1H NMR (400 MHz, CDCl3, TMS): d=
1.46 (s, 54H; tBuH), 7.71±7.72 (m, 3H; tBuArH), 7.85±7.86 (m, 6H;
tBuArH), 8.17 (d, J=8 Hz, 2H; amidinium-ArH), 8.31 (d, J=8 Hz, 2H;
amidinium-ArH), 8.61 (d, J=5 Hz, 2H; porphyrin-b), 8.81±8.82 ppm (m,
6H; porphyrin-b); LID-TOFMS (without matrix): m/z : 1050 [M+H]+ ;
FAB-HRMS: m/z : calcd for C69H79N6Ni ([M+H]+): 1049.5719; found:
1049.5719; elemental analysis calcd (%) for C69H79ClN6Ni¥1.5H2O
(1113.7): C 74.42, H 7.42, N 7.55; found: C 74.51, H 7.26, N 7.53.


FbPA : Concentrated HCl (4 mL) and TFA (4 mL) were added to a solu-
tion of NiPA¥HCl (306 mg, 0.28 mmol) in CH2Cl2 (150 mL), and the mix-
ture was stirred at room temperature for 24 h in the dark. The reaction
mixture was washed with aqueous NaOH (10%) and dried over Na2SO4.
Evaporation of the solvent gave a purple solid (258 mg, 99%). 1H NMR
(CDCl3, 400 MHz, TMS): d=�2.71 (s, 2H; pyrrole-NH), 1.51±1.52 (m,
54H; tBuH), 7.78±7.80 (m, 3H; tBuArH), 8.00 (d, J=8 Hz, 2H; amidine-
ArH), 8.06±8.08 (m, 6H; tBuArH), 8.30 (d, J=8 Hz, 2H; amidine-ArH),
8.80 (d, J=5 Hz, 2H; porphyrin-b), 8.90 ppm (s, 6H; porphyrin-b); LDI-
TOFMS (without matrix): m/z : 993 [M+H]+ .


ZnPA : A solution of Zn(AcO)2¥2H2O (270 mg, 1.2 mmol) in MeOH
(20 mL) was added to a solution of FbPA (270 mg, 0.29 mmol) in CH2Cl2
(60 mL). The mixture was stirred at room temperature for 24 h in the
dark. The reaction mixture was washed with aqueous NaHCO3 (10%)
and dried over Na2SO4. Evaporation of the solvent gave a residue, which
was crystallized from MeOH to afford a purple solid (221 mg, 78%). 1H
NMR: (CD3OD, 400 MHz, TMS): d=1.45 (s, 54H; tBuH), 7.77±7.78 (m,
3H; tBuArH), 7.89±8.00 (m, 6H; tBuArH), 8.08 (d, J=8 Hz, 2H; ami-
dine-ArH), 8.36 (d, J=8 Hz, 2H; amidine-ArH), 8.69 (d, J=4 Hz, 2H;
porphyrin-b), 8.73±8.76 ppm (m, 6H; porphyrin-b); LDI-TOF (without
matrix): m/z : 1057 ([M+2H]+); elemental analysis calcd (%) for
C69H78N6Zn¥0.5H2O (1065.9): C 77.76, H 7.47, N 7.89; found: C 77.66, H
7.38, N 7.70.


Acknowledgement


This work was supported by the High-Tech Research Center of Nihon
University, Institute of Quantum Science of Nihon University, and Sa-
neyoshi Scholarship Foundation. We thank Prof. A. Hirao and T. Higa-
shihara of Tokyo Institute of Technology and I. Yoshikawa and K.
Okuyama of University of Tokyo for valuable discussions. We acknowl-
edge I. Yoshikawa for FABMS measurements as well.


[1] T. Pullerits, V. Sundstrˆm, Acc. Chem. Res. 1996, 29, 381±389.
[2] For reviews, see: a) J.-C. Chambron, S. Chardon-Noblat, A. Harri-


man, V. Heitz, J.-P. Sauvage, Pure Appl. Chem. 1993, 65, 2343±2349;
b) M. D. Ward, Chem. Soc. Rev. 1997, 26, 365±375; c) J. Otsuki,
Trends Phys. Chem. 2001, 8, 61±72; d) Y. Kobuke, K. Ogawa, Bull.
Chem. Soc. Jpn. 2003, 76, 689±708; e) M.-S. Choi, T. Yamazaki, I.
Yamazaki, T. Aida, Angew. Chem. 2004, 116, 152±160; Angew.
Chem. Int. Ed. 2004, 43, 150±158.


[3] a) H. L. Anderson, C. A. Hunter, J. K. M. Sanders, J. Chem. Soc.
Chem. Commun. 1989, 226±227; b) S. Anderson, H. L. Anderson,


Scheme 1. a) CHCl3/MeOH, Ni(AcO)2¥4H2O, reflux, 24 h (78%); b) tolu-
ene, MeAl(Cl)NH2, 80 8C, 46 h (91%); c) CH2Cl2, HCl/TFA (1:1), room
temperature, 24 h (99%); d) CH2Cl2/MeOH, Zn(AcO)2¥2H2O, room tem-
perature, 24 h (78%).


Chem. Eur. J. 2004, 10, 3461 ± 3466 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3465


Fast Energy Transfer 3461 ± 3466



www.chemeurj.org





A. Bashall, M. McPartlin, J. K. M. Sanders, Angew. Chem. 1995, 107,
1196±1200; Angew. Chem. Int. Ed. Engl. 1995, 34, 1096±1099;
c) C. A. Hunter, R. K. Hyde, Angew. Chem. 1996, 108, 2064±2067;
Angew. Chem. Int. Ed. Engl. 1996, 35, 1936±1939; d) R. A. Hay-
cock, A. Yartsev, U. Michelsen, V. Sundstrˆm, C. A. Hunter, Angew.
Chem. 2000, 112, 3762±3765; Angew. Chem. Int. Ed. 2000, 39, 3616±
3619.


[4] a) I. V. Rubtsov, Y. Kobuke, H. Miyaji, K. Yoshihara, Chem. Phys.
Lett. 1999, 308, 323±328; b) K. Ogawa, Y. Kobuke, Angew. Chem.
2000, 112, 4236±4239; Angew. Chem. Int. Ed. 2000, 39, 4070±4073;
c) A. Nomoto, Y. Kobuke, Chem. Commun. 2002, 1104±1105; d) Y.
Kobuke, H. Miyaji, K. Ogawa, Supramol. Chem. 2002, 14, 159±170;
e) R. Takahashi, Y. Kobuke, J. Am. Chem. Soc. 2003, 125, 2372±
2373.


[5] a) A. M. Brun, S. J. Atherton, A. Harriman, V. Heitz, J.-P. Sauvage,
J. Am. Chem. Soc. 1992, 114, 4632±4639; b) U. Rempel, B. von
Maltzan, C von Borczyskowski, Pure Appl. Chem. 1993, 65, 1681±
1685; d) A. V. Chernook, U. Rempel, C. von Borczyskowski, A. M.
Shulga, E. I. Zenkevich, Chem. Phys. Lett. 1996, 254, 229±241;
e) C. M. Drain, F. Nifiatis, A. Vasenko, J. D. Batteas, Angew. Chem.
1998, 110, 2478±2481; Angew. Chem. Int. Ed. 1998, 37, 2344±2347;
f) A. Ambroise, J. Li, L. Yu, J. S. Lindsey, Org. Lett. 2000, 2, 2563±
2566; g) K. E. Splan, M. H. Keefe, A. M. Massari, K. A. Walters,
J. T. Hupp, Inorg. Chem. 2002, 41, 619±621; h) E. Iengo, E. Zan-
grando, E. Alessio, J.-C. Chambron, V. Heitz, L. Flamigni, J.-P. Sauv-
age, Chem. Eur. J. 2003, 9, 5879±5887.


[6] a) Y. Kuroda, K. Sugou, K. Sasaki, J. Am. Chem. Soc. 2000, 122,
7833±7834; b) K. Sugou, K. Sasaki, K. Kitajima, T. Iwaki, Y.
Kuroda, J. Am. Chem. Soc. 2002, 124, 1182±1183.


[7] a) A. Harriman, D. J. Magda, J. L. Sessler, J. Chem. Soc. Chem.
Commun. 1991, 345±348; b) A. Harriman, D. J. Magda, J. L. Sessler,
J. Phys. Chem. 1991, 95, 1530±1532; c) J. L. Sessler, B. Wang, A.
Harriman, J. Am. Chem. Soc. 1995, 117, 704±714; d) V. Krµl, S. L.
Springs, J. L. Sessler, J. Am. Chem. Soc. 1995, 117, 8881±8882.


[8] a) C. Ikeda, N. Nagahara, E. Motegi, N. Yoshioka, H. Inoue, Chem.
Commun. 1999, 1759±1760; b) N. Nagata, S. Kugimiya, Y. Kobuke,
Chem. Commun. 2000, 1389±1390; c) C. M. Drain, X. Shi, T. Milic,
F. Nifiatis, Chem. Commun. 2001, 287±288.


[9] a) H. Tamiaki, T. Miyatake, R. Tanikaga, A. R. Holzwarth, K.
Schaffner, Angew. Chem. 1996, 108, 810±812; Angew. Chem. Int.
Ed. Engl. 1996, 35, 772±774; b) A. Berg, M. Rachamim, T. Galili,
H. Levanon, J. Phys. Chem. 1996, 100, 8791±8795; c) S. L. Springs,
D. Gosztola, M. R. Wasielewski, V. Kral, A. Andrievsky, J. L. Sess-
ler, J. Am. Chem. Soc. 1999, 121, 2281±2289; d) N. Nagata, S. Kugi-
miya, Y. Kobuke, Chem. Commun. 2001, 689±690; e) K. Kano, R.
Nishiyabu, T. Yamazaki, I. Yamazaki, J. Am. Chem. Soc. 2003, 125,
10625±10634; f) T. Komatsu, M. Moritake, E. Tsuchida, Chem. Eur.
J. 2003, 9, 4626±4633.


[10] a) J. A. Roberts, J. P. Kirby, D. G. Nocera, J. Am. Chem. Soc. 1995,
117, 8051±8052; b) J. P. Kirby, N. A. van Dantzig, C. K. Chang,
D. G. Nocera, Tetrahedron Lett. 1995, 36, 3477±3480; c) Y. Deng,
J. A. Roberts, S.-M. Peng, C. K. Chang, D. G. Nocera, Angew. Chem.
1997, 109, 2216±2219; Angew. Chem. Int. Ed. Engl. 1997, 36, 2124±


2127; d) J. P. Kirby, J. A. Roberts, D. G. Nocera, J. Am. Chem. Soc.
1997, 119, 9230±9236.


[11] J. Otsuki, M. Takatsuki, M. Kaneko, H. Miwa, T. Takido, M. Seno,
K. Okamoto, H. Imahori, M. Fujitsuka, Y. Araki, O. Ito, S. Fukuzu-
mi, J. Phys. Chem. A 2003, 107, 379±385.


[12] a) R. J. Abraham, S. C. M. Fell, K. M. Smith, Org. Magn. Reson.
1977, 9, 367±373; b) R. J. Abraham, G. R. Bedford, D. McNeillie, B.
Wright, Org. Magn. Reson. 1980, 14, 418±425.


[13] The ratio of species under the conditions of time-resolved measure-
ments was calculated by using the association constant (2.2î106m�1)
as [Fb]:[ZnFb]:[Zn2Fb]:[Zn3Fb]:[Zn4Fb]=~0:~0:1:12:87.


[14] T. Fˆrster, Discuss. Faraday Soc. 1959, 27, 7±17.
[15] J.-S. Hsiao, B. P. Krueger, R. W. Wagner, T. E. Johnson, J. K. Dela-


ney, D. C. Mauzerall, G. R. Fleming, J. S. Lindsey, D. G. Bocian, R. J.
Donohoe, J. Am. Chem. Soc. 1996, 118, 11181±11193.


[16] E. B. Fleischer, C. K. Miller, L. E. Webb, J. Am. Chem. Soc. 1964,
86, 2342±2347.


[17] M. J. Hamor, T. A. Hamor, J. L. Hoard, J. Am. Chem. Soc. 1964, 86,
1938±1942.


[18] D. Papoutsakis, J. P. Kirby, J. E. Jackson, D. G. Nocera, Chem. Eur.
J. 1999, 5, 1474±1480.


[19] Jablonski×s symmetrical planar oscillator is equivalent to a two-di-
mentional transition, which can be looked upon as consisting of an
infinite number of linear oscillators uniformly distributed in one
plane. The evaluation of the orientation factor as an average of k2,
that is, hk2i, yields a value of 1.25. However, a better agreement
with observed energy transfer rates is found when k is calculated as
an average and then squared, that is, hki2, which gives a value of
1.01 in the present case. For discussion, see: J. MÂrtensson, Chem.
Phys. Lett. 1994, 229, 449±456.


[20] a) M. Gouterman, J. Mol. Spectrosc. 1961, 6, 138±163; b) M. Gou-
terman in The Porphyrins, Vol. 3 (Ed.: D. Dolphin), Academic, New
York, 1978, pp. 1±165.


[21] D. L. Dexter, J. Chem. Phys. 1953, 21, 836±850.
[22] J. Otsuki, K. Harada, K. Toyama, Y. Hirose, K. Araki, M. Seno, K.


Takatera, T. Watanabe, Chem. Commun. 1998, 1515±1516.
[23] T. H. Ghaddar, E. W. Castner, S. S. Isied, J. Am. Chem. Soc. 2000,


122, 1233±1234.
[24] G. H. Barnett, M. F. Hudson, K. M. Smith, J. Chem. Soc. Perkin


Trans. 1 1975, 1401±1403.
[25] S. Matile, N. Berova, K. Nakanishi, J. Fleischhauer, R. W. Woody, J.


Am. Chem. Soc. 1996, 118, 5198±5206.
[26] H. Tamiaki, S. Suzuki, K. Maruyama, Bull. Chem. Soc. Jpn. 1993,


66, 2633±2637.
[27] C. Luo, D. M. Guldi, H. Imahori, K. Tamaki, Y. Sakata, J. Am.


Chem. Soc. 2000, 122, 6535±6551.
[28] H. Imahori, K. Tamaki, Y. Araki, T. Hasobe, O. Ito, A. Shimomura,


S. Kundu, T. Okada, Y. Sakata, S. Fukuzumi, J. Phys. Chem. A 2002,
106, 2803±2814.


[29] R. W. Wagner, J. Seth, S. I. Yang, D. Kim, D. F. Bocian, D. Holten,
J. S. Lindsey, J. Org. Chem. 1998, 63, 5042±5049.


Received: February 14, 2004
Published online: May 26, 2004


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 3461 ± 34663466


FULL PAPER J. Otsuki et al.



www.chemeurj.org






Biocatalytic Asymmetric Rearrangement of a Methylene-Interrupted
Bis-epoxide: Simultaneous Control of Four Asymmetric Centers Through
a Biomimetic Reaction Cascade


Silvia M. Glueck, Walter M. F. Fabian, Kurt Faber,* and Sandra F. Mayer[a]


Introduction


Annonaceous acetogenins are a subgroup of natural poly-
ether products possessing an (oligo)-THF structure with di-
verse stereochemistry and are derived from the Annonaceae
(custard-apple) plant family.[1] After the discovery of its first
representative–the antileukemic agent uvaricin[2]–in 1982,
they have attracted much interest on account of their di-
verse bioactivities, such as anthelmintic, antitumor, antima-
larial, antimicrobial, antiprotozoal, and pesticidal activities.
These last effects are generally exerted through suppression
of ATP-driven resistance mechanisms, which in turn causes
apoptosis (programmed cell death). For these reasons, anno-
naceous acetogenins became promising new chemotypes for
the development of antitumor and pesticidal agents.


Biogenetically, annonaceous acetogenins are derived from
the polyketide pathway.[3] The hypothesis that they are
formed from (poly)unsaturated fatty acids by enzymatic ep-
oxidation of the olefinic moieties followed by cascade cycli-
zation of the epoxy fatty acids thus obtained[4] is supported
by the identification of matching precursors, the location of
double bonds in the appropriate positions within the fatty
acid chain, and by the semisynthesis of additional THF rings


from double-bond-containing acetogenins.[5,6] Most recently,
the discovery of muridienins (presumed precursors of mono-
THF acetogenins) and chatenaytrienins (precursors for bis-
THF analogues) has provided evidence that acetogenins are
most probably derived from lacceroic (C32) and ghedoic
(C34) fatty acids after enzymatic combination with a three-
carbon unit.[7]


The complex structure and the potent and diverse bioac-
tivity of annonaceous acetogenins has prompted numerous
efforts directed towards their total synthesis.[8] To achieve an
economic sequence involving a minimum of protection
groups, the occurrence of up to three THF units has suggest-
ed the use of reiterative methodology. It is interesting to
note that the majority of synthetic strategies closely fol-
lowed the (presumed) biosynthetic pathways: thus, an open-
chain olefin bearing double bonds in the appropriate posi-
tions and a terminal nucleophile (usually OH) was epoxi-
dized to the corresponding oligo-epoxy derivative, which
was subjected to metal-catalyzed,[9] acid-catalyzed,[10±15,27] or
base-catalyzed[16] cascade cyclization. This approach proved
to be highly efficient as the stereochemical outcome of the
cyclization cascade could be controlled to a high extent by
the relative (or absolute) stereochemistry of the epoxy
units.[17] Whenever access to nonracemic material was de-
sired, asymmetry was usually introduced at the epoxide-
stage intermediate by means of Sharpless asymmetric epoxi-
dation or -dihydroxylation protocols.[16,14, 9] To the best of
our knowledge, no asymmetric catalytic variant of an epox-
ide cyclization cascade has been reported to date.


[a] S. M. Glueck, Prof. W. M. F. Fabian, Prof. K. Faber, Dr. S. F. Mayer
Department of Chemistry, Organic & Bio-Organic Chemistry
University of Graz, Heinrichstrasse 28, 8010 Graz (Austria)
Fax: (+43)316-380-9840
E-mail : Kurt.Faber@uni-graz.at


Abstract: Asymmetric enzyme-cata-
lyzed hydrolysis of methylene-inter-
rupted bis-epoxides 1 a and 1 b cata-
lyzed by bacterial epoxide hydrolases
furnished tetrahydrofuran derivatives
2 a and 2 b through a hydrolysis±rear-
rangement cascade. Whereas racemic
bis-oxiranes 1 b±d underwent kinetic
resolution with moderate stereoselec-


tivities to yield products with up to
92% ee and 66% de : meso-bis-oxirane
cis,cis-1 a was transformed into


(6R,7R,9S,10S)-2 a in 94% ee and
89% de at high conversion (85%) by
Rhodococcus sp. CBS 717.73 as the
major product. The reaction sequence
resembles a biomimetic reaction cas-
cade and provides an efficient entry
into the structural core of annonaceous
acetogenins with simultaneous control
of four stereocenters.


Keywords: annonaceous acetoge-
nins ¥ biomimetic synthesis ¥ cycliza-
tion ¥ epoxide hydrolase ¥ epoxides ¥
rearrangement
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Results and Discussion


Recently, we discovered an enzyme-triggered cyclization
cascade of haloalkyl-oxiranes catalyzed by bacterial epoxide
hydrolases (Scheme 1).[18,19] Thus, asymmetric enzyme-cata-
lyzed hydrolysis of halomethyl oxiranes (n=1) by bacterial


epoxide hydrolases furnished the corresponding vic-diols,
which spontaneously underwent an exo-tet-cyclization to
form hydroxyepoxides as the final products. In contrast, hal-
oethyl derivatives (n=2) gave the corresponding THF deriv-
atives. 5-exo-tet-Cyclization is favored over both 6- and 5-
endo-tet-cyclization in nucleophilic substitution reactions in-
volving sp3 centers. The restriction is loosened for ™sp2-like∫
centers; however, it still applies to epoxide ring opening.[20]


Because the enzymatic step proceeded in an enantiocon-
vergent fashion,[21] the final products were predominantly
obtained as single stereoisomers in high enantiomeric excess
(ee) and diastereomeric excess (de) bearing two asymmetric
centers. In order to demonstrate the synthetic elegance of
this strategy, several natural products were synthesized by
means of this strategy.[22]


Prompted by these encouraging results, we envisaged the
application of this methodology to a stereochemically even
more challenging task, that is, a biocatalytic hydrolysis±cycli-
zation cascade of methylene-interrupted bis-epoxides. In
this case, the number of possible pathways is even more
complex (Scheme 1). Because both the enzyme-catalyzed
hydrolysis[23] and the spontaneous cyclization[24] follow a
™clean∫ SN2-type mechanism, four positions of enzyme
attack are possible in the first step, thus causing inversion of
the carbon atom attacked by the epoxide hydrolase[25] to fur-
nish four stereoisomeric vic-epoxydiols 1 e as intermediates.
Each of these may undergo cyclization to the respective dia-
stereomeric THF product 2 a,b following two different path-
ways (A, B as outlined in Scheme 1), again with chiral inver-
sion of the carbon atom involved in the cyclization.


The overall cascade is composed of eight possible stereo-
chemical pathways to furnish four (theoretically) possible
stereoisomeric THF derivatives as final products (2 a,b).[26]


In order to gain insight into the stereochemistry of the
spontaneous (nonenzymatic) cyclization reaction, the key
parameters, such as the Gibbs free energy (DGreact), deproto-


nation enthalpies (DDG), and
activation energies (DDG�),
were calculated by density func-
tional theory [PB-SCRF-
B3LYP/6-311++g(d,p)//B3LYP/
+6-31 g(d)] on the basis of a
structurally simplified analogue
of epoxydiol 1 e in which both
n-pentyl groups were ™reduced∫
to methyl substituents (for com-
putational details, see the Ex-
perimental Section). It was
found that the Gibbs free
energy DGreact for both cycliza-
tion pathways A and B was
�17 kcalmol�1. However, sig-
nificant energetic discrimina-
tion was found between the de-
protonation energies of the al-
cohol groups (OH at C10
versus OH at C9, D=3 kcal -
mol�1) in favor of the less hin-
dered OH group at C10. In ad-


dition, the difference in the Gibbs free energy of activation
of pathways A (DG�=23 kcalmol�1) versus B (DG�=


32 kcalmol�1) proved to be high (DDG��10 kcalmol�1). In
other words, the regioselectivity for pathway A versus B is
virtually ™absolute∫, which is in agreement with Baldwin×s
rules for ring closure.[20,24] As may be deduced from the de
values in Table 3 (see later), the calculations are in good
agreement with the experimental data.


Bis-epoxides cis,cis,meso-1 a and (� )-cis,cis,anti-1 b were
synthesized as follows (Scheme 2): Lindlar hydrogenation of
alkynol 3 gave the allylic alcohol (Z)-4, which was chlorinat-
ed to the corresponding allyl chloride (Z)-5 under Appel
conditions. Compound 5 was then coupled to 1-heptyne to
furnish enyne (Z)-6. Epoxidation of the olefinic bond gave
epoxyalkyne (� )-cis-7. Stereoselective Lindlar reduction of
the acetylenic bond furnished epoxyalkene (� )-(9Z)-cis-8,
which was epoxidized to a (1:1.2) diastereomeric mixture of
methylene-interrupted bis-epoxides cis,cis,meso-1 a and (� )-
cis,cis,anti-1 b. Both diastereomers were separated by chro-
matography and stereochemically assigned by NMR spec-
troscopy.[27] In order to provide the complete stereochemical
set of substrates, the corresponding diastereomeric trans,cis,
anti- and trans,cis,syn-bis-epoxides (� )-trans,cis,anti-1 c and
(� )-trans,cis,syn-1 d were synthesized following the same
general strategy as outlined above, with the exception that
the required trans-olefins were obtained by stereoselective
reduction of the corresponding acetylenic bond of alkynol 3
with LiAlH4 (Scheme 3). Reference material for the expect-
ed diastereomeric biotransformation products (� )-2a to (�)-
2 d was obtained in racemic form by acid-catalyzed hydrol-


Scheme 1. Stereochemical pathways of biocatalytic epoxide hydrolysis±cyclization cascade reactions.
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ysis rearrangement of bis-epoxides cis,cis,meso-1 a, (� )-cis,
cis,anti-1 b, (� )-trans,cis,anti-1 c, and (� )-trans,cis,syn-1 d
(see Schemes 2 and 3).[27]


To obtain rapid insight into the feasibility of the transfor-
mation, a diastereomeric (1:1.2) mixture of cis,cis,meso-1 a
and (� )-cis,cis,anti-1 b was tested in a screening for biohy-
drolytic activity in Tris buffer at pH 8.0 using resting cells of
a variety of 21 Actinomyces spp. known to possess strong
secondary metabolic activity and epoxide hydrolase activity,
in particular. The absence of any undesired spontaneous
nonenzymatic hydrolysis/cyclization reaction was verified
under standard conditions in the absence of biocatalyst
within the anticipated reaction time of �49 h. We were
pleased to see that the only products formed during
enzyme-catalyzed hydrolysis were the expected correspond-


ing THF products of type 2 a,b, neither the intermediate
epoxy-diols 1 e nor any other side products were detected in
measurable amounts.


The results of a careful stereochemical analysis of the
products and the remaining nonconverted oxirane 1 b by co-
injection with independently synthesized reference material
of known relative and absolute configuration (see below) by
means of chiral GC are presented in Table 1.


Both diastereomeric substrates were converted by a series
of bacterial cells into the expected THF rearrangement
products through the anticipated cascade cyclization at vari-
ous rates. The stereochemical course of the sequence always
followed a double SN2 mechanism as expected (see above),
since diastereomers 2 a and 2 b were formed exclusively. No
trace of 2 c or 2 d was detected, because it would require


Scheme 2. Synthesis of substrates cis,cis,meso-1a and (� )-cis,cis,anti-1 b.


Scheme 3. Asymmetric synthesis of reference material for 2 c,d.
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that one step proceeds with retention to form 2 c or 2 d from
cis,cis,meso-1 a or cis,cis,anti-1 b, respectively.


The racemic cis,cis,anti-1 b diastereomer underwent kinet-
ic resolution, as may be deduced by the fact that the remain-
ing (more slowly converted) oxirane enantiomer was detect-
ed with up to 86% ee (entry 7), depending on the strain.
Overall, the enantioselectivities were low-to-moderate (ee<
20), while various biocatalysts exhibited an opposite enan-
tiopreference (cf. entries 1,2, 5±7 versus entries 3,4, 8, 9).
Both diastereomers were converted at significantly different
rates, with the cis,cis,meso-1 a diastereomer being faster, as
denoted by the de of the substrate (deS). Remarkably, Rho-
dococcus equi IFO3730 (entry 3) showed absolute selectivity
for the cis,cis,meso-1 a (deS 99%).


Overall, all four possible stereoisomeric products (i.e.,
both enantiomers of diastereomers of 2 a and 2 b) were
formed by the various strains with up to 86% ee.


Since low selectivities are often caused by the presence of
parallel stereochemical pathways competing with each
other, in particular when acting on (dia)stereomeric sub-
strate mixtures, we anticipated that the product purity of the
biotransformation of pure diastereomers would be higher.
Thus, cis,cis,meso-1 a and (� )-cis,cis,anti-1 b were subjected
to biotransformation separately.


Selected results for the separate biotransformation of (�)-


cis,cis,anti-1 b are gathered in Table 2. As may be deduced
from the ee×s of 1 b, kinetic resolution of the racemate with
opposite enantiopreference (entries 1, 2, and 5 versus 3 and


4) could be verified. Again, all
four possible stereoisomers,
that is, both enantiomers of 2 a
and 2 b, were formed in varying
amounts. Whereas diastereomer
2 a was generally formed with
reduced enantiomeric excesses
in comparison to the results ob-
tained with the mixture (cf. en-
tries 1 and 3 in Table 1, and en-
tries 2 and 3 Table 2), the enan-
tiomeric composition of isomer
2 b was significantly improved.
Thus, diastereomer 2 b was
formed in up to 90±92% ee (en-
tries 1 and 5, Table 2), albeit at
moderate de (54±66%). Despite
its remarkable stereochemical


aspects, these results were not considered to be of synthetic
value. The results from an analogous biotransformation of
diastereomeric bis-epoxides (� )-trans,cis,anti-1 c and (� )-
trans,cis,syn-1 d (see Scheme 3 and the Experimental Sec-
tion) were unsatisfactory in terms of activities and selectivi-
ties (data not shown).


In contrast to kinetic resolution with its complex underly-
ing kinetics,[28] which cause the enantiomeric excess of the
substrate (eeS) and the product (eeP) to become a function
of the conversion (c), the stereochemical aspects of the de-
symmetrization of a meso-compound is considerably sim-
pler, as the eeP in this case is independent of c. Thus, better
selectivities were expected from the bioconversion of cis,cis,-
meso-1 a. The results, given in Table 3, prove that this as-
sumption was correct: of the two possible diastereomers,
only isomer 2 a was formed exclusively by four microorgan-
isms (entries 1±4, de>99%) with up to 59% ee, except for
entry 5, whereby diastereomer 2 b was detected in minor
amounts (�5%). Again, various strains exhibited opposite
stereoselectivities (entries 1, 2, and 5 versus 3 and 4). Most
remarkably, Rhodococcus sp. CBS717.73 (entry 5) selective-
ly formed (6R,7R,9S,10S)-2 a in 94% ee in addition to minor
amounts of the three other possible stereoisomers (each
<5%) at high conversion (c=84%; Scheme 4).


The relative configuration of THF products 2 a±2 d was
determined by a comparison of the 1H and 13C NMR data
with reference samples obtained from acid-catalyzed hydrol-
ysis/cyclization of diastereomeric mixtures of bis-epoxides


cis,cis,meso-1 a/(� )-cis,cis,anti-
1b and (�)-trans,cis,anti-1c/(�)-
trans,cis,syn-1 d with the litera-
ture data.[27]


The absolute configuration of
the products was proven by co-
injection with independently
synthesized reference com-
pounds 2 a±2 d on GC with a
chiral stationary phase. The
latter materials were obtained
as shown in Schemes 5 and 6.


Table 1. Enzyme-catalyzed hydrolysis of a mixture of cis,cis,meso-1 a and (� )-cis,cis,anti-1 b.


Biocatalyst c[a] eeS (1 b) eeP (2 a) eeP (2 b) deS
[h] deP


[%] [%] [%] [%] [%] [%]


1 Rhodococcus ruber DSM 44539 46 47[b] 77[e] 71[f] 52 24[i]


2 Rhodococcus ruber DSM 44541 14 8[b] 83[e] 67[f] 55 1[j]


3 Rhodococcus equi IFO 3730 76 84[c] 83[d] 3[g] 99 12[i]


4 Mycobacterium paraffinicum NCIMB 10420 62 58[c] 53[e] 56[g] 91 20[i]


5 Rhodococcus ruber DSM 43338 15 48[b] 46[e] 6[g] 74 48[i]


6 Rhodoccoccus sp. NCIMB 11216 35 48[b] 65[d] 49[g] 49 12[j]


7 Rhodococcus sp. CBS 717.73 70 86[b] 73[e] 72[f] 84 29[i]


8 Streptomyces griseus ATCC 10137 8 13[c] 35[e] 79[g] 66 85[i]


9 Streptomyces griseus DSM 40236 7 13[c] 58[d] 85[g] 46 86[i]


[a] Conversion after 49 h, calculated as the sum of the products formed versus the remaining bis-epoxide.
[b] ee of cis,cis,anti-1b : excess of enantiomer eluting first on chiral GC analysis. [c] ee of cis,cis,anti-1b : excess
of enantiomer eluting second on chiral GC analysis. [d] ee of (6S,7S,9R,10R)-2 a. [e] ee of (6R,7R,9S,10S)-2 a.
[f] ee of (6R,7R,9R,10R)-2b. [g] ee of (6S,7S,9S,10S)-2 b. [h] de of (1 a/1b), diastereomer cis,cis,anti-1 b in excess.
[i] de of (2a/2 b): diastereomer 2 b in excess. [j] de of (2 a/2b): diastereomer 2a in excess.


Table 2. Bioconversion of (� )-cis,cis,anti-1 b.


Biocatalyst c[a] eeS (1 b) eeP (2a)[d] eeP (2b) deP


[%] [%] [%] [%] [%]


1 Rhodococcus ruber DSM 44540 4 2[b] 17 90[e] 54[g]


2 Rhodococcus ruber DSM 44539 77 82[b] 19 56[e] 22[g]


3 Rhodococcus equi IFO 3730 21 37[c] 47 9[e] 24[g]


4 Mycobacterium paraffinicum NCIMB 10420 28 12[c] 28 37[f] 42[h]


5 Rhodococcus sp. CBS 717.73 59 18[b] 75 92[e] 66[g]


[a] Conversion after 91 h, calculated as the sum of the products formed versus the remaining bis-epoxide.
[b] ee of cis,cis,anti-1b : excess of enantiomer eluting first on chiral GC analysis. [c] ee of cis,cis,anti-1b : excess
of enantiomer eluting second on chiral GC analysis. [d] ee of (6S,7S,9R,10R)-2a. [e] ee of 2 b : (6R,7R,9R,10R)-
2b. [f] ee of 2 b : (6S,7S,9S,10S)-2b. [g] de of (2a/2 b): diastereomer 2b in excess. [h] de of (2a/2 b): diastereomer
2a in excess.
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Allylic alcohol (S)-9, which was obtained from a lipase-
catalyzed kinetic resolution±stereoinversion sequence[29] was
halogenated under Appel conditions to furnish the corre-
sponding allylic bromide with inversion of the configuration.
Epoxidation of the Z-configured and more active homoallyl-
ic olefin moiety gave the diastereomeric homoallylic epoxy-
bromides, which were subjected to acid-catalyzed hydroly-
sis±cyclization to furnish the diastereomeric THF products
(2R,3R,5S)-10 a and (2S,3S,5S)-10 b. Because of the double
inversion involved in this last sequence, the absolute config-
uration at C5 is S. The relative configuration of the chiral


centers at C2 and C3 are R,R
and S,S, respectively, as prede-
termined by the Z-configura-
tion of the internal olefin of
(S)-9. The diastereomeric mix-
ture of (2R,3R,5S)-10 a and
(2S,3S,5S)-10 b was then trans-
formed into the stereoisomeric
products (6R,7R,9S,10S)-2 a,
(6S,7S,9S,10S)-2b, (6S,7S,9S,10R)-
2 c, and (6R,7R,9S,10R)-2 d, by
means of the following one-pot
sequence without isolation of
intermediates: protection of the
hydroxyl-group in the 3-posi-
tion, followed by a two-step ox-
idative degradation of the vinyl
moiety (OsO4-catalyzed dihy-
droxylation followed by glycol
cleavage with NaIO4) led to the
formation of THF-carbalde-
hydes, which were trapped in


situ by a Grignard reagent prepared from n-pentyl bromide.
Finally, F�-mediated desilylation of the hydroxyl group gave
reference samples for THF products (6R,7R,9S,10S)-2 a,
(6S,7S,9S,10S)-2 b, (6S,7S,9S,10R)-2 c, and (6R,7R,9S,10R)-
2 d.


An analogous sequence leading to the enantiomeric series
(6S,7S,9R,10R)-2 a, (6R,7R,9R,10R)-2 b, (6R,7R,9R,10S)-2 c,
and (6S,7S,9R,10S)-2 d was accomplished by means of the
same protocol starting from alcohol (R)-9[29] (Scheme 6).


Table 3. Enzyme-catalyzed hydrolysis of cis,cis,meso-1 a.


Entry Biocatalyst c[a] eeP (2a) eeP (2 b)[d] deP
[e]


[%] [%] [%] [%]


1 Rhodococcus ruber DSM 44540 87 51[b] <1 >99
2 Rhodococcus ruber DSM 44539 56 24[b] <1 >99
3 Rhodococcus equi IFO 3730 40 59[c] <1 >99
4 Mycobacterium paraffinicum NCIMB 10420 38 37[c] <1 >99
5 Rhodococcus sp. CBS 717.73 84 94[b] 65 89


[a] Conversion after 49 h, calculated as the sum of the products formed versus the remaining bis-epoxide. [b] ee of 2a : (6R,7R,9S,10S)-2a. [c] ee of 2a :
(6S,7S,9R,10R)-2a. [d] ee of (6R,7R,9R,10R)-2 b. [e] de of (2 a/2b), diastereomer 2 a is in excess.


Scheme 4. Stereochemical course of enzyme-catalyzed hydrolysis±cyclization cascade of cis,cis,meso-1a.


Scheme 5. Asymmetric synthesis of reference material for 2 a±d.
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Conclusion


The following trends for the enzyme-initiated hydrolysis±
cyclization cascade of methylene-interrupted bis-epoxides
cis,cis,meso-1 a and (� )-cis,cis,anti-1 b can be summarized as
follows:


1) The meso-compound cis,cis,meso-1 a was converted
faster and more selectively than the diastereomeric bis-
epoxide (� )--cis,cis,anti-1 b.


2) Bacterial epoxide hydrolases from different origin exhib-
it opposite enantiopreferences for the enantiomeric bis-
epoxide (� )--cis,cis,anti-1 b.


3) Enzyme-catalyzed hydrolysis of cis,cis,meso-1 a with
Rhodoccoccus sp. CBS717.73 predominantly formed a
single enantiomer in 94% ee and 89% de (Scheme 4).


4) The enzyme-triggered hydrolysis±cyclization cascade of
methylene-interrupted bis-epoxides allows the simulta-
neous creation of a THF unit containing four stereocen-
ters in a single reaction.


In view of the fact that there is no counterpart in chemo-
catalytic methodology available to date for such an asym-
metric, catalytic cascade reaction, this biotransformation
holds great potential for the short and efficient synthesis of
the THF core to give annonaceous acetogenins. The scaleup,
as well as scope and limitations of this protocol are under
investigation in our laboratories.


Experimental Section


Computational methods : As simplified models for epoxydiol
(6R,7R,9R,10S)-1e and the two diasteromeric products (6R,7R,9S,10S)-
2a (pathway A) and (6R,7R,9R,10R)-2b (pathway B), analogous struc-
tures bearing a methyl group instead of n-pentyl were used. The starting
structures of these models were created by the SYBYL molecular model-
ing package.[30] The random search procedure[31] as implemented in
SYBYL (Merck molecular mechanics force-field MMFF94s[32, 33]) was


used for a conformational analysis of
the reactant as well as the products.
Conformations generated thereby
were then first minimized by the semi-
empirical AM1[34] method (program
AMPAC[35]) followed by complete ge-
ometry optimization with Becke×s
three-parameter hybrid HF-DFT func-
tional[36] and the Lee±Yang±Parr cor-
relation functional[37] (B3LYP), as im-
plemented in Gaussian.[38] The 6-
31G(d) basis set was used throughout
for neutral molecules and 6-31+G(d)
for anionic species. All stationary
points were characterized as true
minima or transition states by frequen-
cy calculations. Transition states were
further characterized by intrinsic reac-
tion co-ordinate calculations (IRC)
along both directions of the normal
mode corresponding to the imaginary
frequency. Zero-point energy correc-
tions (ZPE) are unscaled. Solvent ef-
fects (aqueous solution) were modeled
with the aid of the Poisson±Boltzmann
selfconsistent reaction field (PB-SCRF


B3LYP/6-311++G(d,p) single-point calculations) approximation[39,40] as
implemented in the Jaguar program package.[41]


The formation of the two possible diastereomeric products
(6R,7R,9S,10S)-2a and (6R,7R,9R,10R)-2b was calculated to be strongly
exothermic and exergonic (with inclusion of bulk solvent effects (PB-
SCRF (H2O) B3LYP/6-311++G(d,p) + B3LYP/6-31G(d) thermal DG
corrections, DGreact=17 kcalmol�1 with respect to the most stable confor-
mation of the substrate 1 e). Notably, both products are predicted to have
an almost equal Gibbs free energy of reaction, DGreact. Formation of tet-
rahydrofuran derivatives (6R,7R,9S,10S)-2a versus (6R,7R,9R,10R)-2b
through pathways A and B requires either intramolecular nucleophilic
attack of the OH at C10 with a concomitant opening of the epoxide ring
at C7 accompanied by proton transfer (pathway A) or, alternatively,
attack of the OH at C9, opening of the epoxide ring at C6 (pathway B).
To locate the two respective transition states, either one of the three dis-
tances r(O10�C2), r(O8�C2), and r(O8�H11) for pathway A and r(O9�
C3), r(O8�C3), and r(O8�H12) for pathway B (for atom numbering, see
Figure 1) were used as reaction coordinates. Unfortunately, none of these
reaction path calculations were successful. Direct proton-transfer reac-
tions, for example, additions of neutral nucleophiles to carbonyl com-
pounds, are generally quite high energy processes and require catalysis
(water-assisted hydration or hydrolysis[42]) or the involvement of anionic
nucleophiles. Consequently, calculations were performed for the anionic
species resulting from deprotonation of the OH group at C19 and
C10. Deprotonation of the C9 hydroxy group is less favorable by
�3 kcalmol�1 than deprotonation of the C10 hydroxy group (PB-SCRF
(H2O)B3LYP/6-311++G(d,p) + B3LYP/6-31+G(d) thermal DG correc-
tions). Analogous reaction path calculations (r(O10�C2) and r(O8�C2)
for pathway A; r(O9�C3) and r(O8�C3) for pathway B) followed by
transition-state optimizations led to the two transitions states TS 1 and
TS 2 for the formation of furans (6R,7R,9S,10S)-2a and (6R,7R,9R,10R)-
2b from the corresponding deprotonated reactants. With respect to the
most stable deprotonated reactant conformer/isomer, the Gibbs free
energy barriers (PB-SCRF (H2O) B3LYP/6-31++G(d,p) + B3LYP/6-
31+G(d) thermal DG corrections) for the formation of (6R,7R,9S,10S)-
2a and (6R,7R,9R,10R)-2b are DG�=23 and 32 kcalmol�1, respectively.
Thus, although the Gibbs free energy barrier differences appear some-
what exaggerated, the modeling results clearly support a strong prefer-
ence for formation of the (6R,7R,9S,10S)-furan product 2 a according to
pathway A.


General : NMR spectra were recorded in CDCl3 with a Bruker AMX360
spectrometer at 360 MHz(1H) and 90 MHz (13C), and a Bruker DMX
Avance500 at 500 MHz (1H) and 125 MHz(13C), respectively. Chemical
shifts are reported relative to TMS (d=0.00) with CHCl3 as the internal


Scheme 6. Asymmetric synthesis of reference material for 2 a±d.
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standard [d=7.23 (1H) and 76.90 (13C)], coupling constants (J) are given
in Hz.


TLC was performed on silica gel Merck60 (F254), and compounds were
visualized by spraying with Mo reagent [(NH4)6Mo7O24¥4H2O (100 gL�1),
Ce(SO4)2¥4H2O(4 gL�1) in H2SO4 (10%); detection I] or by dipping into
a KMnO4 solution (2.5 gL�1 in H2O; detection II). Compounds were pu-
rified by flash chromatography on silica gel (Merck60, 230–400 mesh).
Petroleum ether had a boiling range of 60±90 8C. GC analyses were car-
ried out on a Varian3800 gas chromatograph equipped with FID and a
HP1301 (column C) capillary column (30 m, 0.25 mm, 0.25 mm film, N2).
Enantiomeric purities were analyzed with a CP-Chirasil DEXCB column
(column A, 25 m, 0.32 mm, 0.25 mm film) or a Astec Chiraldex B-TA
(column B, 30 m, 0.25 mm). H2 was used as the carrier gas. Reactions
were monitored by GC analysis on an achiral stationary phase, for ana-
lytical data see Table 4. Chiral materials were analyzed either directly or
as the corresponding trifluoroacetate esters by GC on a chiral stationary
phase, for analytical data see Table 5.


High-resolution mass spectra were recorded on a double-focusing Kratos
Profile Mass Spectrometer with electron impact ionization (EI, +70 eV).


Solvents were dried and freshly distilled. All reactions were performed
under an argon atmosphere, unless otherwise stated. Organic extracts
were dried over Na2SO4, and then the solvent was evaporated under re-
duced pressure. Lindlar catalyst [Pd on CaCO3 (5% w/w) poisoned with


Pb, Aldrich] was used as received. Substrate 3 and 1-heptyne were pur-
chased from Aldrich. m-Chloroperbenzoic acid (m-CPBA, Fluka, 70%)
was used. Bacteria were obtained from culture collections. Growth and
maintenance of bacterial strains, as well as the preparation of lyophilized
cultures was performed as previously described.[43]


General procedure for the enzyme-catalyzed hydrolysis of cis,cis,meso-1 a
and (� )-cis,cis,anti-1b : Epoxides cis,cis,meso-1 a and (� )-cis,cis,anti-1b
(5 mL) were hydrolyzed with lyophilized cells (50 mg) rehydrated in Tris
buffer for 0.5 h (1 mL, 0.05m, pH 8.0) by shaking the mixture at 30 8C at
120 rpm. The reactions were monitored by TLC and GC. After 49 h, the
cells were removed by centrifugation, and the products were extracted
with EtOAc (2î1mL). The combined organic layers were dried
(Na2SO4) and analyzed. The same procedure was also used for the con-
version of the diasteromeric mixture of cis,cis,meso-1 a and (� )-cis,cis,
anti-1b.


General procedure for the synthesis of (Z)-4, (9Z)-rac,cis-8 and (9Z)-
rac,trans-8 : Compounds (Z)-4, (9Z)-rac,cis-8 and (9Z)-rac,trans-8 were
obtained by selective hydrogenation of alkynes 3, rac,cis-7, and rac,trans-
7 with the Lindlar catalyst according to Method A.


Method A : Quinoline (8 mL), KOH (0.8 g, 14.2 mmol), and Lindlar cata-
lyst (1.2 g) were added to a solution of alkyne (10 g, 79.2 mmol) in EtOH
(40 mL). The resulting mixture was vigorously stirred under H2 for 18 h
at atmospheric pressure. The solids were removed by filtration through a
plug of Celite-545, and the solvent was evaporated. Flash chromatogra-
phy afforded stereoisomerically pure alkynes 4 and 8.


(E)-2-Octene-1-ol ((E)-4): A solution of alkyne 3 (30 g, 233 mmol) in an-
hydrous THF (30 mL) at 0 8C was added dropwise to a stirred solution of
LiAlH4 (9.73 g, 256.3 mmol) in anhydrous THF (100 mL) under an argon
atmosphere. The cooling bath was removed, and the mixture was stirred
for 16 h at room temperature and then cooled to 0 8C. Aqueous HCl
(5%, 30 mL) was slowly added. After filtration, the product was extract-
ed with Et2O (2î50 mL), and the organic phase was dried and concen-
trated. The residue was purified by flash chromatography (pentane/Et2O,
5:1) to afford (E)-4 (26.86 g, 90%) as a colorless liquid. Rf (petroleum
ether/EtOAc, 1:1)=0.66 (detection II); 1H NMR (360 MHz, CDCl3): d=
0.86±0.90 (m, 3H; CH3), 1.25±1.37 (brm, 6H; 3CH2), 1.69 (br s, 1H;
OH), 2.00±2.04 (m, 2H; CH2), 4.09 (d, J=6.5 Hz, 2H; CH2), 5.63±
5.69 ppm (m, 2H; 2CH); 13C NMR (90 MHz, CDCl3): d=14.1, 22.6, 28.9,
31.4, 32.2, 63.8, 128.9, 133.5 ppm.


(Z)-2-Octene-1-ol ((Z)-4): Method A was employed with alkyne 3 (10 g,
79.2 mmol). Flash chromatography (pentane/Et2O, 5:1) gave cis-2-octen-
1-ol (Z)-4 as a colorless liquid (7.1 g, 70%). Rf (petroleum ether/EtOAc,
5:1)=0.25, (detection II); 1H NMR (360.13 MHz, CDCl3): d=0.86±0.91
(m, 3H), 1.27±1.37 (m, 6H), 1.55 (br s, 1H), 2.07 (dt, J=7.4, 6.5 Hz, 2H),
4.19 (d, J=6.0 Hz, 2H;), 5.52±5.61 ppm (m, 2H); 13C NMR (90 MHz,
CDCl3): d=14.1, 22.7, 27.4, 29.3, 31.5, 58.6, 128.4, 133.3 ppm.


(6R*,7S*,9Z)-6,7-Epoxy-9-pentadecene ((9Z)-rac,cis-8): Method A was
employed with alkyne rac,cis-7 (8.7 g, 39.1 mmol), but without addition
of KOH. Flash chromatography (pentane/Et2O, 10:1) gave alkene (9Z)-
rac,cis-8 as a colorless liquid (7.9 g, 91%). Rf (petroleum ether/EtOAc,
5:1)=0.67, (detection I); 1H NMR (360.13 MHz, CDCl3): d=0.84±0.91
(m, 6H), 1.27±1.65 (brm, 14H), 2.04 (dt, J=7.0, 7.2 Hz, 2H), 2.17±2.19
(m, 1H), 2.37±2.41 (m, 1H), 2.93 (t, J=7.8 Hz, 2H), 5.40±5.46 (m, 1H),
5.50±5.55 ppm (m, 1H); 13C NMR (90 MHz, CDCl3): d=14.1, 22.6, 22.7,
26.3, 26.4, 27.5, 27.8, 29.3, 31.6, 31.9, 56.6, 57.3, 123.9, 132.8 ppm.


(6R*,7R*,9Z)-6,7-Epoxy-9-pentadecene ((9Z)-rac,trans-8): Method A was
employed with alkyne rac,trans-7 (2.6 g, 11.7 mmol), but without addition
of KOH. Flash chromatography (pentane/Et2O, 10:1) gave alkyne (9Z)-
rac,trans-8 as a colorless liquid (2.35 g, 90%). Rf (petroleum ether/
EtOAc, 5:1)=0.70, (detection I); 1H NMR (360 MHz, CDCl3): d=0.87±
0.90 (t, J=7.0 Hz, 6H;2CH3), 1.27±1.55 (brm, 14H; 7CH2), 2.03 (dt, J=
6.8, 7.0, Hz, 2H; CH2), 2.24 (m, 1H; CH), 2.41 (m, 1H; CH), 2.68±2.71
(m, 2H; 2CH), 5.38±5.42 (m, 1H; CH), 5.48±5.54 ppm (m, 1H; CH); 13C
NMR (90 MHz, CDCl3): d=14.0, 14.1, 22.6, 22.6, 30.0, 25.7, 27.4, 29.3,
31.5, 31.7, 32.0, 58.1, 58.6, 123.4, 133.0 ppm.


General procedure for the synthesis of allylic chlorides (E)-5 and (Z)-5 :
Compounds (Z)-5 and (E)-5 were obtained by chlorination of alcohols
(Z)-4 and (E)-4 according to Method B.


Method B : PPh3 (31.4 g, 120.0 mmol) and allylic alcohol (13.3 g,
103.6 mmol) were dissolved in CCl4 (80 mL). The reaction was complete


Figure 1. Calculated structures of reactants, transition states and products
for cyclization pathways A and B. The structures correspond to com-
pounds depicted in Scheme 1 (R=methyl).
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after stirring for 12 h at 80 8C. The solution was concentrated, and pen-
tane (50 mL) was added. The mixture was filtered, and the filtrate was
concentrated in vacuo. Flash chromatography afforded the allylic chlor-
ides (E)-5 and (Z)-5.


(E)-1-Chloro-2-octene ((E)-5): Method B was employed with PPh3


(73.9 g, 281.7 mmol) and alcohol (E)-4 (25.8 g, 201.2 mmol). Flash chro-
matography (pentane/Et2O, 10:1) gave chloroalkene (E)-5 (28.0 g, 95%)
as a colorless liquid. Rf (petroleum ether/EtOAc, 5:1)=0.87, (detec-
tion II); 1H NMR (360 MHz, CDCl3): d=0.85±0.92 (m, 3H; CH3), 1.28±
1.42 (brm, 6H; 3CH2), 2.06 (dt, J=7.2, 6.9 Hz, 2H; CH2), 4.02 (d, J=
7.0 Hz, 2H; CH2), 5.60±5.64 (m, 1H; CH), 5.75±5.81 ppm (m, 1H; CH);
13C NMR (90 MHz, CDCl3): d=14.1, 22.5, 28.6, 31.4, 32.1, 45.6, 125.9,
136.3 ppm.


(Z)-1-Chloro-2-octene ((Z)-5): Method B was employed with PPh3


(31.4 g, 120.0 mmol) and alcohol (Z)-4 (13.3 g, 103.6 mmol). Flash chro-
matography (petroleum ether) gave chloroalkene (Z)-5 (10.17 g, 77%) as
a colorless liquid. Rf (petroleum ether/EtOAc, 5:1)=0.84, (detection II);
1H NMR (360 MHz, CDCl3): d=0.90 (t, J=6.8 Hz, 3H), 1.21±1.42 (m,
6H), 2.12 (dt, J=7.2, 6.7 Hz, 2H), 4.11 (d, J=6.6 Hz, 2H), 5.62±5.65 ppm
(m, 2H); 13C NMR (90 MHz, CDCl3): d=14.0, 22.5, 27.1, 29.0, 31.4, 39.6,
125.2, 135.6 ppm.


General procedure for the synthesis of enynes (E)-6 and (Z)-6 : Com-
pounds (Z)-6 and (E)-6 were obtained by coupling 1-heptyne onto allylic
chlorides (E)-5 and (Z)-5 according to Method C.


Method C : Bu4N
+Cl� (1 g, 3.56 mmol), K2CO3 (5.17 g, 37.41 mmol), and


CuI (0.25 g, 1.29 mmol) were added to a stirred solution of 1-heptyne
(2.92 g, 30.32 mmol) in anhydrous DMF (25 mL). After the mixture was
stirred for 15 min at room temperature, a solution of allylic chloride (E)-
5 or (Z)-5 (3.87 g, 26.38 mmol) in DMF (8 mL) was added dropwise
within 15 min. The resulting solution was stirred at room temperature for
a further 7 h. After the reaction was complete, the mixture was quenched
by addition of water (15 mL) and Et2O (50 mL). After phase separation,
the organic phase was dried and concentrated. Flash chromatography af-
forded stereoisomerically pure enynes (Z)-6 and (E)-6.


(Z)-6-Pentadecen-9-yne ((Z)-6): Method C was employed with (Z)-5
(3.87 g, 26.38 mmol). Flash chromatography (petroleum ether) gave (Z)-6
(4.25 g, 78%) as a colorless liquid. Rf (petroleum ether/EtOAc, 10:1)=
0.86, (detection II); 1H NMR (360 MHz, CDCl3): d=0.88±0.93 (m, 6H),
1.25±1.55 (m, 12H), 2.03 (dt, J=6.6, 7.6 HZ, 2H), 2.13±2.16 (m, 2H),
2.90 (dt, J=5.1, 2.4 Hz, 2H), 5.40±5.44 ppm (m, 2H); 13C NMR (90 MHz,
CDCl3): d=14.0, 14.1, 17.2, 18.8, 22.3, 22.5, 27.2, 28.7, 29.1, 31.2, 31.5,
78.5, 80.2, 125.0, 131.4 ppm.


(E)-6-Pentadecen-9-yne ((E)-6): Method C was employed with (E)-5
(20.0 g, 136.3 mmol). Flash chromatography (petroleum ether) gave (E)-6
(24.1 g, 86%) as a colorless liquid. Rf (petroleum ether/EtOAc, 10:1)=
0.85, (detection II); 1H NMR (360 MHz, CDCl3): d=0.88±0.93 (m, 6H;
2CH3), 1.27±1.56 (brm, 12H; 6CH2), 2.03 (dt, J=6.8, 6.6 HZ, 2H; CH2),
2.17±2.20 (m, 2H; CH2), 2.89 (br s, 2H; CH2), 5.38±5.45 (m, 1H; CH),
5.64±5.72 ppm (m, 1H; CH); 13C NMR (90 MHz, CDCl3): d=14.0, 14.1,


Table 4. GC data on an achiral stationary phase.


Compound Column Conditions[a] tR [min]


C A 14.11


C A 13.95


C A 13.97


C A 13.90


C A 15.50


C A 15.84


C A 15.16


C A 15.31


C B 10.38


C B 9.53


C B 9.44


C B 8.79


C B 8.66


C A 10.92


C A 10.47


C A 12.93


Table 4. (Continued)


Compound Column Conditions[a] tR [min]


C A 12.69


C A 12.57


C A 12.26


[a] Conditions: A) 14.5 psi; held at 140 8C for 8 min; heat rate 15 8Cmin�1


up to 200 8C, then 50 8Cmin�1 up to 250 8C; held at 250 8C for 30 min;
B) 14.5 psi; held at 60 8C for 2 min; heat rate 8 8Cmin�1 up to 150 8C,
then 30 8Cmin�1 up to 250 8C; held at 250 8C for 20 min.
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18.9, 22.1, 22.3, 22.6, 28.9, 29.1, 31.2, 31.5, 32.3, 77.7, 82.2, 124.7,
131.9 ppm.


General procedure for the synthesis of rac,cis-7, rac,trans-7, cis,cis,meso-
1a, (� )-cis,cis,anti-1b, (� )-trans,cis,anti-1c and (� )-trans,cis,syn-1 d:
These substrates were prepared by epoxidation of alkenes (Z)-6, (E)-6,
(9Z)-rac,cis-8, and (9Z)-rac,trans-8 with m-chloroperbenzoic acid (m-
CPBA) following Method D. The relative configuration of substrates 1 a±


1d was determined by a comparison of 1H and 13C NMR spectra with lit-
erature data.[27]


Method D : Finely powdered Na2HPO4 (�2.6 equiv) was added to a vigo-
rously stirred solution of alkene (40 mmol) in anhydrous CH2Cl2
(400 mL). The mixture was stirred for 15 min at room temperature and
was then cooled to 0 8C. m-CPBA (1.05 equiv) was added slowly. The
mixture was allowed to warm to room temperature and was stirred for
an additional 18 h. The white suspension was filtered. The resulting solu-
tion was treated with 10% aqueous Na2S2O5 (100 mL) to destroy excess
peracid. The two-phase system was stirred for 30 min, the layers were
separated, and the organic phase was washed with saturated aqueous
NaHCO3 (50 mL). The organic phase was dried and evaporated. Flash
chromatography afforded oxiranes rac,cis-7, rac,trans-7, cis,cis,meso-1 a,
(� )-cis,cis,anti-1 b, (� )-trans,cis,anti-1 c, and (� )-trans,cis,syn-1d.


(6R*,7S*)-6,7-Epoxypentadec-9-yne (rac,cis-7): Method D was employed
with alkene (Z)-6 (4.0 g, 19.38 mmol). Flash chromatography (pentane/
Et2O, 20:1) gave oxirane rac,cis-7 as a colorless liquid (2.9 g, 73%). Rf


(petroleum ether/EtOAc, 5:1)=0.67, (detection I); 1H NMR (360 MHz,
CDCl3): d=0.81±0.92 (m, 6H), 1.27±1.64 (brm, 14H), 2.13±2.18 (m, 2H),
2.27 (m, 1H), 2.59±2.60 (m, 1H), 2.96±2.98 (m, 1H), 3.09±3.12 ppm (m,
1H); 13C NMR (90 MHz, CDCl3): d=14.0, 18.8, 18.8, 22.3, 22.6, 26.2,
27.5, 28.7, 31.1, 31.7, 55.5, 57.2, 74.9, 82.0 ppm.


(6R*,7R*)-6,7-Epoxypentadec-9-yne (rac,trans-7): Method D was em-
ployed with alkene (E)-6 (0.3 g, 1.45 mmol). Flash chromatography (pen-
tane/Et2O, 20:1) gave oxirane rac,trans-7 as a colorless liquid (0.25 g,
83%). Rf (petroleum ether/EtOAc, 5:1)=0.61, (detection I); 1H NMR
(360 MHz, CDCl3): d=0.88±0.92 (t, J=7.0 Hz, 6H; 2CH3), 1.32±1.55
(brm, 14H; 7CH2), 2.13±2.17 (m, 2H; CH2), 2.36 (m, 1H; CH), 2.57 (m,
1H; CH), 2.82±2.85 ppm (m, 2H; 2CH); 13C NMR (90 MHz, CDCl3):
d=14.0, 18.8, 22.4, 22.3, 22.6, 25.7, 28.7, 31.1, 31.6, 31.7, 56.6, 58.5, 74.5,
82.7 ppm.


(6R*,7S*,9R*,10S*)-6,7:9,10-Bis(epoxy)pentadecane (cis,cis,meso-1a) and
(6R*,7S*,9S*,10R*)-6,7:9,10-bis(epoxy)pentadecane ((� )-cis,cis,anti-1b):
Method D was employed with alkene (9Z)-rac,cis-8 (5.72 g, 25.5 mmol).
Because the separation of the diastereomers was incomplete, repeated
flash chromatography (pentane/Et2O, 20:1) with GC analysis of the frac-
tions was required to obtain bis-epoxides cis,cis,meso-1a (1.35 g, 23.7%,
elutes first) and (� )-cis,cis,anti-1 b (1.5 g, 26.3%, elutes second) as white
crystals.


(6R*,7S*,9R*,10S*)-6,7:9,10-Bis(epoxy)pentadecane (cis,cis,meso-1a): Rf


(petroleum ether/EtOAc, 5:1)=0.28, (detection I); 1H NMR
(500.13 MHz, CDCl3): d=0.84±0.92 (m, 6H), 1.26±1.46 (m, 12H), 1.52±
1.55 (m, 4H), 1.72±1.75 (m, 1H), 1.79±1.84 (m, 1H), 2.97 (dt, J=5.5,
6.1 Hz, 2H), 3.06±3.09 ppm (m, 2H); 13C NMR (125 MHz, CDCl3): d=
13.9, 22.5, 26.1, 26.8, 27.7, 31.6, 54.1, 56.6 ppm; HRMS (C15H26O) m/z
calcd: 222.1984 [M�H2O]+ ; found: 222.1963 [M�H2O]+ .


(6R*,7S*,9S*,10R*)-6,7:9,10-Bis(epoxy)pentadecane ((� )-cis,cis,anti-1b):
Rf (petroleum ether/EtOAc, 5:1)=0.23, (detection I); 1H NMR
(500.13 MHz, CDCl3): d=0.85±0.91 (m, 6H), 1.27±1.57 (m, 16H), 1.74 (t,
J=6.2 Hz, 2H), 2.99 (dt, J=5.1, 6.4 Hz, 2H), 3.13 ppm (t, J=4.3, 6.2 Hz,
2H); 13C NMR (125 MHz, CDCl3): d=14.0, 22.5, 26.1, 27.1, 27.8, 31.6,
54.3, 57.0 ppm; HRMS (C15H26O) m/z calcd: 222.1984 [M�H2O]+ ;
found: 222.1959 [M�H2O]+ .


(6R*,7R*,9R*,10S*)-6,7:9,10-Bis(epoxy)pentadecane ((� )-trans,cis,anti-
1c) and (6R*,7R*,9S*,10R*)-6,7:9,10-bis(epoxy)pentadecane ((� )-trans,-
cis,syn-1d): Method D was employed with alkene (9Z)-rac,trans-8 (0.2 g,
9.05 mmol). Because the separation of the diastereomers was incomplete,
repeated flash chromatography (pentane/Et2O, 20:1) with GC analysis of
the fractions was required to obtain bis-epoxides (� )-trans,cis,anti-1 c
(0.06 g, 30%, elutes first) and (� )-trans,cis,syn-1 d (0.07 g, 35%, elutes
second) as colorless liquids.


(6R*,7R*,9R*,10S*)-6,7:9,10-Bis(epoxy)pentadecane ((� )-trans,cis,anti-
1c): Rf (petroleum ether/EtOAc, 5:1)=0.45, (detection I); 1H NMR
(500 MHz, CDCl3): d=0.87±0.90 (m, 6H; 2CH3), 1.31±1.57 (brm, 16H;
8CH2), 1.82 (t, J=5.5 Hz, 2H; CH2), 2.80±2.85 (m, 2H; 2CH), 2.93 (dt,
J=4.4, 6.0, 1H; CH), 2.99±3.02 ppm (m, 1H; CH); 13C NMR (500 MHz,
CDCl3): d=13.9, 22.5, 25.6, 26.1, 27.8, 31.5, 31.6, 31.8, 30.3, 53.2, 55.7,
56.4, 58.1 ppm.


(6R*,7R*,9S*,10R*)-6,7:9,10-Bis(epoxy)pentadecane ((� )-trans,cis,syn-
1d): Rf (petroleum ether/EtOAc, 5:1)=0.45, (detection I); 1H NMR


Table 5. GC data on a chiral stationary phase.


Compound Column Conditions[a] tR [min]


A A 34.41


A A 29.48/30.31


A A 30.95/31.51


A A 30.18/30.50


B A 23.51


B A 25.02


A B 15.10/15.50


A C 17.71/18.34


A C 16.47/16.89


(6S,7S,9R,10R)-2a-bis-trifluoroace-
tate


B D 4.26


(6R,7R,9S,10S)-2a-bis-trifluoroace-
tate


B D 4.44


(6S,7S,9S,10S)-2 b-bis-trifluoroace-
tate


B D 5.32


(6R,7R,9R,10R)-2b-bis-trifluoroace-
tate


B D 5.40


(+)-2 c-bis-trifluoroacetate B D 5.19
(6S,7S,9R,10R)-2d-bis-trifluoroace-
tate


B D 3.57


(6R,7R,9S,10S)-2d-bis-trifluoroace-
tate


B D 3.73


[a] Conditions: A) 5.0 psi, held at 140 8C for 30 min, heat rate 20 8Cmin�1


up to 170 8C; held at 170 8C for 10 min. B) 6.0 psi, 170 8C (isothermal).
C) 7.0 psi, 170 8C (isothermal). D) 10.0 psi, 160 8C (isothermal).
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(500 MHz, CDCl3) d=0.88±0.91 (m, 6H; 2CH3), 1.26±1.62 (brm, 16H;
8CH2), 1.71±1.76 (m, 2H; CH2), 2.74 (dt, J=2.2, 5.6 Hz, 1H; CH), 2.84±
2.86 (m, 1H; CH), 2.96±2.97 (m, 1H; CH), 3.08±3.10 ppm (m, 1H; CH);
13C NMR (500 MHz, CDCl3) d=13.9, 22.5, 25.5, 26.0, 27.7, 31.5, 31.5,
31.8, 31.2, 53.9, 55.9, 56.8, 58.7 ppm.


General procedure for the synthesis of reference material for (� )-2 a,
(� )-2b, (� )-2c, and (� )-2d: Substrates (� )-2 a±d were prepared by
acid-catalyzed hydrolysis followed by rearrangement of mixtures of the
corresponding diastereomeric bis-epoxides cis,cis,meso-1 a/(� )-cis,cis,anti-
1b, and (� )-trans,cis,anti-1c/(� )-trans,cis,syn-1d following a previously
reported procedure[27] (Method E, see Schemes 2 and 3).


Method E : A mixture of bis-epoxides (0.2 g, 0.83 mmol) was hydrolyzed
in a mixture of water (5 mL) and THF (5 mL) under acidic conditions
(6n H2SO4, 20 drops) without an argon atmosphere. The reaction was
complete after 24 h. The solution was extracted with EtOAc (2î20 mL).
The combined organic layers were dried and evaporated to afford (� )-


2a and (� )-2b, or (� )-2c and (� )-2d, respectively, which were separat-
ed by flash chromatography (petroleum ether/ethyl acetate 10:1). Details
and spectroscopic data are given below.


(6R*,7R*,9S*,10S*)-6,9-Epoxypentadecane-7,10-diol ((� )-2a) and
(6R*,7R*,9R*,10R*)-6,9-epoxypentadecane-7,10-diol ((� )-2b): Method E
was employed with a mixture of bis-epoxides cis,cis,meso-1 a and (� )-cis,
cis,anti-1 b (0.2 g, 0.83 mmol). Flash chromatography (petroleum ether/
EtOAc, 10:1) afforded (� )-2a (0.07 g, 31%) and (� )-2 b (0.13 g, 59%).


(6R*,7R*,9S*,10S*)-6,9-Epoxypentadecane-7,10-diol ((� )-2a): Rf (petro-
leum ether/EtOAc, 1:1)=0.46, (detection I); 1H NMR (500.13 MHz,
CDCl3): d=0.85±0.90 (m, 6H), 1.29±1.65 (m, 16H), 1.85±1.90 (m, 1H),
2.00±2.04 (m, 1H), 3.36±3.40 (m, 1H), 3.73±3.77 (m, 1H), 4.00±4.04 (m,
1H), 4.25 ppm (t, J=3.4 Hz, 1H); 13C NMR (125 MHz, CDCl3): d=13.9,
14.0, 22.5, 22.5, 25.2, 25.9, 28.7, 31.0, 31.8, 33.0, 37.8, 73.4, 74.0, 80.1,
82.4 ppm; HRMS (C15H30O3) m/z calcd: 258.2195 [M]+ ; found: 258.2227
[M]+ .


(6R*,7R*,9R*,10R*)-6,9-Epoxypentadecane-7,10-diol ((� )-2b): Rf (petro-
leum ether/EtOAc, 1:1)=0.54, (detection I); 1H NMR (500.13 MHz,
CDCl3): d=0.88±0.90 (t, J=6.3 Hz, 6H), 1.31±1.66 (m, 16H), 1.84 (dd,
J=14.1, 3.5 Hz, 1H), 2.36±2.41 (m, 1H), 3.46±3.48 (m, 1H), 3.63±3.68 (m,
1H), 3.94±3.97 (m, 1H), 4.04 ppm (dd, J=5.4 Hz, 1H; 2.7); 13C NMR
(125 MHz, CDCl3): d=14.0, 22.5, 25.6, 25.8, 28.7, 31.6, 32.0, 34.3, 38.7,
71.5, 73.9, 79.0, 84.3 ppm; HRMS (C15H30O3) m/z calcd: 258.2195 [M]+ ;
found: 258.2198 [M]+ .


(6R*,7R*,9R*,10S*)-6,9-Epoxypentadecane-7,10-diol ((� )-2c) and
(6R*,7R*,9S*,10R*)-6,9-epoxypentadecane-7,10-diol ((� )-2d): Method E
was employed with a mixture of bis-epoxides (� )-trans,cis,anti-1c and
(� )-trans,cis,syn-1 d (0.2 g, 0.83 mmol). Flash chromatography (petroleum
ether/EtOAc, 10:1) afforded (� )-2 c (0.08 g, 35%) and (� )-2 d (0.10 g,
45%).


(6R*,7R*,9R*,10S*)-6,9-Epoxypentadecane-7,10-diol ((� )-2c): Rf (petro-
leum ether/EtOAc, 1:1)=0.54 (detection I); 1H NMR (500 MHz, CDCl3):
d=0.87±0.89 (t, J=6.7 Hz, 6H; 2CH3), 1.28±1.68 (brm, 16H; 8CH2),
1.90 (dd, J=14.1, 3.3 Hz, 1H; CH), 2.14±2.19 (m, 1H; CH), 3.56±3.60 (m,
1H; CH), 3.80±3.83 (m, 1H; CH), 3.98±4.01 (m, 1H; CH); 13C NMR
(500 MHz, CDCl3): d=13.9, 13.9, 22.4, 22.5, 25.5, 25.9, 28.7, 31.6, 32.0,
33.3, 34.2, 71.0, 71.9, 79.9, 83.8 ppm; HRMS (C15H30O3) m/z calcd:
258.2195 [M]+ ; found: 258.2209 [M]+ .


(6R*,7R*,9S*,10R*)-6,9-Epoxypentadecane-7,10-diol ((� )-2d): Rf (petro-
leum ether/EtOAc, 1:1)=0.34 (detection I); 1H NMR (500 MHz, CDCl3):
d=0.86±0.89 (t, J=5.3 Hz, 6H; 2CH3), 1.29±1.59 (brm, 16H; 8CH2),
1.84 (dd, J=13.2, 6.1 Hz, 1H; CH), 2.08±2.13 (m, 1H; CH), 3.82±3.86 (m,
2H; 2CH), 4.13±4.17 (m, 1H; CH), 4.27 ppm (br s, 1H; CH); 13C NMR
(500 MHz, CDCl3): d=13.9, 22.5, 22.5, 25.5, 25.9, 29.1, 31.8, 32.1, 32.4,
34.1, 72.0, 73.1, 79.9, 83.5 ppm; HRMS (C15H30O3) m/z calcd: 258.2195
[M]+ ; found: 258.2205 [M]+ .


(2R,3R,5S)-2-Pentyl-5-vinyl-tetrahydrofuran-3-ol ((2R,3R,5S)-10 a) and
(2S,3S,5S)-2-pentyl-5-vinyl-tetrahydrofuran-3-ol ((2S,3S,5S)-10 b): PPh3


(2.13 g, 8.12 mmol) and CBr4 (2.41 g, 7.26 mmol) were dissolved in anhy-
drous CH2Cl2 (30 mL). The stirred solution was cooled to 0 8C, and (S)-9
(650 mg, 3.86 mmol) was added dropwise. After stirring for 5 h, the solu-
tion was concentrated, and pentane (30 mL) was added. The mixture was
filtered, and the filtrate was concentrated in vacuo. The residue (381 mg)
was epoxidized according to Method D. The residue (122 mg) of the dia-


stereomeric mixture of the epoxy bromide was hydrolyzed±rearranged in
a mixture of water (6 mL) and THF (4 mL) under acidic conditions
(conc. H2SO4, 10 drops) at room temperature overnight. The solution was
extracted with EtOAc (2î10 mL). The combined organic layers were
dried and evaporated. The residue was purified by flash chromatography
(petroleum ether/EtOAc, 10:1) to afford the diasteromeric mixture of
the cyclization products (2R,3R,5S)-10a and (2S,3S,5S)-10 b (85 mg). Rf1,
Rf2 (petroleum ether/EtOAc, 1:1)=0.66, 0.61 (detection I).


First diastereomer : 1H NMR (360 MHz,CDCl3): d=0.89±0.91 (t, J=
6.7 Hz, 3H; CH3), 1.25±1.34 (m, 4H; CH2), 1.41±1.47 (m, 2H; CH2),
1.64±1.68 (m, 2H; CH2), 1.74±1.80 (m, 1H; CH2), 2.39±2.45 (m, 1H;
CH2), 3.62±3.67 (m, 1H; CH), 4.18 (m, 1H; CH), 4.30±4.36 (m, 1H; CH),
5.10±5.13 (dd, J=10.4, 1.5 Hz, 1H; CH2), 5.28±5.33 (dd, J=17.2, 1.7 Hz,
1H; CH2), 5.92±6.02 ppm (ddd, J=17.2, 10.7, 6.5 Hz, 1H; CH); 13C NMR
(90 MHz, CDCl3): d=14.0, 22.5, 25.9, 28.8, 32.0, 41.7, 73.1, 77.9, 83.6,
115.1, 140.1 ppm.


Second diastereomer : 1H NMR (360 MHz,CDCl3): d=0.89±0.90 (t, J=
6.4 Hz, 3H; CH3), 1.32±1.33 (m, 4H; CH2), 1.54±1.66 (m, 4H; CH2),
1.88±1.91 (m, 1H; CH2), 2.14±2.20 (m, 1H; CH2), 3.82±3.85 (m, 1H;
CH), 4.26 (m, 1H; CH), 4.60±4.66 (m, 1H; CH), 5.08±5.11 (dd, J=9.3,
1.0 Hz, 1H; CH2), 5.22±5.27 (dd, J=16.0, 1.1 Hz, 1H; CH2), 5.79±
5.89 ppm (ddd, J=15.2, 8.7, 3.7 Hz, 1H; CH); 13C NMR (90 MHz,
CDCl3): d=14.0, 22.5, 26.0, 29.0, 31.8, 41.9, 73.3, 77.6, 82.4, 114.9,
139.1 ppm.


(6R,7R,9S,10S)-6,9-Epoxypentadecane-7,10-diol ((6R,7R,9S,10S)-2 a),
(6S,7S,9S,10S)-6,9-epoxypentadecane-7,10-diol ((6S,7S,9S,10S)-2 b),
(6S,7S,9S,10R)-6,9-epoxypentadecane-7,10-diol ((6S,7S,9S,10R)-2 c), and
(6R,7R,9S,10R)-6,9-epoxypenta-decane-7,10-diol ((6R,7R,9S,10R)-2 d): A
solution of the diasteromeric mixture of (2R,3R,5S)-10a and (2S,3S,5S)-
10b (85 mg, 0.46 mmol), TBDMSCl (90.3 mg, 0.60 mmol), and imidazole
(40.4 mg, 0.60 mmol) in CH2Cl2 (10 mL) was stirred at room temperature
overnight and then poured into a mixture of saturated NaHCO3 and
CH2Cl2. The resulting mixture was stirred vigorously for 30 min, the
layers were separated, and the aqueous layer was extracted with CH2Cl2.
The combined organic phases were dried and concentrated. N-Methyl-
morpholine-N-oxide (124.0 mg, 1.1 mmol) and one crystal of OsO4 were
added to a solution of the crude residue (158 mg) in acetone (10 mL).
This mixture was stirred for 1.5 h at room temperature. Sodium sulfite
(196 mg, 3.14 mmol) was added and stirring was continued for 30 min.
The solution was extracted with EtOAc (2î10 mL). The combined or-
ganic phases were washed with water and concentrated under reduced
pressure. Acetone (10 mL) followed by NaIO4 (198.8 mg, 0.93 mmol)
were added to a suspension of the residue (182 mg) in water (4 mL). The
mixture was stirred for 30 min at room temperature. The solution was ex-
tracted with EtOAc (2î10 mL), and the combined organic layers were
dried and evaporated. The residue (141 mg) was dissolved in Et2O
(10 mL). Pentylmagnesium bromide (0.5 mL of a 2m solution in THF,
1 mmol) was added to the vigorously stirred solution and stirring was
continued for 5 h at room temperature. The reaction was quenched by
addition of H2O (5 mL) and Et2O (10 mL). The phases were separated,
and the aqueous layer was extracted with Et2O (2î10 mL). The com-
bined organic phases were dried and evaporated. The residue (130 mg)
was dissolved in THF (10 mL), and Bu4N


+F� (161 mg, 0.51 mmol) was
added. The reaction was stirred overnight at room temperature. The mix-
ture was quenched by addition of water (5 mL) and Et2O (10 mL). The
phases were separated, and the aqueous layer was extracted with Et2O
(2î10 mL). The combined organic phases were dried and evaporated.
The residue was purified by flash chromatography (petroleum ether/
EtOAc, 10:1) to afford a diasteromeric mixture of the cyclization prod-
ucts (6R,7R,9S,10S)-2a, (6S,7S,9S,10S)-2b, (6S,7S,9S,10R)-2c, and
(6R,7R,9S,10R)-2d (17 mg). Rf (petroleum ether/EtOAc, 1:1; detection I)=
0.46 (2 a), 0.51 (2 b), 0.54 (2c), 0.34 (2 d).


(6R,7R,9S,10S)-2a : 1H NMR (500 MHz, CDCl3): d=0.85±0.90 (m, 6H;
2CH3), 1.29±1.65 (brm, 16H; 8CH2), 1.85±1.90 (m, 1H; CH), 2.00±2.04
(m, 1H; CH), 3.36±3.40 (m, 1H; CH), 3.73±3.77 (m, 1H; CH), 4.0±4.04
(m, 1H; CH), 4.25 ppm (t, J=3.4 Hz, 1H; CH); 13C NMR (500 MHz,
CDCl3): d=13.93, 13.96, 22.47, 22.52, 25.19, 25.89, 28.73, 31.81, 31.89,
33.02, 37.81, 73.35, 74.0, 80.11, 82.36 ppm.


(6S,7S,9S,10S)-2b : 1H NMR (500 MHz, CDCl3): d=0.88±0.90 (t, J=
6.3 Hz, 6H; 2CH3), 1.31±1.66 (brm, 16H; 8CH2), 1.84 (dd, J=14.1,
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3.5 Hz, 1H; CH), 2.36±2.41 (m, 1H; CH), 3.46±3.48 (m, 1H; CH), 3.63
(m, 1H; CH), 3.94±3.97 (m, 1H; CH), 4.04 ppm (dd, J=5.4, 2.7 Hz, 1H;
CH); 13C NMR (500 MHz, CDCl3): d=13.94, 22.51, 25.59, 25.82, 28.67,
31.64, 31.95, 43.29, 38.68, 71.46, 73.88, 78.96, 84.26 ppm.


(6S,7S,9S,10R)-2c : 1H NMR (500 MHz, CDCl3): d=0.87±0.89 (t, J=
6.7 Hz, 6H; 2CH3), 1.28±1.68 (brm, 16H; 8CH2), 1.90 (dd, J=14.1,
3.3 Hz, 1H; CH), 2.14±2.19 (m, 1H; CH), 3.56±3.60 (m, 1H; CH), 3.80±
3.83 (m, 1H; CH), 3.98±4.01 ppm (m, 1H; CH); 13C NMR (500 MHz,
CDCl3): d=13.90, 13.93, 22.43, 22.52, 25.48, 25.89, 28.69, 31.63, 31.96,
33.29, 34.17, 70.98, 71.86, 79.89, 83.75 ppm.


(6R,7R,9S,10R)-2d : 1H NMR (500 MHz, CDCl3): d=0.86±0.89 (t, 6H;
J=5.3, 2CH3), 1.29.1.59 (brm, 16H; 8CH2), 1.84 (dd, J=13.2, 6.1 Hz,
1H; CH), 2.08±2.13 (m, 1H; CH), 3.82±3.86 (m, 2H; 2CH), 4.13±4.17
(m, 1H; CH), 4.27 ppm (br s, 1H; CH); 13C NMR (500 MHz, CDCl3): d=
13.93, 22.47, 22.50, 25.51, 25.90, 29.10, 31.83, 32.13, 32.35, 34.10, 71.98,
73.08, 79.94, 83.49 ppm.


(2R,3R,5R)-2-Pentyl-5-vinyl-tetrahydrofuran-3-ol ((2R,3R,5R)-10 b) and
(2S,3S,5R)-2-pentyl-5-vinyl-tetrahydrofuran-3-ol ((2S,3S,5R)-10 a): PPh3


(3.0 g, 11.44 mmol) and CBr4 (3.41 g, 10.28 mmol) were dissolved in an-
hydrous CH2Cl2 (30 mL). The stirred solution was cooled to 0 8C and
(R)-9 (919 mg, 5.46 mmol) was added dropwise. After stirring for 5 h, the
solution was concentrated, and pentane (30 mL) was added. The mixture
was filtered, and the filtrate was concentrated in vacuo. The crude resi-
due (370 mg) was epoxidized according to Method D. The residue
(128 mg) of the diastereomeric mixture of the epoxy-bromide was hydro-
lyzed in a mixture of water (6 mL) and THF (4 mL) under acidic condi-
tions (conc. H2SO4, 10 drops) at room temperature overnight. The solu-
tion was extracted with EtOAc (2î10 mL). The combined organic layers
were dried and evaporated. The residue was purified by flash chromatog-
raphy (petroleum ether/EtOAc, 10:1) to afford the diasteromeric mixture
of the cyclization products (2S,3S,5R)-10a and (2R,3R,5R)-10 b (57 mg).
Rf1, Rf2 (petroleum ether/EtOAc, 1:1)=0.66, 0.61 (detection I). Spectro-
scopic data were in accordance to those previously reported.


(6S,7S,9R,10R)-6,9-Epoxypentadecane-7,10-diol ((6S,7S,9R,10R)-2 a),
(6R,7R,9R,10R)-6,9-epoxypentadecane-7,10-diol ((6R,7R,9R,10R)-2 b),
(6R,7R,9R,10S)-6,9-epoxypenta-decane-7,10-diol ((6R,7R,9R,10S)-2 c),
and (6S,7S,9R,10S)-6,9-epoxypentadecane-7,10-diol ((6S,7S,9R,10S)-2 d):
A solution of the diasteromeric mixture of (2R,3R,5R)-10b and
(2S,3S,5R)-10 a (57 mg, 0.31 mmol), TBDMSCl (60.3 mg, 0.40 mmol), and
imidazole (27.2 mg, 0.40 mmol) in CH2Cl2 (10 mL) was stirred at room
temperature overnight and then poured into a mixture of saturated
NaHCO3 and CH2Cl2. The mixture was stirred vigorously for 30 min, the
layers were separated, and the aqueous layer was extracted with CH2Cl2.
The combined organic phases were dried and concentrated. N-Methyl-
morpholine-N-oxide (70.6 mg, 0.60 mmol) and one crystal of OsO4 were
added to a solution of the crude residue (91 mg) in acetone (10 mL). The
mixture was stirred for 1.5 h at room temperature. Sodium sulfite
(230 mg, 1.83 mmol) was added and stirring was continued for 30 min.
The solution was extracted with EtOAc (2î10 mL). The combined or-
ganic layers were washed with water and concentrated under reduced
pressure. The residue (90 mg) was suspended in water (4 mL) to which
was added acetone (10 mL) followed by NaIO4 (98.2 mg, 0.46 mmol).
The mixture was stirred for 30 min at room temperature. Then the solu-
tion was extracted with EtOAc (2î10 mL), and the combined organic
layers were dried and evaporated. The residue (70 mg) was dissolved in
Et2O (10 mL). Pentylmagnesium bromide (0.5 mL of a 2m solution in
THF, 1 mmol) was added to the vigorously stirred solution and stirring
was continued for 5 h at room temperature. The reaction was quenched
by addition of H2O (5 mL) and Et2O (10 mL). The phases were separat-
ed, and the aqueous layer was extracted with Et2O (2î10 mL). The com-
bined organic phases were dried and evaporated. The residue (122 mg)
was dissolved in THF (10 mL), and Bu4N


+F� (107 mg, 0.34 mmol) was
added. The reaction was stirred overnight at room temperature. The mix-
ture was quenched by addition of water (5 mL) and Et2O (10 mL). The
phases were separated, and the aqueous layer was extracted with Et2O
(2î10 mL). The combined organic phases were dried and evaporated.
The residue was purified by flash chromatography (petroleum ether/
EtOAc, 10:1) to afford the diasteromeric mixture of the cyclization prod-
ucts (6S,7S,9R,10R)-2 a, (6R,7R,9R,10R)-2 b, (6R,7R,9R,10S)-2c and
(6S,7S,9R,10S)-2d (10 mg). Rf (petroleum ether/EtOAc, 1:1; detection I)=


0.46 (2a), 0.51 (2b), 0.54 (2c), 0.34 (2d). Spectroscopic data were in ac-
cordance to those described above.
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Ionic Liquids with Symmetrical Dialkoxymethyl-Substituted
Imidazolium Cations


Juliusz Pernak,* Kinga Sobaszkiewicz, and Joanna Foksowicz-Flaczyk[a]


Introduction


Among the ionic liquids (ILs) described in the literature,
the most widely known are those that contain an imidazo-
lium cation. Particular attention has been devoted to asym-
metrically disubstituted imidazolium salts. These have been
utilized in many areas of synthetic organic chemistry as sol-
vents and catalysts, and also in separation science.[1±7] Bioca-
talysis in ILs has only recently been considered.[8] ILs have
even been successfully used for embalming and tissue pres-
ervation.[9]


The most frequently encountered cations are 1-alkyl-3-
methylimidazolium ions, with limited structural variation in
the alkyl group.[10±17] The precursors of the ILs are disubsti-
tuted imidazolium halides, which have a hygroscopic or deli-
quescent nature. The reported preparations of 1-alkyl-3-
methylimidazolium chlorides, starting from 1-methylimid-
azole and an alkyl chloride and based on the conventional
method of heating in refluxing solvents, require long reac-
tion times (from hours to days).[18,19] A significant shortening
of the reaction time can be achieved by using an alkyl bro-
mide as the alkylating agent.[20] An efficient method for the
preparation of the halides makes use of microwave irradia-
tion as the energy source under solvent-free conditions.[21, 22]


Application of this technique leads to dramatically reduced


reaction times. Another procedure, using sonochemical acti-
vation, has also been described for solvent-free preparations
of 1-alkyl-3-methylimidazolium halides by reaction of 1-
methylimidazole with alkyl halides.[23] An efficient micro-
wave-based protocol has been described for the preparation
of ILs consisting of dialkylimidazolium cations and BF4


�


anions.[24] The asymmetry of the 1-alkyl-3-methylimidazo-
lium cations is believed to be responsible for the low melt-
ing points of the resulting ILs.[25,26] Even symmetrically sub-
stituted 1,3-dialkylimidazolium hexafluorophosphates with
dibutyl, dipentyl, dioctyl, dinonyl, and didecyl substituents
are found to be ILs.[27] Howarth and co-workers have de-
scribed the use of symmetrical chiral imidazolium bromides
in Diels±Alder reactions.[28] Symmetrical disubstituted 1,3-
dialkoxymethyl imidazolium cations provided the subject for
our studies.


Results and Discussion


Our synthesis started from imidazole (freshly recrystallized
from benzene; m.p. 90±91 8C) and chloromethyl alkyl ethers.
The type of solvent employed was found to play a significant
role in determining the course of the reaction: only in anhy-
drous DMF was a single product obtained, namely a 1,3-di-
alkoxymethylimidazolium chloride, [(CnOm)2im][Cl]
(Scheme 1). Deprotonation took place in the absence of
alkali, in parallel to the quaternization reaction. The total
efficiency of the two reactions reached 85%. If the process
was attempted in any other anhydrous solvent, such as ace-
tone, toluene, or DMSO, the reaction product contained
three salts: the 1,3-dialkoxymethylimidazolium chloride, the


[a] Prof. J. Pernak, K. Sobaszkiewicz, J. Foksowicz-Flaczyk
Poznan¬ University of Technology
Department of Chemical Technology
pl. Sk¯odowskiej-Curie 2, 60-965 Poznan¬ (Poland)
Fax: (+61)665-3649
E-mail : juliusz.pernak@put.poznan.pl


Keywords: alkoxymethylation ¥
imidazolium salts ¥ ionic liquids ¥
structure±activity relationships ¥
synthetic methods


Abstract: A new one-step procedure is described for the synthesis of disubstituted
imidazolium chlorides. 1,3-Dialkoxymethylimidazolium chlorides thus obtained
can be employed as synthetic precursors of symmetrical ILs. The salts have been
found to exhibit antimicrobial activity and an antielectrostatic effect. Their densi-
ties and viscosities have been determined and are reported herein. It has also been
demonstrated that the ILs can be decomposed using an aqueous solution of
KMnO4. For each IL, the permanganate index (IMn) has been estimated, which
varies with the structure of cation. The only limitation of IMn is the degree to
which the IL dissolves in water.
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1-alkoxymethylimidazolium hydrochloride, and imidazolium
hydrochloride, the separation of which was practically im-
possible. A similar mixture was obtained under neat reac-
tion conditions. When DMF was used, the medium served
not only as a solvent but also
played the role of a proton-
trapping base. The initially gen-
erated imidazolium anion rap-
idly reacted with the ROCH2


+


cation at each of the nitrogen
atoms at the same rate. On the
other hand, no reaction of the
ROCH2


+ cation with DMF was
observed, reflecting the difficult
access of the cation to the free
electron pair of the nitrogen
atom. The new one-step ap-
proach for the synthesis of sym-
metrical disubstituted imidazo-
lium chlorides described herein
proved to be very effective.
1,3-Dialkoxymethylimidazo-


lium chlorides were also obtained in a two-step procedure
(Scheme 2). In the first step, toluene was used as solvent for
an N-alkoxymethylation of imidazole with the appropriate
(alkoxymethyl)triethylammonium chloride. This reaction
constitutes a new approach, which is better than deprotona-
tion and nucleophilic displacement.[29] The 1-alkoxymethyl-
imidazole, formed in 70±80% yield, was distilled from the
reaction mixture, and then a Menschutkin reaction was per-
formed to afford a quaternized product in 75±90% yield.
ROCH2Cl is an effective quaternization substrate in the
Menschutkin reaction, but its use required that anhydrous
conditions were maintained. The presence of water induces
hydrolysis of ROCH2Cl with the formation of HCl, which,
in turn, forms amine hydrochlorides.


The purities of the chloride salts, [(CnOm)2im][Cl], con-
taining more than six carbon atoms in the alkoxy substituent
were determined by a direct two-phase titration technique
(EN ISO 2871-2:1994) and ranged from 92 to 96%. The re-
mainder was essentially water since the chloride salts were
strongly hygroscopic. The chlorides were then employed as
synthetic precursors for ILs. The metathesis reactions were
conducted in aqueous solutions using the salts NaBF4, KPF6,
and LiNTf2, and gave high yields (89±95%). The precursor


and product salts are listed in Table 1. All of the [BF4] and
[NTf2] salts, as well as eight out of ten [PF6] salts, proved to
be ILs (m.p. < 100 8C), but at room temperature only three
[BF4], no [PF6], and six out of ten [NTf2] salts were liquid.
Thus, out of 28 potential ILs, only nine proved to be room
temperature ionic liquids (RTILs). The symmetrically substi-
tuted cation had an impact on the solid nature of the salts,
but not as much as has been suggested in the literature. The
type of anion rather than the cation symmetry played a key
role in formation of the RTILs.


The new 1,3-dialkoxymethylimidazolium salts were char-
acterized by 1H and 13C NMR and by elemental analysis.
The 1H NMR spectra of the precursors and the resulting
[BF4], [PF6], and [NTf2] salts indicated different chemical
shifts for the imidazolium ring protons and the two methy-
lene groups adjacent to the oxygen atoms. No such differ-
ences were noted in the 13C NMR spectra. Chemical shift data
are reported in Table 2. The strong effect of the anion is evi-
dent. The most marked shift differences were observed for
the proton in the 2-position of the ring, and these shifts can
serve as a parameter to classify the type of salt. Similar ob-
servations concerning the ring protons were made by Fannin
and co-workers for 1-alkyl-3-methylimidazolium salts
[AlxCl3x+1].


[30]


Anhydrous ILs were ob-
tained by heating the samples
at 80 8C in vacuum (8 mmHg)
for 10 h. Karl±Fischer measure-
ments showed the water con-
tent of the dried salts to be
< 500 ppm. Moreover, no bands
associated with water were ob-


served in the near-infrared spectrum at 1910 nm. These an-
hydrous ILs quickly absorb water when they are exposed to
air. In 10 h, [(CnOm)2im][NTf2] can absorb up to around
0.5% of its weight in water. All of the salts were found to
be stable in air, in water, and in common organic solvents
such as CHCl3, ethyl acetate, and ethanol. The RTILs
showed high solubility in common alcohols, DMSO, ethyl
acetate, and CHCl3, but were visually immiscible with
hexane. [(C3Om)2im][BF4] was found to be miscible with


Scheme 1.


Scheme 2.


Table 1. Structure and melting points of prepared salts of the series [(CnOm)2im][X].


Cl BF4 PF6 NTf2
Salt R m.p. m.p. m.p. m.p.


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


[(C3Om)2im][X] C3H7 oil liquid 69±73 liquid
[(C4Om)2im][X] C4H9 oil liquid 53±56 liquid
[(C5Om)2im][X] C5H11 grease liquid 50±54 liquid
[(C6Om)2im][X] C6H13 grease 42±43 60±62 liquid
[(C7Om)2im][X] C7H15 grease 39±40 63±66 liquid
[(C8Om)2im][X] C8H17 93±96 53±54 77±80 liquid
[(C9Om)2im][X] C9H19 94±98 55±58 84±87 26±30
[(C10Om)2im][X] C10H21 99±102 67±70 97±99 31±32
[(C11Om)2im][X] C11H22 104±106 70±72 103±105 45±46
[(C12Om)2im][X] C12H25 108±110.5 78±80 104±107 44±45
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water, while [(C4Om)2im][BF4] and [(C5Om)2im][BF4] were
only partially miscible. On the other hand, the [(CnOm)2im]
[NTf2] ILs proved to be immiscible with water; only those
with propoxymethyl and butoxymethyl substituents demon-
strated slight solubility in water at 80 8C.
Some physical properties of the new RTILs were studied.


All of the RTILs were found to be denser than water. Den-
sity values at 25 8C are presented in Table 3. The densities
ranged from 1.105 to 1.391 gmL�1. The [(CnOm)2im][NTf2]
ILs were significantly denser than their [(CnOm)2im][BF4]
counterparts. As is typical for RTILs with a range of alkyl
chain lengths, increasing chain length is associated with a
decrease in density. In the range 20±30 8C, temperature had
only a slight effect on density, which did not exceed 2%.


Viscosity data at 25 8C are also presented in Table 3. The
viscosity/chain length relationship showed the inverse trend
to the density/chain length relationship: thus, viscosity in-
creased with increasing alkyl chain length of the cation. The
values were also found to be strongly affected by humidity
and temperature. A decrease in temperature of 5 8C (from
25 to 20 8C) was found to be accompanied by an increase in
viscosity of 15±30%. We observed that the [NTf2] salts had
lower viscosities than the [BF4] salts. From the presented
data, it could be concluded that the most favorable lower
viscosities were found for RTILs having [NTf2] anions and
propoxymethyl, butoxymethyl, and pentyloxymethyl sub-
stituents on the cation. The low viscosities of these RTILs is
an important issue in some applications.
The prepared RTILs could not purified by distillation due


to their involatile character. However, their thermal degra-
dation temperatures could be estimated by using a B¸chi
model B-545 automatic boiling point apparatus. The thermal
stabilities of the RTILs ranged from 200 to 240 8C, as shown
in Table 3. TG analysis showed that the degradation process
took place at 210±220 8C for the [(CnOm)2im][BF4] salts and


at 230±240 8C for the
[(CnOm)2im][NTf2] salts, thus
confirming the results in
Table 3. In the case of imidazo-
lium salts with two alkoxymeth-
yl substituents, a significantly
lowered thermal degradation
temperature was noted as com-
pared to analogues with alkyl
groups, for example, 1-alkyl-3-


methylimidazolium [NTf2], which are stable up to 400 8C.
[18]


This is a reflection of the presence of two oxygen atoms in
the symmetrical substituents.
The solid-phase behavior of two RTILs was analyzed by


differential scanning calorimetry (DSC). [(C4Om)2im][BF4]
exhibited multiple solid phases below its melting point. It
displayed a glass transition at �49 8C, followed by a crystalli-
zation at �29 8C, seen as an exothermic transition, followed
by a large endothermic solid±solid transition at �11 and
�5 8C and the final melt at 8 8C. The DSC trace of a
[(CnOm)2im][NTf2] salt showed only a glass transition.
These materials are good glass-formers, that is, they can be
cooled from the liquid state down to low temperatures with-
out crystallizing. The glass transitions for the [NTf2] series


are as follows: [(C3Om)2im]
�40 8C, [(C4Om)2im] �39 8C,
[(C5Om)2im] �41 8C,
[(C6Om)2im] �44 8C,
[(C7Om)2im] �43 8C, and
[(C8Om)2im] �42 8C.
The prepared chlorides were


tested for antimicrobial activity
against rods, cocci, and fungi.
The tube dilution method used
showed the lowest concentra-
tion of a chloride required to
inhibit cell multiplication (mini-
mal inhibitory concentration;


MIC). Mean MIC values for cocci, rods, and fungi are pre-
sented in Figure 1. Chlorides [(C7Om)2im][Cl], [(C8Om)2im]
[Cl], and [(C9Om)2im][Cl] proved to be effective against the
microbes, and their activity remained at a level typical for


Table 2. Characteristic proton chemical shifts[a] of the prepared salts.


Imidazole Imidazole NCH2O OCH2CH2


Salt NCHN NCHCHN
Singlet Doublet Singlet Triplet


[(CnOm)2im][Cl] 10.85 7.75 (J = 1.4 Hz) 5.84 3.61 (J = 6.5 Hz)
[(CnOm)2im][BF4] 9.12 7.48 (J = 1.6 Hz) 5.59 3.56 (J = 6.5 Hz)
[(CnOm)2im][PF6] 8.79 7.48 (J = 1.4 Hz) 5.54 3.54 (J = 6.5 Hz)
[(CnOm)2im][NTf2] 9.04 7.53 (J = 1.4 Hz) 5.57 3.53 (J = 6.5 Hz)


[a] In CDCl3.


Table 3. Density, viscosity, and thermal degradation temperature (Td) of prepared RTILs.


Entry Salt Density[a] [gmL�1] Viscosity[a] [mPas] Td [8C]


1 [(C3Om)2im][BF4] 1.194 165.7 210
2 [(C4Om)2im][BF4] 1.137 313.6 220
3 [(C5Om)2im][BF4] 1.105 > 400 200
4 [(C3Om)2im][NTf2] 1.391 82.6 235
5 [(C4Om)2im][NTf2] 1.338 86.7 240
6 [(C5Om)2im][NTf2] 1.277 95.0 230
7 [(C6Om)2im][NTf2] 1.249 115.0 230
8 [(C7Om)2im][NTf2] 1.226 144.9 240
9 [(C8Om)2im][NTf2] 1.205 154.0 235


[a] At 25 8C.


Figure 1. Mean MIC values for microorganisms.
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commercially available benzalkonium chloride (BAC). The
optimal relationship between the measured activity and
compound structure was noted for Micrococcus luteus, and a
simplified Hansch equation was constructed [Eq. (1)]:


logRBR ¼ aþ b � C logPþ c � C logP 2 ð1Þ


where RBR (relative biological response) is represented by
1/MIC and P is the 1-octanol/water partition coefficient.
For chlorides [(CnOm)2im][Cl], values of a = 0.6384


(�0.1109), b = 0.5287(�0.6010), and c =�0.0696(�0.0118)
were obtained, with the relevant statistical data as follows:
correlation coefficient r = 0.9635, predicted value of equa-
tion r 2 = 0.9282, standard error of estimation s = 0.2610,
significance level of regression equation p < 0.00010, and
apex of the parabola C logPo = 3.798. The statistically sig-
nificant correlation of the QSAR equation obtained con-
firmed that lipophilicity, expressed by C logP, was the main
conditioning factor of antimicrobial activity.
The [(CnOm)2im][BF4] and [NTf2] ILs could also be ex-


pected to be effective to the same extent, in line with earlier
studies that demonstrated that the anion exerted negligible
effect on antimicrobial activity.[31] The data were significant
with regard to the selection of the synthesized RTILs as sol-
vents for enzymatic reactions with participation of microbes.
The RTILs that could be safely used were found to include
three [BF4] salts and three [NTf2] salts with propoxymethyl,
butoxymethyl, and pentyloxymethyl groups.
The antielectrostatic properties of the synthesized salts


were also examined. The antielectrostatic effect is depen-
dent on two quantities: the surface resistance and the half-
charge decay time. The surface resistance was calculated
from the formula:


Rs ¼ U � l
i � s ½W	 ð2Þ


where U is the applied voltage (U = 100 V), l is the length
of the electrodes (l = 100 mm), i is the measured current in-
tensity, and s is the distance between the electrodes (s =


10 mm).
The half-charge decay time was obtained from the rela-


tionship:


t ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t 2
þþ t 2


�
2


r
½s	 ð3Þ


where t+ and t� are the mean half-decay times of positive
and negative charges, respectively.
The antielectrostatic effect was determined according to


the criteria listed in Table 4 and the findings are presented
in Table 5. Of ten chlorides studied, eight showed an excel-
lent antielectrostatic effect. These chlorides contained three
to ten carbon atoms in their alkoxy chains. The use of alk-
oxymethyl substituents longer than the decyloxymethyl
group caused the chlorides to lose their antielectrostatic
properties. Substitution of the anion in the studied chlorides
demonstrated its strong effect on the antielectrostatic prop-
erties of the compounds: the [(CnOm)2im][PF6] ILs obtained


lost their potential for draining the charge and showed no
antielectrostatic properties. In the case of the [(CnOm)2im]
[BF4] series, only three salts with a short substituent, con-
taining three, four, and five carbon atoms in the alkoxy
group, demonstrated an excellent antielectrostatic effect.
[(CnOm)2im][BF4] ILs with seven, eight or nine carbon
atoms behaved untypically, giving a high Rs value and a low
t1=2


value. In terms of the the applied evaluation scale, these
compounds could not be unequivocally categorized. A simi-
lar situation was encountered with [(C5Om)2im][PF6],
[(C6Om)2im][PF6], [(C7Om)2im][PF6], and [(C8Om)2im]
[PF6]. On the other hand, in the case of the [(CnOm)2im]
[NTf2] series, as seen for their synthetic precursors, the first
eight salts demonstrated an excellent effect. The groups of
salts showed an acute transition from salts with an excellent
effect to those with no effect. The type of anion was also
found to be significant for the potential to drain the charge.
Because of the delocalization of the negative charge within
the S±N±S core, the NTf2


� anion is probably less associated
with the cation and more mobile than PF6


� or BF4
� . At the


same time, it proved possible to synthesize ILs which, simi-
larly to their synthetic precursors, demonstrated an excellent
antielectrostatic effect. It is also worth nothing that all of
the obtained RTILs demonstrated excellent antielectrostatic
properties.


The dynamically growing application of ILs induces mis-
givings as to their utilization. We regard their oxidation in
an aqueous solution of KMnO4 as an effective solution. This
proved to offer a hitherto unknown safe way of utilizing
them. The cation was ultimately oxidized to CO2 and H2O.
Under such conditions, the anion was not oxidized. For each
IL we were able to investigate the permanganate index
(IMn), which exhibited a range of values. The values of IMn
for the synthesized and some commercially available ILs are
listed in Table 6. Solubility in water represented the only
limitation. In the case of the [(CnOm)2im][NTf2] ILs, which
are immiscible with water, no such index could be estimat-
ed. The risk that used ILs could pollute the environment as
non-decomposable agents was found to be groundless.
We decided to check whether the RTILs exhibited phyto-


toxic activity and to examine their influence on soil flora by
the measurement of root growth inhibition. The investiga-
tions followed the International Standard ISO 11269-1 pro-
tocol and were performed using [(CnOm)2im][BF4]. The
tested representative plant was barley, Hordeum vulgare L.
All [(CnOm)2im][BF4] salts introduced to the soil at a con-


Table 4. Criteria for the estimation of the antielectrostatic effect based
on the surface resistance Rs [W] and half-charge decay time t1=2


[s] .


logRs t1=2 Antielectrostatic effect


< 9 < 0.5 excellent
9±9.99 0.51±2 very good
10±10.99 2.1±10 good
11±11.99 10.1±100 sufficient
12±12.99 > 100 insufficient
> 13 > 600 lack of antielectrostatic properties
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centration of 1 gkg�1, or 0.1 gkg�1 dry mass of soil, were
found to exert a phytotoxic effect on monocotyledonous
plants. On the other hand, at a concentration of 0.01 gkg�1


no such effect was noted on the growth of the roots
(Figure 2).


Conclusion


Reaction of imidazole with ROCH2Cl in DMF produced
1,3-dialkoxymethylimidazolium chlorides in high yields.
These are useful synthetic precursors to symmetrical imida-
zolium-based ILs. The new [(CnOm)2im][X] RTILs descri-
bed herein were found to be stable to air and water, to be
denser than water, and to have relatively low viscosities.
Their properties proved to be dependent on the nature of
the anion and on the bulkiness of the cation. The strong
effect of the anion was particularly evident on their melting
points, solubilities, and antielectrostatic properties. The esti-
mated antielectrostatic properties and antimicrobial activi-
ties promise a broad spectrum of application for these ILs.
They can be neutralized by oxygenation using KMnO4 in
aqueous solution.


Experimental Section


Elemental analyses were performed at the Adam Mickiewicz University,
Poznan¬ . 1H NMR spectra were recorded on a Varian XL 300 spectrome-
ter at 300 MHz with tetramethylsilane as the standard; 13C NMR spectra
were recorded on the same instrument at 75 MHz. A Mettler Toledo DA
110 M scale was used for the mass/density measurements. Simultaneous
TG/DTA experiments were performed using a MOM (Hungary) Deriva-
tograph-PC. Thermal degradation temperatures were determined using a
B¸chi model B-545 automatic apparatus. Differential scanning calorime-
try was carried out on a Perkin-Elmer DSC calibrated with a
99.9999 mol% purity indium sample.


Chloromethyl alkyl ethers were prepared by passing HCl through a mix-
ture of formaldehyde and the appropriate alcohol.


Preparation of [(CnOm)2im][Cl]: The reaction flask was charged with
freshly distilled DMF (30 mL), imidazole (9.5 g, 0.14 mol, 1 equiv), and
chloromethyl alkyl ether (0.28 mol, 2 equiv). The solution was stirred at
30 8C for 4 h, and then cooled to room temperature. For chlorides with
substituents containing 3±9 carbon atoms, DMF was expelled from the
reaction mixture under reduced pressure and the products were repeat-
edly washed with warm hexane (3î14 mL). On the other hand, for chlo-
rides with an alkoxy group with 10±12 carbon atoms, ethyl acetate
(30 mL) was added to the reaction mixture. The product, which precipi-


Table 5. Surface resistance Rs [W], half-charge decay time t1=2
[s] , and antielectrostatic effect for the prepared salts.


Salt logRs t1=2
Effect Salt logRs t1=2


Effect


[(C3Om)2im][Cl] 7.35 < 0.1 excellent [(C3Om)2im][PF6] 13.20 > 600 lack
[(C4Om)2im][Cl] 7.08 < 0.1 excellent [(C4Om)2im][PF6] 13.11 > 600 lack
[(C5Om)2im][Cl] 6.63 < 0.1 excellent [(C5Om)2im][PF6] 12.72 0.55
[(C6Om)2im][Cl] 6.72 < 0.1 excellent [(C6Om)2im][PF6] 12.95 2.10
[(C7Om)2im][Cl] 6.79 < 0.1 excellent [(C7Om)2im][PF6] 12.20 2.60
[(C8Om)2im][Cl] 6.77 0.45 excellent [(C8Om)2im][PF6] 12.99 2.05
[(C9Om)2im][Cl] 7.04 0.35 excellent [(C9Om)2im][PF6] 13.20 > 600 lack
[(C10Om)2im][Cl] 8.04 0.35 excellent [(C10Om)2im][PF6] 13.36 > 600 lack
[(C11Om)2im][Cl] 9.43 0.55 very good [(C11Om)2im][PF6] 13.11 > 600 lack
[(C12Om)2im][Cl] 10.57 2.05 good [(C12Om)2im][PF6] 13.08 > 600 lack
[(C3Om)2im][BF4] 7.58 < 0.1 excellent [(C3Om)2im][NTf2] 8.41 <0.1 excellent
[(C4Om)2im][BF4] 8.15 < 0.1 excellent [(C4Om)2im][NTf2] 8.60 <0.1 excellent
[(C5Om)2im][BF4] 8.11 < 0.1 excellent [(C5Om)2im][NTf2] 8.56 <0.1 excellent
[(C6Om)2im][BF4] 9.63 0.17 very good [(C6Om)2im][NTf2] 8.58 <0.1 excellent
[(C7Om)2im][BF4] 10.04 0.25 [(C7Om)2im][NTf2] 8.80 <0.1 excellent
[(C8Om)2im][BF4] 11.34 0.40 [(C8Om)2im][NTf2] 8.73 <0.1 excellent
[(C9Om)2im][BF4] 11.28 0.45 [(C9Om)2im][NTf2] 8.11 0.30 excellent
[(C10Om)2im][BF4] 13.00 > 600 lack [(C10Om)2im][NTf2] 8.36 0.35 excellent
[(C11Om)2im][BF4] 13.08 > 600 lack [(C11Om)2im][NTf2] 13.20 > 600 lack
[(C12Om)2im][BF4] 13.00 > 600 lack [(C12Om)2im][NTf2] 13.18 > 600 lack


Table 6. Permanganate indices (IMn) for the prepared and some commer-
cial ILs.


IL IMn IL IMn


[(C3Om)2im][BF4] 8.4 [C4mim][PF6]
[a] 3.1


[(C4Om)2im][BF4] 8.7 [C4mpyr][BF4]
[a] 1.4


[(C5Om)2im][BF4] 11.1 [C8mim][BF4] 4.7
[(C3Om)2im][NTf2] 6.5 [C10mim][BF4] 6.0
[(C4Om)2im][NTf2] 8.5 [C7Omim][BF4] 8.8
[C2mim][BF4]


[a] 5.6 [C8Omim][BF4] 9.3
[C4mim][BF4]


[a] 3.6 [C9Omim][BF4] 9.5
[C2mim][NTf2]


[a] 5.2


[a] Product from Fluka; [Cnmim] = 1-alkyl-3-methylimidazolium;
[C4mpyr] = 1-butyl-4-methylpyridinium; [CnOmim] = 1-alkoxymethyl-
3-methylimidazolium.


Figure 2. Length of barley roots according to concentration of the ob-
tained [BF4]; *: trace analysis, î : [(CnOm)2im][BF4].
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tated in the form of a white sediment, was recrystallized from an EtOAc/
EtOH mixture (10:1, v/v). The final product was obtained as a hygro-
scopic compound and drying required rotary evaporation at ca. 50 8C/
8 mmHg for 8 h.


[(C7Om)2im][Cl]:
1H NMR (CDCl3): d = 10.85 (s, 1H; CH), 7.75 (d, J =


1.4 Hz, 2H; 2îCH), 5.84 (s, 4H; 2îCH2), 3.61 (t, J = 6.5 Hz, 4H; 2î
CH2), 1.57 (q, J = 6.8 Hz, 4H; 2îCH2), 1.26 (m, 16H; 8îCH2), 0.87 (t,
J = 6.7 Hz, 6H; 2îCH3);


13C NMR (CDCl3): d = 137.4, 121.4, 79.1,
70.5, 31.3, 28.9, 28.6, 25.5, 22.2, 13.7; elemental analysis calcd (%) for
C19H37N2O2Cl (360.97): C 63.22, H 10.33, N 7.76; found: C 63.01, H
10.57, N 7.48.


Procedure for ion exchange : A saturated aqueous solution of NaBF4 or
KPF6 or LiNTf2 was added to a stoichiometric amount of a saturated hot
aqueous solution of a prepared [(CnOm)2im][Cl]. The reaction mixture
was stirred at room temperature for 2 h affording a heterogeneous mix-
ture. After separation of the phases, the aqueous phase was decanted and
the obtained salt was washed with water until chloride ions were no
longer detected using AgNO3. The prepared salt was dried for 10 h at
80 8C in vacuum (8 mmHg). For salts soluble in water: The water was re-
moved from the reaction mixture under reduced pressure. Ethyl acetate
was added to the remaining suspension and the organic phase was
washed with water. The volatile materials were removed under reduced
pressure.


[(C6Om)2im][BF4]:
1H NMR (CDCl3, 25 8C): d = 9.12 (s, 1H; CH), 7.48


(d, J = 1.6 Hz, 2H; 2îCH), 5.91 (s, 4H; 2îCH2), 3.56 (t, J = 6.5 Hz,
4H; 2îCH2), 1.51 (q, J = 6.8 Hz, 4H; 2îCH2), 1.27 (m, 12H; 6îCH2),
0.87 (t, J = 6.7 Hz, 6H; 2îCH3);


13C NMR (CDCl3): d = 135.7, 121.6,
79.5, 70.7, 31.4, 29.1, 25.4, 22.4, 13.9; elemental analysis calcd (%) for
C17H33N2O2BF4 (384.26): C 53.09, H 8.66, N 7.29; found: C 52.81, H 8.97,
N 7.08.


[(C7Om)2im][PF6]:
1H NMR (CDCl3, 25 8C): d = 8.79 (s, 1H; CH), 7.48


(d, J = 1.4 Hz, 2H; 2îCH), 5.54 (s, 4H; 2îCH2), 3.54 (t, J = 6.5 Hz,
4H; 2îCH2), 1.57 (q, J = 6.9 Hz, 4H; 2îCH), 1.27 (m, 16H; 8îCH2),
0.87 (t, J = 6.7 Hz, 6H; 2îCH3);


13C NMR (CDCl3): d = 137.4, 121.5,
79.7, 70.9, 31.6, 29.1, 28.9, 25.6, 22.5, 13.9; elemental analysis calcd (%)
for C19H37N2O2PF6 (470.25): C 48.48, H 7.99, N 5.96; found: C 48.11, H
7.57, N 5.88.


[(C7Om)2im][NTf2]:
1H NMR (CDCl3, 25 8C): d = 9.04 (s, 1H; CH), 7.53


(d, J = 1.4 Hz, 2H; 2îCH), 5.57 (s, 4H; 2îCH2), 3.53 (t, J = 6.6 Hz,
4H; 2îCH2), 1.58 (q, J = 6.9 Hz, 4H; 2îCH2), 1.26 (m, 16H; 8îCH2),
0.87 (t, J = 6.6 Hz, 6H; 2îCH3);


13C NMR (CDCl3): d = 135.2, 126.0,
121.8, 121.7, 117.5, 113.3, 79.6, 70.9, 31.7, 29.1, 28.9, 25.7, 22.6, 14.0; ele-
mental analysis calcd (%) for C21H37N3O6F6 (541.26): C 46.56, H 6.89, N
7.76; found: C 46.71, H 6.57, N 7.58.


Preparation of 1-alkoxymethylimidazoles : ROCH2Cl (0.05 mol) was
slowly added to a stirred anhydrous solution of triethylamine (5.06 g,
0.05 mol) in toluene (50 mL), and stirring was continued at 80 8C for
15 min. Imidazole (3.4 g, 0.05 mol) was then added. After 30 min, the
mixture was refluxed. After cooling to room temperature, the triethyl-
amine hydrochloride produced was filtered off and the toluene was
evaporated. The product was purified by vacuum distillation.


Antielectrostatic properties : The antielectrostatic effect was measured on
a polypropylene film, which was free from lubricants and antioxidants.
From this 0.25 mm film, 12.5 mm diameter disks were cut out. The PP
disks were washed with acetone and then dried by placing them in an air-
conditioned room. The disks were then immersed in 0.5% solutions of
studied chlorides in chloroform for 60 s. After removal from the solution,
each disk was hung up so that the chloroform could evaporate spontane-
ously. The surfaces of the disks were then rubbed with a cotton pad to
ensure complete coverage with the precipitated material. The disks were
stored for 24 h in an air-conditioned room at 20 � 2 8C with a relative
humidity of 60 � 5%. Finally, the surface resistance and half-charge
decay times were measured. The measuring apparatus has been described
previously.[16] The relative error in the determination of these two quanti-
ties did not exceed 7%.


Antimicrobial activity : Eleven standard strains were used: rods were rep-
resented by Pseudomonas aeruginosa ATCC 15442, Escherichia coli
NCTC 8196, Klebsiella pneumoniae ATCC 4352, and Proteus vulgaris
NCTC 4635; cocci by Staphylococcus aureus ATCC 6538, Staphylococcus
aureus MRSA ATCC 43300, Staphylococcus epidermidis ATCC 12228,


Micrococcus luteus ATCC 9341, and Enterococcus hirae ATCC 10541,
and fungi by Candida albicans ATCC 10231 and Rhodotorula rubra
(Demml 1889, Lodder 1934). Standard strains were supplied by the Na-
tional Collection of Type Cultures (NCTC), London, and the American
Type Culture Collection (ATCC). The R. rubra was obtained from the
collection of the Department of Pharmaceutical Bacteriology, University
of Medical Sciences, Poznan¬ , Poland. Antimicrobial activity was deter-
mined by the tube dilution method, as described previously.[31]


QSAR analysis


Structural parameters : The theoretically calculated logarithms of 1-octa-
nol/water partition coefficient parameters (C logP) were chosen as struc-
tural parameters for the obtained [(CnOm)2im][Cl] ILs. For these chlo-
rides, the parameters (C logP) were calculated by means of the KOWIN
v.1.66 program (Syracuse Research Corporation, NY, United States)
from EPI Suite software package, v.3.10 (U.S. Environmental Protection
Agency), based on the Meylan±Howard method.


Statistics : The statistical analysis was carried out using Statistica v.6 soft-
ware (StatSoft, Inc., Tulsa, OK, United States).


Determination of permanganate index : A sample of 3 mmol of the IL
was heated in boiling water with KMnO4 and H2SO4 for 10 min. The esti-
mations were performed in accordance with the norm (EN
ISO 8467:1995).
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Spectral, Structural, and Electrochemical Properties of Ruthenium Porphyrin
Diaryl and Aryl(alkoxycarbonyl) Carbene Complexes: Influence of Carbene
Substituents, Porphyrin Substituents, and trans-Axial Ligands


Yan Li,[a] Jie-Sheng Huang,*[a] Guo-Bao Xu,[b] Nianyong Zhu,[a] Zhong-Yuan Zhou,[b]


Chi-Ming Che,*[a] and Kwok-Yin Wong[b]


Introduction


Transition metal carbene complexes have played a leading
role in the chemistry of metal±carbon multiple bonds.[1] This
important class of metal complexes exhibits diverse reactivi-
ty, such as cyclopropanation of alkenes,[1b, c, f, g, j] coupling reac-
tions with alkynes or amines/imines,[1d,g] Diels±Alder reac-
tions,[1g] Wittig reactions,[1g] alkene metathesis,[1e,g±i] and in-
sertions.[1c, f, g] Our interest in metal carbene complexes lies in
their reactivity in carbenoid transfer reactions, and recent
investigations focused on alkene cyclopropanation with
iron,[2] ruthenium,[3] or osmium[4] porphyrin catalysts. We
and the groups of Woo,[5] Simonneaux,[6] Berkessel,[7] and
Gross[8] have found a series of iron, ruthenium, and osmium
porphyrins that are active catalysts for cyclopropanation of
alkenes with diazo compounds. Of particular note is the
asymmetric cyclopropanation of styrenes with ethyl diazo-
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Abstract: A wide variety of ruthenium
porphyrin carbene complexes, includ-
ing [Ru(tpfpp)(CR1R2)] (CR1R2 =


C(p-C6H4Cl)2 1b, C(p-C6H4Me)2 1c,
C(p-C6H4OMe)2 1d, C(CO2Me)2 1e,
C(p-C6H4NO2)CO2Me 1 f, C(p-
C6H4OMe)CO2Me 1g, C(CH=
CHPh)CO2CH2(CH=CH)2CH3 1h),
[Ru(por)(CPh2)] (por= tdcpp 2a, 4-Br-
tpp 2b, 4-Cl-tpp 2c, 4-F-tpp 2d, tpp 2e,
ttp 2 f, 4-MeO-tpp 2g, tmp 2h, 3,4,5-
MeO-tpp 2 i), [Ru(por){C(Ph)CO2Et}]
(por= tdcpp 2 j, tmp 2k),
[Ru(tpfpp)(CPh2)(L)] (L = MeOH 3a,
EtSH 3b, Et2S 3c, MeIm 3d, OPPh3
3e, py 3 f), and [Ru(tpfpp){C(Ph)-
CO2R}(MeOH)] (R = CH2CH=CH2


4a, Me 4b, Et 4c), were prepared from
the reactions of [Ru(por)(CO)] with
diazo compounds N2CR


1R2 in dichloro-
methane and, for 3 and 4, by further


treatment with reagents L. A similar
reaction of [Os(tpfpp)(CO)] with
N2CPh2 in dichloromethane followed
by treatment with MeIm gave
[Os(tpfpp)(CPh2)(MeIm)] (3d-Os). All
these complexes were characterized by
1H NMR, 13C NMR, and UV/Vis spec-
troscopy, mass spectrometry, and ele-
mental analyses. X-ray crystal structure
determinations of 1d, 2a,i, 3a,b,d,e,
4a±c, and 3d-Os revealed Ru=C dis-
tances of 1.806(3)±1.876(3) ä and an
Os=C distance of 1.902(3) ä. The
structure of 1d in the solid state fea-
tures a unique ™bridging∫ carbene
ligand, which results in the formation


of a one-dimensional coordination poly-
mer. Cyclic voltammograms of 1a±c,g,
2a±d,g±k, 3b±d, 4a,b, and 3d-Os show
a reversible oxidation couple with E1=2


values in the range of 0.06±0.65 V (vs
Cp2Fe


+ /0) that is attributable to a
metal-centered oxidation. The influ-
ence of carbene substituents, porphyrin
substituents, and trans-ligands on the
Ru=C bond was examined through
comparison of the chemical shifts of
the pyrrolic protons in the porphyrin
macrocycles (1H NMR) and the M=C
carbon atoms (13C NMR), the poten-
tials of the metal-centered oxidation
couples, and the Ru=C distances
among the various ruthenium porphy-
rin carbene complexes. A direct com-
parison among iron, ruthenium, and
osmium porphyrin carbene complexes
is made.


Keywords: carbene ligands ¥
electrochemistry ¥ macrocyclic
ligands ¥ porphyrins ¥ ruthenium
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acetate catalyzed by a chiral ruthenium porphyrin,[3a,b,7] which
features up to 98% ee, 36:1 trans:cis diastereoselectivity,
and 11000 turnovers.[3b]


We proposed that the active intermediates in the rutheni-
um-porphyrin-catalyzed asymmetric cyclopropanation reac-
tions are six-coordinate ruthenium porphyrin carbene spe-
cies with a strongly trans-labilizing ligand.[3b] However, such
active intermediates have neither been isolated nor are they
readily detected by spectroscopic means. On the other hand,
a handful of five- and six-coordinate ruthenium porphyrin
monocarbene complexes have been isolated in pure
form,[3b,9±11] some of which are remarkably stable and have
been structurally characterized.[3b,10,11] It is therefore of inter-
est to find out 1) how the ruthenium±carbene bond is affect-
ed by the carbene group and the porphyrin macrocycle, and
2) the extent to which a trans ligand can affect the ruth-
enium�carbene bond.
The present work addresses these issues in considerable


detail through extensive spectral, structural, and electro-
chemical studies on ruthenium porphyrin carbene com-
plexes. Because of the close relationship of ruthenium with
iron and osmium, this work also facilitates direct compari-
son of the porphyrin carbene complexes of the three
metals.[12,13] The electrochemical experiments described here
are, to the best of our knowledge, the first such studies on
ruthenium porphyrin carbene complexes and on nonhetero-
atom-stabilized carbene (except vinylcarbene) complexes of
metalloporphyrins.[14] Remarkably, manipulation of the sub-
stituents on the carbene groups has allowed us to observe a
unique carbene bridge in a metalloporphyrin carbene com-
plex in the solid state.


Results


Syntheses : Ruthenium porphyrin carbene complexes 1a±h,
2a±k, 3a±f, and 4a±c (see Table 1) and osmium porphyrin
carbene complex [Os(tpfpp)(CPh2)(MeIm)] (3d-Os) were
prepared.[15] Of these carbene complexes, only 1a has been
reported elsewhere.[16]


The five-coordinate complexes [Ru(tpfpp)(CR1R2)] (1b±
h), [Ru(por)(CPh2)] (2a±i), and [Ru(por){C(Ph)CO2Et}]
(2 j,k) were obtained by treating [Ru(por)(CO)] with the re-


spective diazo compounds N2CR
1R2 in dichloromethane at


room temperature under argon (Scheme 1). Slow addition
of N2CR


1R2 by syringe was needed to minimize catalytic de-
composition of the diazo compounds by the ruthenium por-
phyrin. The reactions proceeded markedly more slowly for
sterically encumbered porphyrins (tdcpp and tmp) than for
sterically unencumbered ones (e.g., tpfpp and ttp), as moni-
tored by TLC and UV/Vis spectroscopy. In the case of steri-
cally unencumbered porphyrins, the reactions with tpfpp
complexes proceeded much more rapidly, except when the
carbene ligand contains a strongly electron-withdrawing
group such as NO2 (as in 1 f). The desired carbene com-
plexes were isolated in 45±76% yield for por = tdcpp and
tmp, and in 78±92% yield for the others. This finding sug-
gests that electron-deficient and sterically unencumbered
porphyrin auxiliaries are beneficial to the isolation of ruthe-
nium porphyrin carbene complexes.
Recrystallization of [Ru(tpfpp)(CPh2)] (1a) from di-


chloromethane/hexane in the presence of methanol, ethane-
thiol, diethyl sulfide, 1-methylimidazole, triphenylphosphane
oxide, or pyridine gave the six-coordinate complexes
[Ru(tpfpp)(CPh2)(L)] (3a±f) in 82±96% yields (Scheme 1).
The six-coordinate complexes [Ru(tpfpp){C(Ph)CO2R}-
(MeOH)] (4a±c) were isolated in 90±95% yields from the
reaction of [Ru(tpfpp)(CO)] with N2C(Ph)CO2R in di-
chloromethane followed by recrystallization from dichloro-
methane/hexane containing methanol (Scheme 1).
However, treatment of [Ru(tpfpp)(CR1R2)] with isocya-


nides did not allow isolation of the corresponding six-coordi-
nate ruthenium porphyrin carbene complexes. For example,
addition of tert-butyl isocyanide to a solution of 1a in di-
chloromethane readily afforded [Ru(tpfpp)(C�NtBu)2] (5),
which was isolated in 85% yield. This contrasts with the in-
ertness of the non-porphyrin ruthenium diphenylcarbene
complex [Ru(tmtaa)(CPh2)]


[17] towards attack by tert-butyl
isocyanide.
The osmium complex [Os(tpfpp)(CPh2)(MeIm)] (3d-Os)


was prepared in 70% yield by reaction of [Os(tpfpp)(CO)]
with N2CPh2 under similar conditions to those for its ruthe-
nium analogue.


Spectroscopy : Complexes 1±5 and 3d-Os were characterized
by 1H NMR, 13C NMR, and UV/Vis spectroscopy, along


Table 1. Ruthenium complexes discussed in this paper.


1 2 3 4


a [Ru(tpfpp)(CPh2)] [Ru(tdcpp)(CPh2)] [Ru(tpfpp)(CPh2)(MeOH)] [Ru(tpfpp){C(Ph)CO2CH2CH=
CH2}(MeOH)]


b [Ru(tpfpp){C(p-C6H4Cl)2}] [Ru(4-Br-tpp)(CPh2)] [Ru(tpfpp)(CPh2)(EtSH)] [Ru(tpfpp){C(Ph)CO2Me}(MeOH)]
c [Ru(tpfpp){C(p-C6H4Me)2}] [Ru(4-Cl-tpp)(CPh2)] [Ru(tpfpp)(CPh2)(Et2S)] [Ru(tpfpp){C(Ph)CO2Et}(MeOH)]
d [Ru(tpfpp){C(p-C6H4OMe)2}] [Ru(4-F-tpp)(CPh2)] [Ru(tpfpp)(CPh2)(MeIm)]
e [Ru(tpfpp){C(CO2Me)2}] [Ru(tpp)(CPh2)] [Ru(tpfpp)(CPh2)(OPPh3)]
f [Ru(tpfpp){C(p-C6H4NO2)CO2Me}] [Ru(ttp)(CPh2)] [Ru(tpfpp)(CPh2)(py)]
g [Ru(tpfpp){C(p-C6H4OMe)CO2Me}] [Ru(4-MeO-tpp)(CPh2)]
h [Ru(tpfpp){C(CH=CHPh)CO2CH2(CH=
CH)2CH3}]


[Ru(tmp)(CPh2)]


i [Ru(3,4,5-MeO-
tpp)(CPh2)]


j [Ru(tdcpp){C(Ph)CO2Et}]
k [Ru(tmp){C(Ph)CO2Et}]
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with mass spectrometry and elemental analyses. For some of
the complexes bearing the tpfpp macrocycle, 19F NMR
measurements were performed. A detailed compilation of
the spectral data is given in the Experimental Section.
The key spectral features of 1±4 and 3d-Os include:


1) sharp 1H NMR signals at normal fields with Hb (the pyr-
rolic protons of the porphyrin ligands) chemical shifts of d=
8.13±8.57 (Ru) and 7.44 (Os), 2) significantly upfield shifted
1H NMR signals of the axial carbene groups relative to the
corresponding diazo compounds [e.g., the CPh2 signals in
2a±g appear at d�6.4 (para), 6.1 (meta), and 3.0 (ortho)],
3) low-field signals with d=280.49±346.69 (Ru) and 289.27
(Os) in 13C NMR spectra attributable to the Ru=CR1R2 or
Os=CR1R2 carbene carbon atoms, 4) two Soret bands at
about 390 and 425 nm in the UV/Vis spectra for diarylcar-
bene complexes of ruthenium, and a single Soret band at
388±401 (Ru) and 408 nm (Os) for the other carbene com-


plexes of ruthenium and osmium, with the b bands appear-
ing at 525±538 (Ru) and 519 nm (Os). These are comparable
to the key spectral features of related ruthenium[3b,9,10] and
osmium[4a] porphyrin carbene complexes previously reported
in the literature.
For complexes [Ru(tpfpp)(CPh2)(L)] with L = MeOH


(3a, 4a±c) or EtSH (3b), the 1H NMR spectra do not show
signals assignable to the ligands L. Probably, these com-
plexes partially release their trans ligands in solution, and
rapid exchange occurs between coordinated and free L on
the NMR timescale, similar to the rationalization for the ab-
sence of signals for coordinated MeIm in the 1H NMR spec-
trum of [Fe(tpfpp)(CPh2)(MeIm)] (3d-Fe).[2] Complex 3e
with L = OPPh3 has a


1H NMR spectrum with OPPh3 sig-
nals similar to those of free OPPh3, that is, the trans OPPh3
ligand dissociates from 3e in solution.


Scheme 1. Synthesis of 1a±h, 2a±k, 3a±f, and 4a±c. For clarity, only one of the four meso-aryl groups in each porphyrin ligand is shown.
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Notably, the L signals in the 1H NMR spectra of
[Ru(tpfpp)(CPh2)(L)] with L = Et2S (3c), MeIm (3d), and
py (3 f), and 3d-Os, are substantially upfield from those of
the free ligands (see, for example, the spectra of 3c,d in
Figure 1). This indicates that the RuL moieties of 3c,d,f and
the Os-MeIm moiety of 3d-Os remain intact in solution.
The large upfield shifts of the signals on coordination of L
to [Ru(tpfpp)(CPh2)] should result mainly from the porphy-
rin ring-current effect.


Bis(tert-butyl isocyanide)ruthenium porphyrin 5 gave Hb


and tBu proton signals at d=8.36 and �0.46, respectively;
its IR spectrum shows n(C�N) bands at 2133 and 2007 cm�1.
These features, along with the UV/Vis spectrum of 5 (Soret:
415 nm, b : 512 nm), are comparable to those observed for
[Ru(tpp)(C�NtBu)2].[18] Additionally, a low-field signal at
d=182.14 in the 13C NMR spectrum of 5 can be assigned to
the coordinated carbon atoms of the axial C�NtBu ligands.


X-ray crystal structures : We determined the structures of
1a¥0.5Et2O, 1d¥CH2Cl2, 2a¥CH2Cl2, 2 i¥CH2Cl2, 3a¥MeOH,
3b,d,e, 4a¥MeOH, 4b, 4c¥MeOH, and 3d-Os. The structure


of 1a¥0.5Et2O was reported elsewhere.[16] Tables 2±4 list the
crystal data and structure refinements for the other com-
plexes; the ORTEP plots and side views of the porphyrin
cores of these complexes (excluding 1d¥CH2Cl2) are depict-
ed in Figures 2, 3, and 4.


The five-coordinate complexes 2a,i adopt a slightly dis-
torted square-pyramidal coordination geometry, whereas the
six-coordinate complexes 3a,b,d,e, 4a±c, and 3d-Os assume
a distorted octahedral geometry. The porphyrin rings in
both types of ruthenium/osmium porphyrin carbene com-
plexes, except 2a, are basically planar, with mean deviations
from the least-squares planes within the range of 0.031±
0.085 ä (see Figures 2±4). Complex 2a, which bears the ster-
ically encumbered tdcpp macrocycle, has a considerably
bent porphyrin ring (see Figure 2), whose mean deviation
from the least-squares plane is 0.129 ä. The ruthenium/
osmium atoms lie 0.251±0.346 ä (five-coordinate com-
plexes) and 0.134±0.193 ä (six-coordinate complexes) out of


Figure 1. 1H NMR spectra of 3c,d in CDCl3.


Figure 2. ORTEP plots of 2a¥CH2Cl2 and 2 i¥CH2Cl2 with atom-number-
ing schemes (thermal ellipsoid probability: 30%). Hydrogen atoms and
solvent molecules are not shown. The side views of the porphyrin rings
and their mean deviations [ä] are also depicted. The displacements [ä]
of Ru out of the mean porphyrin planes toward the carbene groups are
given in parentheses.
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the mean porphyrin planes toward the carbene groups, as in-
dicated in Figures 2±4.
Table 5 lists the key bond lengths and angles in 1d, 2a, i,


3a,b,d,e, 4a±c, and 3d-Os, along with the corresponding
bond lengths and angles in previously reported ruthen-
ium porphyrin carbene complexes and in related iron
and osmium analogues. The Ru=C distances in the new
arbene complexes range from 1.806(3) to 1.876(3) ä,
comparable to those in the previously reported ana-
logues (1.829(9)±1.877(8) ä). The Os=C distance of


1.902(3) ä in 3d-Os is similar
to that in [Os(ttp)(CPh2)(py)]
(1.903(7) ä).[4b] All the metallo-
porphyrin carbene complexes in
Table 5 have carbene angles
(R1-C-R2) in the range of
108.0(3)±116.7(2)8, and for
[M(por)(CR1R2)(L)] (except
3b) the M�L distances lie in
the range 2.166(4)±2.369(2) ä.
The orientations of the carbene
groups with respect to the por-
phyrin rings in these iron,
ruthenium, and osmium por-
phyrin carbene complexes vary
significantly, as reflected in the
average values a of the torsion
angles formed by the R1�C and
R2�C bonds and the nearest
M�N bonds, which lie in a rather
wide range of about 2.4±38.98.
Complex 3b is a rare exam-


ple of a thiol adduct of a metal-
loporphyrin. Collman et al. pre-


viously isolated and structurally characterized
[Fe(tpp)(SPh)(PhSH)], which bears a benzenethiol group at
an axial site.[19] The Ru�S distance of 2.75(1) ä in 3b is sub-
stantially longer than those of 2.361(1)±2.377(2) ä in the
thioether adducts [Ru(oep)(R1SR2)2] (R1SR2 = Ph2S,
MeSC10H22)


[20a] and [Ru(oep)(MeSC10H22)2]BF4,
[20b] and is


longer than the Fe�S(PhSH) distance (2.43(2) ä) in
[Fe(tpp)(SPh)(PhSH)].[19] Evidently, the ruthenium±ethane-
thiol interaction in 3b is considerably weaker than the
ruthenium±thioether interaction in the thioether adducts.


Table 2. Crystal data and structure refinements for complexes 1d and 2a, i.


1d¥CH2Cl2 2a¥CH2Cl2 2 i¥CH2Cl2


empirical formula C59H22F20N4O2Ru¥CH2Cl2 C57H30Cl8N4Ru¥CH2Cl2 C69H62N4O12Ru¥CH2Cl2
formula weight 1384.80 1240.45 1325.22
crystal system monoclinic triclinic monoclinic
space group P21/n P1≈ C2
a [ä] 14.611(2) 11.2455(18) 35.067(7)
b [ä] 14.604(2) 12.5185(19) 13.894(3)
c [ä] 24.801(4) 20.123(3) 16.019(3)
a [8] 90.00 85.140(4) 90
b [8] 97.329(4) 81.869(4) 113.83(3)
g [8] 90.00 76.725(4) 90
V [ä3] 5248.9(15) 2725.4(7) 7139(2)
Z 4 2 4
F(000) 2744 1244 2732
1calcd [Mgm


�3] 1.752 1.512 1.233
m(MoKa) [mm


�1] 0.524 0.821 0.353
index ranges �19�h�18 �11�h�14 �42�h�42


�18�k�18 �10�k�16 �16�k�16
�32� l�27 �26� l�26 �19� l�19


reflns collected 35381 18645 19294
independent reflns 12034 12358 11801
parameters 787 658 766
final R indices (I>2s(I)) R1=0.054, wR2=0.11 R1=0.076, wR2=0.15 R1=0.067, wR2=0.20
GoF 0.88 1.09 1.04
largest diff. peak/hole [eä�3] 0.928/�0.944 1.184/�0.716 1.484/�1.042


Table 3. Crystal data and structure refinements for complexes 3a,b,d,e and 3d-Os.


3a¥MeOH 3b 3d 3e 3d-Os


empirical formula C58H22F20N4ORu¥CH3OH C59H24F20N4SRu C61H24F20N6Ru C75H32F20N4OPRu C61H24F20N6Os
formula weight 1299.88 1301.95 1321.93 1517.09 1411.06
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic
space group P21 P21/c P21/c P21/n P21/c
a [ä] 13.312(2) 13.104(3) 13.194(2) 17.298(4) 13.205(3)
b [ä] 25.383(4) 25.263(5) 25.282(4) 14.579(3) 25.391(6)
c [ä] 15.877(2) 16.397(3) 16.600(3) 25.303(5) 16.664(4)
a [8] 90 90 90.00 90.00 90
b [8] 105.482(3) 105.18(3) 105.912(3) 102.52(3) 105.773(5)
g [8] 90 90 90.00 90.00 90
V [ä3] 5170.3(12) 5239(0) 5324.9(15) 6229(2) 5377(2)
Z 4 4 4 4 4
F(000) 2576 2584 2624 3028 2752
1calcd [Mgm


�3] 1.670 1.651 1.649 1.618 1.743
m(MoKa) [mm


�1] 0.426 0.456 0.413 0.390 2.489
index ranges �17�h�17 �15�h�15 �15�h�17 �20�h�20 �17�h�16


�32�k�18 �30�k�29 �29�k�32 �17�k�17 �32�k�30
�18� l�20 �19� l�19 �21� l�12 �30� l�30 �13� l�21


reflns collected 35099 23517 35867 43465 35490
independent reflns 16704 8719 12196 11339 12281
parameters 1551 764 794 919 794
final R indices R1 0.039 0.053 0.045 0.036 0.056
(I>2s(I)) wR2 0.077 0.14 0.10 0.099 0.13
GoF 1.01 0.96 1.07 0.99 0.96
largest diff. peak/hole [eä�3] 0.588/�0.667 1.132/�0.718 0.886/�0.549 0.538/�0.776 1.263/�1.193
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The structures of 3a¥MeOH,
4a¥MeOH, and 4c¥MeOH fea-
ture hydrogen bonds between
the oxygen atoms of the coordi-
nated and uncoordinated meth-
anol molecules, with O¥¥¥O dis-
tances of about 2.67±2.89
(3a¥MeOH), 2.78 (4a¥MeOH),
and 2.79 ä (4c¥MeOH). The
hydrogen bonding in 3a¥MeOH
leads to the formation of a
™methanol tetramer∫ lying be-
tween two [Ru(tpfpp)(CPh2)]
moieties, as depicted in
Figure 5. In this regard, the
structure of 3a¥MeOH in the
solid state can be described as a
(MeOH)4-bridged metallopor-
phyrin dimer. Complex 4b fea-
tures hydrogen bonds between
the oxygen atoms of the coordi-
nated methanol and the carbon-
yl group of the carbene ligand
in an adjacent molecule (O¥¥¥O
ca. 2.78 ä), which result in the
formation of a one-dimensional
polymer linked by hydrogen
bonds (Figure 5).
In the solid state, complex 1d


is a one-dimensional coordina-
tion polymer,[21] as can be seen
in the packing diagram shown
in Figure 6. Here the bis(p-me-
thoxyphenyl)carbene groups
function as a unique type of
bridge: each of them links two
ruthenium atoms through the
carbene carbon atom and one
of the two methoxy oxygen
atoms. Such a bridging carbene
group has not been seen in any
previously reported structurally
characterized metalloporphyrin
carbene complexes.[1j] The Ru�
O distance in 1d of 2.498(3) ä
is considerably longer than
those in the ruthenium porphy-
rin carbene complexes with
MeOH or OPPh3 trans ligands
(see Table 5). The C-Ru-O
moiety is basically linear and
has an angle of 175.0(2)8.
One-dimensional coordina-


tion polymers of metallopor-
phyrins linked by carbene
groups are unprecedented, al-
though many metalloporphyrin
coordination polymers linked
by other ligands (e.g., imidazo-


Table 4. Crystal data and structure refinements for complexes 4a±c.


4a¥MeOH 4b 4c¥MeOH


empirical formula C56H22F20N4O3Ru¥CH3OH C54H19F20N4O3Ru C55H22F20N4O3Ru¥CH3OH
formula weight 1311.89 1252.80 1299.88
crystal system monoclinic monoclinic monoclinic
space group Pc P21/c Pc
a [ä] 12.9953(18) 16.3484(16) 12.8518(13)
b [ä] 13.7625(19) 23.914(3) 13.5190(13)
c [ä] 14.866(2) 15.8439(16) 15.136(2)
a [8] 90.00 90 90.00
b [8] 104.516(3) 116.146(4) 103.422(2)
g [8] 90.00 90 90.00
V [ä3] 2573.9(6) 5560.4(10) 2558.0(4)
Z 2 4 2
F(000) 1304 2476 1292
1calcd [Mgm


�3] 1.693 1.497 1.688
m(MoKa) [mm


�1] 0.431 0.394 0.433
index ranges �16�h�15 �11�h�21 �16�h�15


�17�k�17 �31�k�30 �16�k�17
�15� l�19 �20� l�22 �15� l�19


reflns collected 16254 37591 16936
independent reflns 8238 12732 8318
parameters 762 732 767
final R indices (I>2s(I)) R1=0.059, wR2=0.13 R1=0.087,


wR2=0.16
R1=0.040, wR2=0.10


GoF 0.75 1.16 0.89
largest diff. peak/
hole [eä�3]


0.901/�0.505 1.037/�0.925 0.976/�0.244


Table 5. Selected bond lengths [ä] and angles [8] in ruthenium porphyrin carbene complexes and in related
iron and osmium analogues.


Complex M=C R1-C-R2 M�L[a] a[b] Ref.


[Ru(tpfpp){C(p-C6H4OMe)2}] (1d) 1.854(4) 111.5(4) 28.5
[Ru(tdcpp)(CPh2)] (2a) 1.859(5) 110.6(4) 4.9
[Ru(3,4,5-MeO-tpp)(CPh2)] (2 i) 1.866(7) 114.7(6) 2.4
[Ru(tpfpp)(CPh2)(MeOH)] (3a) 1.853(3)[c] 112.9(3)[c] 2.369(2)[c] 11.9[c]


[Ru(tpfpp)(CPh2)(EtSH)] (3b) 1.858(5) 114.2(4) 2.75(1) 8.8
[Ru(tpfpp)(CPh2)(MeIm)] (3d) 1.876(3) 113.1(2) 2.272(4) 10.8
[Ru(tpfpp)(CPh2)(OPPh3)] (3e) 1.853(3) 110.6(2) 2.291(3) 18.7
[Ru(tpfpp){C(Ph)CO2CH2CH=CH2}(MeOH)] (4a) 1.806(3) 108.0(3) 2.166(4) 15.1
[Ru(tpfpp){C(Ph)CO2Me}(MeOH)] (4b) 1.850(3) 110.6(2) 2.293(5) 6.3
[Ru(tpfpp){C(Ph)CO2Et}(MeOH)] (4c) 1.868(3) 111.6(3) 2.293(3) 18.9
[Os(tpfpp)(CPh2)(MeIm)] (3d-Os) 1.902(3) 112.8(3) 2.271(4) 9.8
[Fe(tpfpp)(CPh2)] (1a-Fe) 1.767(3) 111.5(3) 14.1 [2]


[Fe(tpfpp)(CPh2)(MeIm)] (3d-Fe) 1.827(5) 111.0(4) 2.168(4) 19.2 [2]


[Ru(tpfpp)(CPh2)] (1a) 1.842(4) 113.4(3) 20.6 [16]


[Ru(ttp){C(m-C6H4CF3)2}] 1.841 (6) 116.1(2) 24.3 [11c]


[Ru(por*)(CPh2)]
[d] 1.860(6) 112.1(5) 38.9 [3b]


[Ru(por*){C(Ph)CO2CH2CH=CH2}]
[d] 1.847(3) 114.3(2) 29.1 [3b]


[Ru(tpp){C(CO2Et)2}(MeOH)] 1.829(9) 112.2(7) 2.293(6) 21.4 [10]


[Ru(ttp)(CPh2)(MeOH)] 1.845(3) 112.2(3) 2.362(3) 26.8 [11a]


[Ru(ttp){C(COPh)2}(py)] 1.877(8) 116.7(2) 2.330(7) 17.4 [11b]


[Ru(ttp){C(m-C6H4CF3)2}(py)] 1.868(3) 112.8(2) 2.313(2) 32.8 [11b]


[Os(tpfpp)(CPh2)(MeOH)] (3a-Os) 1.870(2) 112.3(2) 2.347(2) 11.3 [4a]


[a] M�O for L=MeOH and OPPh3; M�S for L=EtSH; M�N for L=MeIm and py. [b] Average value of the
R1-C-M-N and R2-C-M-N’ torsion angles. [c] Average value of the two independent molecules in the unit cell.
[d] (por*)2�=5,10,15,20-tetrakis[(1S,4R,5R,8S)-1,2,3,4,5,6,7,8-octahydro-1,4:5,8-dimethanoanthracen-9-yl]por-
phyrinato dianion.
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late, pyrazine, and 4,4’-bipyridine) have been reported.[22]


Moreover, previous examples of structurally characterized
one-dimensional metalloporphyrin coordination polymers
span the metal ions of Mn,[22a,b,g±j] , Fe[22c] , Cu,[22e] and Zn.[22f]


Complex 1d is a rare example of structurally characterized
one-dimensional metalloporphyrin coordination polymer of
a second-row transition metal.


Electrochemistry : Cyclic voltammetry was used to examine
the redox behavior of complexes 1a±c, f,g, 2a±d,g±k, 3b±d,
4a,b, 1a-Fe, 3d-Fe, 3d-Os, 5, and [Ru(tpfpp)(CO)] in di-
chloromethane. The observed redox potentials (vs Cp2Fe


+ /0)
for these complexes are listed in Table 6. Figure 7 shows the
cyclic voltammograms of 2b,g, 3d, and 3d-Os. To our
knowledge, this is the first systematic electrochemical stud-
ies on ruthenium/osmium porphyrin carbene complexes.


Figure 3. ORTEP plots of 3a¥MeOH (molecule a), 3b,d,e, and 3d-Os with atom-numbering schemes (thermal ellipsoid probability: 30%). Hydrogen
atoms and solvent molecules, if any, are not shown. The side views of the porphyrin rings and their mean deviations [ä] are also depicted. The displace-
ments [ä] of Ru or Os out of the mean porphyrin planes toward the carbene groups are given in parentheses.
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Electrochemical studies on the other types of ruthenium/
osmium porphyrins, such as carbonyl- and bis(pyridine)ru-
thenium/osmium porphyrins, have been reported previously.[23]


Of the metalloporphyrins listed in Table 6, the complexes
bearing tpfpp and tdcpp macrocycles, except 3d-Os, general-
ly show one reversible oxidation couple with E1=2


= 0.13±
0.84 V. For 3d-Os and the complexes bearing other porphy-
rin macrocycles (except 2g), two reversible oxidation couples


Figure 4. ORTEP plots of 4a¥MeOH, 4b, and 4c¥MeOH with atom-num-
bering schemes (thermal ellipsoid probability: 30%). Hydrogen atoms
and solvent molecules, if any, are not shown. The side views of the por-
phyrin rings and their mean deviations [ä] are also depicted. The displa-
cements [ä] of Ru out of the mean porphyrin planes toward the carbene
groups are given in parenthesis.


Figure 5. Hydrogen bonds in the structures of 3a¥MeOH and 4b (the hy-
drogen atoms are not shown).


Figure 6. a) ORTEP plot of the [Ru(tpfpp){C(p-C6H4OMe)2}] moiety of
1d¥CH2Cl2 with atom-numbering scheme (thermal ellipsoid probability
level: 30%). Hydrogen atoms and the solvent molecule are not shown.
The side view of the porphyrin ring, together with its mean deviation [ä],
is also depicted. The displacement [ä] of Ru out of the mean porphyrin
plane toward the carbene group is given in parenthesis. b) Packing dia-
gram of 1d¥CH2Cl2 with omission of hydrogen atoms and cell axes.
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with E1=2
of 0.06±0.32 and 0.81±1.07 V were observed. Com-


plex 2g shows three reversible oxidation couples with E1=2
=


0.20, 0.80, and 1.03 V. A reversible reduction couple with
E1=2


in the range of �1.25 to �1.73 V appears in almost all
the cyclic voltammograms of the tpfpp complexes. The re-
duction waves of the carbene complexes bearing the other
porphyrin macrocycles were probably obscured by the re-
duction of the solvent and in some cases were partially ob-
servable.
To help identify the oxidation couples of ruthenium por-


phyrin carbene complexes, we examined the spectroelectro-
chemistry of 2d,h, j,k in dichloromethane with electrode po-
tentials of 0.74, 0.62, 0.77, and 0.65 V, respectively. The re-
sulting time-resolved UV/Vis spectra of 2h,k are shown in
Figure 8. Upon electrolysis at the above potentials, the two
Soret bands of the diphenylcarbene complexes 2d,h at
about 395 and 430 nm collapsed into a single band, and the
single Soret bands of the phenyl(ethoxycarbonyl)carbene
complexes 2 j,k at about 398 nm underwent an appreciable
red shift. The final spectra for both the diphenylcarbene and
phenyl(ethoxycarbonyl)carbene complexes show a Soret


Figure 7. Cyclic voltammograms of 2b,g, 3d, and 3d-Os in dichlorome-
thane [V vs 0.1m Ag/AgNO3 in CH3CN] at a scan rate of 100 mVs


�1.


Table 6. Half-wave potentials [V vs Cp2Fe
+ /0] of iron, ruthenium, and


osmium porphyrin carbene complexes (scan rate: 100 mVs�1).


Complex EO1 EO2 ER1


[Ru(tpfpp)(CO)] 0.84 �1.61
[Fe(tpfpp)(CPh2)] (1a-Fe) 0.35 �1.52
[Ru(tpfpp)(CPh2)] (1a) 0.46 �1.53
[Ru(tpfpp){C(p-C6H4Cl)2}] (1b) 0.57 �1.50
[Ru(tpfpp){C(p-C6H4Me)2}] (1c) 0.44 �1.55
[Ru(tpfpp){C(p-C6H4NO2)CO2Me}] (1 f) 0.77 �1.25
[Ru(tpfpp){C(p-C6H4OMe)CO2Me}] (1g) 0.50 �1.51
[Ru(tdcpp)(CPh2)] (2a) 0.32 �1.88[a]
[Ru(4-Br-tpp)(CPh2)] (2b) 0.30 0.96 �1.89[a]
[Ru(4-Cl-tpp)(CPh2)] (2c) 0.32 0.96 �1.88[a]
[Ru(4-F-tpp)(CPh2)] (2d) 0.26 0.94
[Ru(4-MeO-tpp)(CPh2)] (2g)[b] 0.20 0.80
[Ru(tmp)(CPh2)] (2h) 0.19 0.98
[Ru(3,4,5-MeO-tpp)(CPh2)] (2 i) 0.25 0.81
[Ru(tdcpp){C(Ph)CO2Et}] (2 j) 0.42 �1.73
[Ru(tmp){C(Ph)CO2Et}] (2k) 0.32 0.92
[Ru(tpfpp)(CPh2)(EtSH)] (3b) 0.52 �1.53
[Ru(tpfpp)(CPh2)(Et2S)] (3c) 0.52 �1.53
[Fe(tpfpp)(CPh2)(MeIm)] (3d-Fe) 0.13 �1.67
[Ru(tpfpp)(CPh2)(MeIm)] (3d) 0.33 �1.63
[Os(tpfpp)(CPh2)(MeIm)] (3d-Os) 0.06 1.07 �1.71
[Ru(tpfpp){C(Ph)CO2CH2CH=CH2}(MeOH)] (4a) 0.63 �1.46
[Ru(tpfpp){C(Ph)CO2Me}(MeOH)] (4b) 0.65 �1.47
[Ru(tpfpp)(C�NtBu)2] (5) 0.42 �1.90[a]


[a] Ep,c. [b] EO3=1.03 V.


Figure 8. Spectroelectrochemistry of 2h (top) and 2k (bottom) in di-
chloromethane. Electrode potentials: 0.62 (2h) and 0.65 V (2k) vs Cp2Fe


+ /0.
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band at about 410 nm, that is, the electronic spectra of the
oxidized ruthenium porphyrin carbene species are less
strongly affected by the carbene substituents. During the
electrolysis of 2d,h, j,k, no prominent bands appeared at
600±800 nm in the time-resolved UV/Vis spectra. This re-
veals that the corresponding oxidation processes are metal-
centered, and the porphyrin rings remain unoxidized.[24]


Discussion


Ruthenium porphyrin carbene complexes have been known
for about 20 years since the pioneering work by Collman
et al.[9a] The porphyrin macrocycles so far employed for pre-
paring this family of ruthenium porphyrins include tpp,[10]


ttp,[9a,b,11] tmp,[9c] and por*,[3b] with the carbene ligands CHR
(R = Et, SiMe3, CO2Et),


[9a,b]


C(Ph)CO2CH2CH=CH2,
[3b] and


CR2 (R = Ph,[3b,11a] m-
C6H4CF3,


[11b, c] COPh,[11b]


CO2Et
[10]). In the literature


there has been no systematic
examination of the influence of
carbene substituents, porphyrin
substituents, and trans ligands
on the ruthenium±carbene
bond.
The ruthenium carbene com-


plexes prepared here contain a
wider variety of porphyrin mac-
rocycles, ranging from tpp, 4-
Br-tpp, 4-Cl-tpp, 4-F-tpp, ttp, 4-
MeO-tpp, 3,4,5-MeO-tpp to
electron-deficient tpfpp, and to
sterically encumbered tdcpp
and tmp. The carbene groups in
these new ruthenium porphyrin
carbene complexes span C(p-
C6H4X)2 (X = Cl, H, Me,
OMe), C(CO2Me)2, C(p-
C6H4X)CO2Me (X = NO2, H,
OMe), C(Ph)CO2R (R = Et,
CH2CH=CH2), and C(CH=
CHPh)CO2CH2(CH=CH)2CH3.
Complexes 1a±h and 4a±c


have the same [Ru(tpfpp)] and
[Ru(tpfpp)(MeOH)] moiety, re-
spectively, but contain different
carbene groups, and can be em-
ployed for examination of the
influence of carbene substituents by direct comparison.
Direct comparisons are also possible among 1a, 2a±i or be-
tween 2 j,k ; these complexes have the same Ru=CPh2 or
Ru=C(Ph)CO2Et moiety in common but bear different por-
phyrin macrocycles and are suitable for inspecting the
influence of porphyrin substituents. Concerning the influ-
ence of trans ligands, we make direct comparisons be-
tween [Ru(tpfpp)(CPh2)] (1a) and its adducts
[Ru(tpfpp)(CPh2)(L)] (3) and among 3a±f. Complexes 3d,


3d-Os, and the previously reported iron analogue 3d-Fe[2]


would allow a comparison among the porphyrin carbene
complexes of the iron subgroup.


Variation of Hb and M=C chemical shifts : It is well docu-
mented that the Hb chemical shift in the


1H NMR spectrum
of a diamagnetic metalloporphyrin increases with increasing
oxidation state of the metal ion.[25] Comparison of such
chemical shifts among the above metalloporphyrin carbene
complexes should reveal the difference in electron density
of the metal ions in these complexes and provide useful in-
formation on the electronic properties of the M=C bonds.
Furthermore, the electronic properties of M=C bonds
should also be correlated with the 13C chemical shifts of the
M=C carbon atoms. Table 7 lists the Hb and M=C chemical
shifts of ruthenium porphyrin carbene complexes, together


with some comparisons among carbene complexes of iron,
ruthenium, and osmium porphyrins.
As shown in Table 7, complexes [Ru(tpfpp)(CR1R2)] (1a±


h) give gradually decreasing Hb chemical shifts along the
CR1R2 series of C(CO2Me)2>C(p-C6H4NO2)CO2Me>
C(CH=CHPh)CO2CH2(CH=CH)2CH3, C(p-C6H4OMe)-
CO2Me>C(p-C6H4Cl)2>CPh2>C(p-C6H4Me)2, C(p-
C6H4OMe)2. This is consistent with the increase in electron-
donating capability, or decrease in electron-withdrawing ca-


Table 7. Comparison of Hb and M=C chemical shifts (d/ppm) among ruthenium porphyrin carbene complexes
and related iron and osmium analogues.


Complex M por CR1R2 L Hb M=C


1a Ru tpfpp CPh2 8.32 328.70
1b Ru tpfpp C(p-C6H4Cl)2 8.37 322.65
1c Ru tpfpp C(p-C6H4Me)2 8.29 333.00
1d Ru tpfpp C(p-C6H4OMe)2 8.27 324.76
1e Ru tpfpp C(CO2Me)2 8.57 280.49
1 f Ru tpfpp C(p-C6H4NO2)CO2Me 8.51 299.44
1g Ru tpfpp C(p-C6H4OMe)CO2Me 8.44 298.85
1h Ru tpfpp C(CH=CHPh)CO2CH2(CH=CH)2CH3 8.45 288.71
4a Ru tpfpp C(Ph)CO2CH2CH=CH2 MeOH 8.53 304.34
4b Ru tpfpp C(Ph)CO2Me MeOH 8.46 304.13
4c Ru tpfpp C(Ph)CO2Et MeOH 8.46 305.52
2a Ru tdcpp CPh2 8.17 327.86
2b Ru 4-Br-tpp CPh2 8.33 319.70
2c Ru 4-Cl-tpp CPh2 8.33 319.50
2d Ru 4-F-tpp CPh2 8.32 318.70
2e Ru tpp CPh2 8.34 317.50
2 f Ru ttp CPh2 8.36 316.40
2g Ru 4-MeO-tpp CPh2 8.37 319.40
2h Ru tmp CPh2 8.13 318.08
2 i Ru 3,4,5-MeO-tpp CPh2 8.45 316.30
2j Ru tdcpp C(Ph)CO2Et 8.27 298.50
2k Ru tmp C(Ph)CO2Et 8.23 287.50
3a Ru tpfpp CPh2 MeOH 8.24 329.00
3b Ru tpfpp CPh2 EtSH 8.29 330.85
3c Ru tpfpp CPh2 Et2S 8.26 338.34
3d Ru tpfpp CPh2 MeIm 8.13 332.13
3e Ru tpfpp CPh2 OPPh3 8.30 330.15
3 f Ru tpfpp CPh2 py 8.18 346.69
1a-Fe[a] Fe tpfpp CPh2 8.31 358.98
3d-Fe[a] Fe tpfpp CPh2 MeIm 8.23 385.44
3a-Os[b] Os tpfpp CPh2 MeOH 7.73 273.60
3d-Os Os tpfpp CPh2 MeIm 7.44 289.27


[a] From ref. [2]. [b] From ref. [4a].
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pability, of the carbene group along the above sequence.
Indeed, a more strongly electron-donating carbene group
would increase the electron density of the ruthenium ion
and thus correspond to a smaller Hb chemical shift.
However, in most cases the M=C chemical shifts of the


[Ru(tpfpp)(CR1R2)] complexes increase with increasing
electron-donating capability of the carbene group, apparent-
ly opposite to the trend due to the inductive effect. We at-
tribute this phenomenon to competition between the induc-
tive effect and the effect of the aryl ring current in the car-
bene groups. For example, although the phenyl groups in
CPh2 are more strongly electron-donating than the ester
groups in C(CO2Me)2, the phenyl ring-current effect in the
former deshields the carbene carbon atom to a much greater
extent than the shielding from the stronger electron donors.
The similar Hb and M=C chemical shifts of the complexes


[Ru(tpfpp){C(Ph)CO2R}(MeOH)] (4a±c ; R = CH2CH=
CH2, Me, Et) reflect the fact that these carbene groups
affect the electron density of the ruthenium ion to a compa-
rable extent.
For [Ru(por)(CPh2)] (1a, 2a±i) and [Ru(por){C(Ph)-


CO2Et}] (2 j,k), the Ru=C chemical shifts gradually decrease
along the porphyrin sequence of tpfpp> tdcpp>4-Br-tpp, 4-
Cl-tpp, 4-MeO-tpp>4-F-tpp> tmp> tpp> ttp, 3,4,5-MeO-
tpp. This trend is in accord with the electron-withdrawing or
-donating capability of the porphyrin macrocycles, except
for the somewhat abnormal positions of 4-MeO-tpp and
tmp. The dependence of the Hb chemical shifts of [Ru-
(por)(CPh2)] on the porphyrin ligand is less regular; in some
cases, such as tpfpp!tdcpp, tpp!tmp, and tdcpp!tmp, the
Hb chemical shift does decrease as the porphyrin ligand be-
comes more strongly electron-donating. Note that the differ-
ences in both Hb and M=C chemical shifts among 4-Br-tpp,
4-Cl-tpp, 4-MeO-tpp, 4-F-tpp, tpp, and ttp are small, and
this indicates that the para substituents on the meso-phenyl
groups of tpp only slightly alter the electron density of the
ruthenium ion.
Complexes [Ru(tpfpp)(CPh2)(L)] (3, L = EtSH, Et2S,


MeOH, py, MeIm) generally exhibit smaller Hb chemical
shifts than [Ru(tpfpp)(CPh2)] (1a), consistent with an in-
crease in electron density of the ruthenium ion through elec-
tron donation from the trans ligands. The Hb chemical shifts
of 3 follow the order of EtSH, Et2S, MeOH>py>MeIm,
which suggests that MeIm has the largest trans influence
among these ligands. However, the Ru=C chemical shifts of
3 are all larger than that of 1a, contrary to the higher elec-
tron density of the metal ions in the former. We believe that
this arises from a competition between the inductive effect
and the effect of the porphyrin ring current, whereby the
latter is dominant. As shown below, coordination of the
ligand L to 1a would lengthen the Ru=C bond, so that the
C atom is less strongly affected by the porphyrin ring cur-
rent and thus the Ru=C chemical shift increases.
In the cases of 1a-Fe/1a, 3a/3a-Os, and 3d-Fe/3d/3d-Os,


the M=C chemical shifts invariably follow the trend Fe>
Ru>Os. A parallel trend is also evident for their Hb chemi-
cal shifts, except for 1a-Fe/1a, whose Hb chemical shifts are
the same within the experimental error. Such trends differ
from the Pauling electronegativity trend of Fe<Ru = Os


but can be rationalized by competition among the inductive
effect, M!por backbonding, and porphyrin ring-current
effect. The M!por backbonding, which follows the trend of
Fe<Ru<Os for the iron subgroup,[26] increases the electron
density of the porphyrin ring and would decrease the Hb


chemical shift. If the effect of M!por backbonding out-
weighs the inductive effect, the expected Hb chemical shift
trend should agree with the observed one. On the other
hand, a higher electron density in the porphyrin macrocycle
would make the C atom of the M=C double bond subject to
a larger porphyrin ring current, which would result in a de-
crease in M=C chemical shift. The foregoing observed M=C
chemical shift trend could indicate that the porphyrin ring-
current effect dominates over the inductive effect.


Variation of redox potentials : The redox behavior of metal-
loporphyrin carbene complexes is an important factor to be
considered in inspecting the properties of M=C bonds. From
Table 6 it is evident that the first oxidation couples of 1±4
(except 1 f) appear at E1=2


=0.19±0.65 V. This E1=2
range


covers the E1=2
value of 0.42 V for the first oxidation couple


of the bis-isocyanide complex 5 but is significantly less
anodic than that of [Ru(tpfpp)(CO)] (E1=2


=0.84 V). Since
the first oxidation of 5 and [Ru(tpfpp)(CO)] can most rea-
sonably be assigned to metal- and ligand-centered oxidation,
respectively, on the basis of electrochemical studies on other
bis(isocyanide)ruthenium[18,23] and carbonylruthenium por-
phyrins,[23] we attribute the first oxidation of 1±4 (except 1 f)
to a metal-centered process. This is supported by the spec-
troelectrochemical studies on 2d,h, j,k described above. The
oxidation couple of 1 f, the second oxidation couples of 2b±
d,g±i,k, and the third oxidation couple of 2g have E1=2


values comparable to, or more anodic than, that of the first
oxidation of [Ru(tpfpp)(CO)]. Such couples can be ascribed
to oxidation of the porphyrin ligands. The reduction shown
in Table 6 could be due to porphyrin-centered processes.
Since a smaller E1=2


value usually corresponds to a higher
electron density, comparison of the first-oxidation E1=2


values
among 1a±c,g ; 4a,b ; 1a, 2a±d,g±i ; 2 j,k ; and 3b±d reveals
that the electron density of the ruthenium ion increases with
increasing electron-donating capability of the carbene, por-
phyrin, and trans ligands, similar to the above trends for the
Hb and/or M=C chemical shifts.
Table 6 also reveals that the oxidation of 1a occurs at a


more anodic E1=2
value than that of 1a-Fe. The E1=2


value for
the first oxidation couple becomes less anodic along the se-
quence 3d!3d-Fe!3d-Os. This trend of E1=2


values of
Ru>Fe>Os is similar to that obtained by comparing the
first oxidation potential among bis-pyridine metalloporphy-
rins [M(oep)(py)2] with M = Fe, Ru, and Os (�0.15, �0.02,
and �0.37 V, respectively).[26b]


Variation of M=C distances : The M=C distance is an impor-
tant structural feature of a metal±carbene bond, since it can
be correlated with the stability/reactivity of metal±carbene
complexes. We previously reported a reactive bis(car-
bene)osmium porphyrin having long Os=C distances of
2.035(2) and 2.027(3) ä and stable monocarbene complex
3a-Os with a shorter Os=C distance of 1.870(2) ä.[4a] The
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significant lengthening of the Fe=C bond in 1a-Fe upon
binding MeIm dramatically enhances its reactivity toward
hydrocarbons.[2]


A comparison of the Ru=C bonds among 1a and 2a, i and
between 1a and 1d reveals a shorter Ru=C bond for the
complex containing a more strongly electron-withdrawing
(or less strongly electron-donating) carbene or porphyrin
ligand, and thus provides additional examples of the trends
derived from comparison of the structures between [Ru-
(por*){C(Ph)R}] (R=Ph, CO2CH2CH=CH2)


[3b] and between
[Ru(por)(CPh2)] (por=por*,


[3b] tpfpp[16] ; see Table 5). The
shortening of the Ru=C bond by more strongly electron-
withdrawing porphyrin ligands apparently arises from a de-
crease in the electron density of the ruthenium ion, which
increases electron donation from the carbene ligand. How-
ever, a more strongly electron-withdrawing carbene group
would be less nucleophilic. The shorter Ru=C bonds in the
complexes with more strongly electron-withdrawing carbene
ligands should have another origin. In fact, the Ru=C bond
has two components, Ru !C s bonding and Ru!C p back-
bonding, if the carbene groups are considered as neutral
™Fischer carbenes∫. A more strongly electron-withdrawing
carbene group would shorten the Ru=C bond by offering
stronger Ru!C p backbonding. The overall influence of the
electron-withdrawing character of the porphyrin and car-
bene ligands on the Ru=C distance depends on which of the
two bonding components dominates.
Despite previous structure determinations on both five-


and six-coordinate ruthenium porphyrin carbene complex-
es,[3b,10,11a,11b] examination of the trans ligand influence on
the Ru=CR1R2 bond through structural studies on the five-
and six-coordinate complexes containing the same [Ru-
(por)(CR1R2)] moiety remained unrealized until recently.[11c]


By introducing a strongly electron withdrawing CF3 group
on the diphenylcarbene ligand, Miyamoto et al. obtained
complexes [Ru(ttp){C(m-C6H4CF3)2}(py)]


[11b] and
[Ru(ttp){C(m-C6H4CF3)2}],


[11c] both of which were structural-
ly characterized. The Ru=C distance (1.841(6) ä) in the
five-coordinate complex [Ru(ttp){C(m-C6H4CF3)2}] is
0.027 ä shorter than that in its pyridine adduct
[Ru(ttp){C(m-C6H4CF3)2}(py)] (1.868(3) ä).


[11b]


The present work offers an alternative route to five- and
six-coordinate ruthenium porphyrin carbene complexes
bearing the same [Ru(por)(CR1R2)] moiety. Comparison of
the Ru=C distances in 3a,b,d,e with that in 1a provides a


direct measure of the influence of different trans ligands on
the Ru=C distance.
The influence of trans MeOH, OPPh3, or EtSH ligand on


the Ru=C distance is small: coordination of these ligands to
1a lengthens its Ru=C distance by 0.016 ä or less. A larger
trans influence was observed for MeIm, whose binding to 1a
increases the Ru=C distance by 0.034 ä (Table 5). However,
the trans influence of MeIm in the ruthenium porphyrin car-
bene complex is smaller than in its iron counterpart, as man-
ifested by the 0.06 ä longer Fe=C distance in 3d-Fe than in
1a-Fe.[2]


The structure determinations on 3d and 3d-Os, together
with that on 3d-Fe,[2] allows a direct comparison to be made
among the structures of iron, ruthenium, and osmium por-
phyrin carbene complexes. Figure 9 shows the side and top


views of the structures of the three complexes; their key
geometric parameters are compared in Table 8. The M�Npor


distances average 1.966(3) (Fe), 2.045(2) (Ru), and
2.048(3) ä (Os), slightly shorter than the corresponding
average distances of 2.003(2) (Fe), 2.059(7) (Ru), and
2.052(6) ä (Os) in the carbonyl complexes [M(tpp)(CO)-
(MeIm)] reported by Oldfield et al.[27] The Ccarbene-M-NMeIm


Figure 9. Side- and top-view ball-and-stick representations for the struc-
tures of 3d-Fe,[2] 3d, and 3d-Os. For clarity, the hydrogen atoms and the
meso-C6F5 groups are omitted. The deviations [10


�3 ä] of the porphyrin
ring atoms from their least-squares planes are indicated.


Table 8. Comparison of key bond lengths [ä] and angles [8] in 3d-Fe,[2] 3d, and 3d-Os (see Figure 9 for the atom labeling scheme).


3d-Fe 3d 3d-Os 3d-Fe 3d 3d-Os


M�N1 1.961(3) 2.053(2) 2.027(3) M�N2 1.967(3) 2.034(2) 2.061(2)
M�N3 1.964(3) 2.050(2) 2.044(2) M�N4 1.973(3) 2.043(2) 2.060(2)
C45-M-N5 176.6(2) 172.1(1) 172.7(2) C45-M-N1 92.8(2) 91.1(1) 93.7(1)
C45-M-N2 91.5(2) 93.7(1) 96.2(1) C45-M-N3 94.8(2) 96.1(1) 92.0(1)
C45-M-N4 92.4(2) 92.1(1) 92.5(1) N5-M-N1 83.8(1) 81.2(1) 85.3(1)
N5-M-N2 88.4(2) 84.6(1) 91.1(1) N5-M-N3 88.7(1) 91.6(1) 89.1(1)
N5-M-N4 87.7(2) 89.7(1) 80.2(1) N1-M-N2 89.9(2) 89.41(9) 90.3(1)
N1-M-N3 172.4(2) 172.8(1) 174.3(1) N1-M-N4 89.8(1) 90.17(9) 89.7(1)
N2-M-N3 89.6(2) 90.25(9) 89.3(1) N2-M-N4 176.1(2) 174.26(9) 171.2(1)
N3-M-N4 90.2(2) 89.46(9) 89.9(1)
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moiety is basically linear in 3d-Fe (176.6(2)8), but shows a
larger distortion from linearity in 3d (172.1(1)8) and 3d-Os
(172.7(2)8), unlike the rather similar CCO-M-NMeIm angles in
[M(tpp)(CO)(MeIm)] (176.7(4)±178.3(3)8 ; M = Fe, Ru,
Os). The observed M=C distances listed in Table 5
(1.827(5), 1.876(3), 1.902(3) ä for 3d-Fe, 3d, and 3d-Os, re-
spectively) follow an order of Fe<Ru<Os, similar to the
order of M�CO distances in the carbonyl complexes
[M(tpp)(CO)(MeIm)] (1.793(3), 1.83(1), 1.846(9) ä for M =


Fe, Ru, Os, respectively).[27]


As depicted in Figure 9, complex 3d-Fe exhibits a sub-
stantially larger porphyrin ring distortion than its ruthenium
and osmium counterparts 3d and 3d-Os, like the case of
[M(tpp)(CO)(MeIm)] with M = Fe, Ru, Os.[27] The carbene
planes form appreciably smaller dihedral angles with the
closest M�N(por) bonds in the ruthenium and osmium com-
plexes than in the iron counterpart (see Figure 9 and
Table 5). The M�N(MeIm) distances in 3d-Fe (2.168(4) ä),
3d (2.272(4) ä), and 3d-Os (2.271(4) ä) (see Table 5) are
slightly longer than the respective distances in
[M(tpp)(CO)(MeIm)] (M = Fe 2.071(2), Ru 2.185(8), Os
2.175(7) ä).[27] The M±MeIm moieties in 3d and 3d-Os are
considerably bent, with the imidazole plane and the M�
N(MeIm) bond forming a dihedral angle of about 1588.
Such a significant bending of the M±MeIm moieties was not
observed in [M(tpp)(CO)(MeIm)], whose corresponding di-
hedral angles for M = Fe, Ru, Os are about 1758.[27]


Conclusion


The present work provides extensive experimental evidence
for the influence of carbene substituents, porphyrin substitu-
ents, and trans ligands on the electronic properties of Ru=C
bonds and on the Ru=C distances in ruthenium porphyrin
complexes with diaryl and aryl(alkoxycarbonyl) carbene
moieties. Electron-withdrawing substituents generally de-
crease, whereas electron-donating substituents increase, the
electron density of the ruthenium ion, and result in shorter
and longer Ru=C distances, respectively, regardless of
whether these substituents are on the carbene groups or on
the porphyrin macrocycles. Weakly coordinating molecules
such as methanol exert a small trans influence; the trans in-
fluence of stronger donors such as MeIm is considerably
larger, but substantially smaller than that found in the iron
counterparts. This provides useful insight into structure±re-
activity relationship of ruthenium porphyrin carbene com-
plexes. A direct comparison among iron, ruthenium, and
osmium porphyrin carbene complexes reveals a trend in M=


C distances of Fe<Ru<Os, and a dramatically smaller por-
phyrin-ring distortion for ruthenium and osmium. The
unique carbene bridge in the solid-state structure of
[Ru(tpfpp){C(p-C6H4OMe)2}] is an unprecedented coordina-
tion mode of the carbene group in a metalloporphyrin car-
bene complex.


Experimental Section


General : All reactions were performed under an argon atmosphere. Pyri-
dine, 1-methylimidazole, triphenylphosphane oxide, diethyl sulfide, tert-
butyl isocyanide, and ethanethiol were purchased from Aldrich. The sol-
vents (AR grade) were dried according to standard procedures. Diazo
compounds N2CAr2 (Ar = Ph, p-C6H4OMe, p-C6H4Me, p-C6H4Cl),


[28]


N2C(Ar)CO2R (R = Me, Ar = Ph, p-C6H4OMe, p-C6H4NO2; R=Et,
Ar = Ph; R = CH2CH=CH2, Ar = Ph),[29] (2E,4E)-2,4-hexadienyl (E)-
2-diazo-4-phenyl-3-butenoate,[30] dimethyl diazomalonate,[31] and com-
plexes [Ru(por)(CO)],[32] [Os(tpfpp)(CO)],[4a] [Fe(tpfpp)(CPh2)] (1a-Fe),
and [Fe(tpfpp)(CPh2)(MeIm)] (3d-Fe)[2] were prepared by literature
methods. UV/Vis spectra (in CH2Cl2) were recorded on a HP 8453 Diode
Array spectrophotometer, and IR spectra (KBr pellet) on a Bio-Rad
FTS165 spectrometer. FAB mass spectra were measured on a Finnigan
MAT 95 mass spectrometer; the m/z value given below for each parent
ion or fragment corresponds to the most intense line in the cluster peak
(in all cases the observed isotope distribution matches well the theoreti-
cally simulated one). 1H, 13C, and 19F NMR spectra (all in CDCl3) were
obtained on a Bruker DPX-300 FT-NMR spectrometer; the chemical
shifts are relative to tetramethylsilane (1H and 13C) or CF3COOH (19F,
d=�76.5). Cyclic voltammograms were measured on a Bioanalytical Sys-
tems (BAS) model 100 B/W electrochemical instrument by employing a
conventional two-compartment electrochemical cell (working electrode:
glassy carbon, reference electrode: Ag/AgNO3 (0.1m in CH3CN), internal
reference: FeCp2). Elemental analyses were performed by the Institute of
Chemistry, the Chinese Academy of Sciences.


Preparation of [Ru(por)(CR1R2)]: A solution of an excess of diazo com-
pound N2CR


1R2 in dichloromethane (10 mL) was slowly added to a solu-
tion of [Ru(por)(CO)] in dichloromethane (5 mL) by syringe pump over
8 h at room temperature. The resulting solution was stirred for 2 h
(unless otherwise specified), and then evaporated under reduced pres-
sure. The residue was subjected to chromatography on a silica gel column
with dichloromethane/hexane as eluent to give the desired product.


Bis(p-chlorophenyl)carbene[5,10,15,20-tetrakis(pentafluorophenyl)por-
phyrinato]ruthenium, [Ru(tpfpp){C(p-C6H4Cl)2}] (1b): Reaction condi-
tions: [Ru(tpfpp)(CO)]: 49.6 mg (0.045 mmol), N2C(p-C6H4Cl)2: 52.6 mg
(0.20 mmol), eluent: dichloromethane/hexane 1:1. Yield: 88%; 1H NMR:
d=8.37 (s, 8H), 6.11 (d, J=8.4 Hz, 4H), 3.02 (d, J=8.3 Hz, 4H); 13C
NMR: d=322.65 (Ru=C); UV/Vis: lmax (loge)=386 (4.92), 424 (4.84),
527 (4.10), 552 nm (4.08); elemental analysis (%) calcd for
C57H16Cl2F20N4Ru¥C6H14 (1394.88): C 54.25, H 2.17, N 4.02; found: C
54.21, H 1.78, N 4.15; FAB-MS: m/z : 1309 [M+H]+ .


Bis(p-tolyl)carbene[5,10,15,20-tetrakis(pentafluorophenyl)porphyrinato]-
ruthenium, [Ru(tpfpp){C(p-C6H4Me)2}] (1c): Reaction conditions:
[Ru(tpfpp)(CO)]: 49.6 mg (0.045 mmol), N2C(p-C6H4Me)2: 44.4 mg
(0.20 mmol), eluent: dichloromethane/hexane 1:1. Yield: 91%; 1H NMR:
d=8.29 (s, 8H), 5.92 (d, J=7.7 Hz, 4H), 3.07 (d, J=7.8 Hz, 4H), 1.76 (s,
6H); 13C NMR: d=333.00 (Ru=C); 19F NMR: d=�136.41 (d), �137.11
(d), �152.59 (t), �162.04 (m); UV/Vis: lmax (loge)=385 (4.85), 426
(4.84), 525 (4.10), 550 nm (4.08); elemental analysis (%) calcd for
C59H22F20N4Ru (1267.87): C 55.89, H 1.75, N 4.42; found: C 56.15, H 1.71,
N 4.36; FAB-MS: m/z : 1268 [M]+ .


Bis(p-methoxyphenyl)carbene[5,10,15,20-tetrakis(pentafluorophenyl)por-
phyrinato]ruthenium, [Ru(tpfpp){C(p-C6H4OMe)2}] (1d): Reaction con-
ditions: [Ru(tpfpp)(CO)]: 49.6 mg (0.045 mmol), N2C(p-C6H4OMe)2:
50.8 mg (0.20 mmol), eluent: dichloromethane/hexane 2:1. Yield: 90%;
1H NMR: d=8.27 (s, 8H), 6.68 (d, J=8.7 Hz, 4H), 3.41 (s, 6H), 3.15 (d,
J=8.7 Hz, 4H); 13C NMR: d=324.76 (Ru=C); 19F NMR: d=�136.04
(d), �136.45 (d), �151.80 (t), �161.20 (m); UV/Vis: lmax (loge)=386
(4.84), 424 (4.75), 526 (4.11), 547 nm (4.09); elemental analysis (%) calcd
for C59H22F20N4O2Ru¥CH2Cl2 (1384.80): C 52.04, H 1.75, N 4.04; found: C
51.97, H 1.69, N 3.95; FAB-MS: m/z : 1300 [M]+ .


Bis(methoxycarbonyl)carbene[5,10,15,20-tetrakis(pentafluorophenyl)por-
phyrinato]ruthenium, [Ru(tpfpp){C(CO2Me)2}] (1e): Reaction condi-
tions: [Ru(tpfpp)(CO)]: 49.6 mg (0.045 mmol), N2C(CO2Me)2: 15.8 mg
(0.10 mmol), further stirring time: 24 h, eluent: dichloromethane/hexane
2:1. Yield: 85%; 1H NMR: d=8.57 (s, 8H), 2.20 (s, 6H); 13C NMR: d=
280.49 (Ru=C); 19F NMR: d=�135.18 (dd), �136.91 (dd), �151.35 (t),
�160.76 (m), �161.36 (m); UV/Vis: lmax (loge)=396 (4.98), 429 (sh,
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4.48), 535 (3.97), 565 nm (3.82); elemental analysis (%) calcd for
C49H14F20N4O4Ru (1203.70): C 48.89, H 1.17, N 4.65; found: C 49.24, H
1.43, N 4.49; FAB-MS: m/z : 1204 [M]+ .


p-Nitrophenyl(methoxycarbonyl)carbene[5,10,15,20-tetrakis(pentafluoro-
phenyl)porphyrinato]ruthenium, [Ru(tpfpp){C(p-C6H4NO2)CO2Me}]
(1 f): Reaction conditions: [Ru(tpfpp)(CO)]: 49.6 mg (0.045 mmol),
N2C(p-C6H4NO2)CO2Me: 11.9 mg (0.054 mmol), further stirring time:
24 h, eluent: dichloromethane/hexane 2:1. Yield: 90%; 1H NMR: d=8.51
(s, 8H), 6.95 (d, J=8.6 Hz, 2H), 3.26 (d, J=8.6 Hz, 2H), 2.24 (s, 3H);
13C NMR: d=299.44 (Ru=C); UV/Vis: lmax (log e)=395 (5.06), 426 (sh,
4.62), 533 (4.05), 562 nm (sh, 3.93); elemental analysis (%) calcd for
C53H15F20N5O4Ru¥0.5C6H14 (1309.84): C 51.35, H 1.69, N 5.35; found: C
51.74, H 1.57, N 4.80; FAB-MS: m/z : 1267 [M]+ .


p-Methoxyphenyl(methoxycarbonyl)carbene[5,10,15,20-tetrakis(penta-
fluorophenyl)porphyrinato]ruthenium, [Ru(tpfpp){C(p-C6H4OMe)-
CO2Me}] (1g): Reaction conditions: [Ru(tpfpp)(CO)]: 49.6 mg
(0.045 mmol), N2C(p-C6H4OMe)CO2Me: 11.1 mg (0.054 mmol), eluent:
dichloromethane/hexane 1:1. Yield: 92%; 1H NMR: d=8.44 (s, 8H), 5.66
(d, J=8.9 Hz, 2H), 3.39 (d, J=8.8 Hz, 2H), 3.38 (s, 3H), 2.30 (s, 3H);
13C NMR: d=298.85 (Ru=C); UV/Vis: lmax (log e)=390 (5.00), 415 (sh,
4.78), 529 (4.19), 550 nm (sh, 4.15); elemental analysis (%) calcd for
C54H18F20N4O3Ru¥0.5CH2Cl2 (1294.25): C 50.58, H 1.48, N 4.33; found: C
50.21, H 1.64, N 4.35; FAB-MS: m/z : 1252 [M]+ .


(E)-2-Styryl[(2E,4E)-2,4-hexadienoxycarbonyl]carbene[5,10,15,20-tetra-
kis(pentafluorophenyl)porphyrinato]ruthenium, [Ru(tpfpp){C(CH=


CHPh)CO2CH2(CH=CH)2CH3}] (1h): Reaction conditions: [Ru(tpfpp)-
(CO)]: 100.0 mg (0.091 mmol), N2C{(E)-CH=CHPh}CO2-(2E,4E)-
CH2(CH=CH)2CH3: 53.6 mg (0.20 mmol), further stirring time: 24 h,
eluent: dichloromethane/hexane 1:1. Yield: 81%; 1H NMR: d=8.45 (s,
8H), 7.27 (t, J=7.4 Hz, 1H), 6.86 (t, J=7.8 Hz, 2H), 6.44 (d, J=7.8 Hz,
2H), 5.74±5.44 (m, 3H), 4.94 (d, J=16.0 Hz, 1H), 4.78±4.68 (m, 1H),
3.16 (d, J=7.0 Hz, 2H), 1.84 (d, J=15.9 Hz, 1H), 1.62 (d, J=6.8 Hz,
3H); 13C NMR: d=288.71 (Ru=C); 19F NMR: d=�136.22 (d), �137.67
(s), �152.64 (t), �161.93 (t), �162.35 (s); UV/Vis: lmax (loge)=401
(5.10), 463 (4.17), 530 nm (4.15); elemental analysis (%) calcd for
C60H24F20N4O2Ru (1313.90): C 54.85, H 1.84, N 4.26; found: C 55.30, H
2.12, N 4.29; FAB-MS: m/z : 1315 [M+H]+ .


Diphenylcarbene[5,10,15,20-tetrakis(2,6-dichlorophenyl)porphyrinato]ru-
thenium, [Ru(tdcpp)(CPh2)] (2a): Reaction conditions: [Ru(tdcpp)-
(CO)]: 102.0 mg (0.10 mmol), N2CPh2: 194 mg (1.0 mmol), further stirring
time: 7 d, eluent: dichloromethane/hexane 1:2. Yield: 62%; 1H NMR:
d=8.17 (s, 8H), 7.75±7.72 (m, 4H), 7.64±7.58 (m, 8H), 6.25 (t, J=7.3 Hz,
2H), 6.06 (t, J=7.7 Hz, 4H), 3.67 (d, J=7.7 Hz, 4H); 13C NMR: d=
327.86 (Ru=C); UV/Vis: lmax (loge)=390 (4.96), 430 (4.94), 533 (4.15),
560 nm (4.10); elemental analysis (%) calcd for C57H30Cl8N4Ru (1155.57):
C 59.24, H 2.62, N 4.85; found: C 59.24, H 2.69, N 4.64; FAB-MS: m/z :
1156 [M]+.


Diphenylcarbene[5,10,15,20-tetrakis(4-bromophenyl)porphyrinato]ruthe-
nium, [Ru(4-Br-tpp)(CPh2)] (2b): Reaction conditions: [Ru(4-Br-
tpp)(CO)]: 105.8 mg (0.1 mmol), N2CPh2: 58.2 mg (0.30 mmol), further
stirring time: 24 h, eluent: dichloromethane/hexane 1:2. Yield: 85%; 1H
NMR: d=8.33 (s, 8H), 7.91 (d, J=8.0 Hz, 4H), 7.85±7.80 (m, 8H), 7.73
(d, J=8.2 Hz, 4H), 6.45 (t, J=7.4 Hz, 2H), 6.13 (t, J=7.7 Hz, 4H), 2.99
(d, J=7.1 Hz, 4H); 13C NMR: d=319.70 (Ru=C); UV/Vis: lmax (log e)=
396 (5.01), 427 (4.91), 531 nm (4.28); elemental analysis (%) calcd for
C57H34Br4N4Ru (1195.59): C 57.26, H 2.87, N 4.69; found: C 57.45, H
2.89, N 4.55; FAB-MS: m/z : 1196 [M]+ .


Diphenylcarbene[5,10,15,20-tetrakis(4-chlorophenyl)porphyrinato]ruthe-
nium, [Ru(4-Cl-tpp)(CPh2)] (2c): Reaction conditions: [Ru(4-Cl-
tpp)(CO)]: 88.0 mg (0.1 mmol), N2CPh2: 58.2 mg (0.30 mmol), further
stirring time: 24 h, eluent: dichloromethane/hexane 1:2. Yield: 86%; 1H
NMR: d=8.33 (s, 8H), 7.97 (d, J=6.6 Hz, 4H), 7.79 (d, J=6.6 Hz, 4H),
7.70±7.65 (m, 8H), 6.45 (t, J=7.4 Hz, 2H), 6.14 (t, J=7.7 Hz, 4H), 3.00
(d, J=7.3 Hz, 4H); 13C NMR: d=319.50 (Ru=C); UV/Vis: lmax (log e)=
396 (5.00), 424 (4.91), 531 nm (4.25); elemental analysis (%) calcd for
C57H34Cl4N4Ru (1017.79): C 67.26, H 3.37, N 5.50; found: C 67.55, H
3.63, N 5.39; FAB-MS: m/z : 1018 [M]+ .


Diphenylcarbene[5,10,15,20-tetrakis(4-fluorophenyl)porphyrinato]ruthe-
nium, [Ru(4-F-tpp)(CPh2)] (2d): Reaction conditions: [Ru(4-F-
tpp)(CO)]: 81.4 mg (0.1 mmol), N2CPh2: 58.2 mg (0.30 mmol), further


stirring time: 24 h, eluent: dichloromethane/hexane 1:2. Yield: 78%; 1H
NMR: d=8.32 (s, 8H), 8.02±7.98 (m, 4H), 7.86±7.80 (m, 4H), 7.43±7.35
(m, 8H), 6.46 (t, J=7.4 Hz, 2H), 6.15 (t, J=7.8 Hz, 4H), 3.04 (d, J=
7.9 Hz, 4H); 13C NMR: d=318.70 (Ru=C); UV/Vis: lmax (loge)=395
(5.01), 425 (4.92), 531 nm (4.26); elemental analysis (%) calcd for
C57H34F4N4Ru (951.97): C 71.92, H 3.60, N 5.89; found: C 72.03, H 3.73,
N 5.58; FAB-MS: m/z : 952 [M]+.


Diphenylcarbene(5,10,15,20-tetraphenylporphyrinato)ruthenium,
[Ru(tpp)(CPh2)] (2e): Reaction conditions: [Ru(tpp)(CO)]: 74.2 mg
(0.1 mmol), N2CPh2: 58.2 mg (0.30 mmol), further stirring time: 24 h,
eluent: dichloromethane/hexane 1:1. Yield: 89%; 1H NMR: d=8.34 (s,
8H), 8.05 (d, J=6.7 Hz, 4H), 7.89 (d, J=5.4 Hz, 4H), 7.70±7.65 (m,
12H), 6.46 (t, J=7.4 Hz, 2H), 6.17 (t, J=7.7 Hz, 4H), 3.04 (d, J=7.4 Hz,
4H); 13C NMR: d=317.50 (Ru=C); UV/Vis: lmax (loge)=394 (5.07), 425
(4.96), 530 nm (4.26); elemental analysis (%) calcd for C57H38N4Ru
(880.01): C 77.80, H 4.35, N 6.37; found: C 77.77, H 4.11, N 6.12; FAB-
MS: m/z : 880 [M]+ .


Diphenylcarbene[5,10,15,20-tetrakis(4-tolyl)porphyrinato]ruthenium,
[Ru(ttp)(CPh2)] (2 f): Reaction conditions: [Ru(ttp)(CO)]: 79.8 mg
(0.1 mmol), N2CPh2: 58.2 mg (0.30 mmol), further stirring time: 24 h,
eluent: dichloromethane/hexane 1:1. Yield: 86%; 1H NMR: d=8.36 (s,
8H), 7.94 (d, J=7.6 Hz, 4H), 7.78 (d, J=7.6 Hz, 4H), 7.53±7.48 (m, 8H),
6.44 (t, J=7.4 Hz, 2H), 6.14 (t, J=7.7 Hz, 4H), 3.02 (d, J=7.4 Hz, 4H),
2.66 (s, 12H); 13C NMR: d=316.40 (Ru=C); UV/Vis: lmax (loge)=396
(5.08), 424 (4.94), 532 nm (4.20); elemental analysis (%) calcd for
C61H46N4Ru (936.11): C 78.27, H 4.95, N 5.99; found: C 78.47, H 4.99, N
5.63; FAB-MS: m/z : 936 [M]+ .


Diphenylcarbene[5,10,15,20-tetrakis(4-methoxyphenyl)porphyrinato]ru-
thenium, [Ru(4-MeO-tpp)(CPh2)] (2g): Reaction conditions: [Ru(4-
MeO-tpp)(CO)]: 86.2 mg (0.1 mmol), N2CPh2: 58.2 mg (0.30 mmol), fur-
ther stirring time: 24 h, eluent: dichloromethane/hexane 2:1. Yield: 87%;
1H NMR: d=8.37 (s, 8H), 7.97 (d, J=8.2 Hz, 4H), 7.80 (d, J=8.2 Hz,
4H), 7.22 (m, 8H), 6.44 (t, J=7.4 Hz, 2H), 6.15 (t, J=7.7 Hz, 4H), 4.07
(s, 12H), 3.01 (d, J=7.3 Hz, 4H); 13C NMR: d=319.40 (Ru=C); UV/Vis:
lmax (loge)=403 (5.08), 425 (4.93), 534 nm (4.27); elemental analysis (%)
calcd for C61H46N4O4Ru (1000.11): C 73.26, H 4.64, N 5.60; found: C
73.61, H 4.73, N 5.37; FAB-MS: m/z : 1000 [M]+ .


Diphenylcarbene(5,10,15,20-tetramesitylporphyrinato)ruthenium,
[Ru(tmp)(CPh2)] (2h): Reaction conditions: [Ru(tmp)(CO)]: 91.0 mg
(0.1 mmol), N2CPh2: 76.8 mg (0.40 mmol), further stirring time: 10 d,
eluent: dichloromethane/hexane 2:1. Yield: 45%; 1H NMR: d=8.13 (s,
8H), 7.22 (s, 4H), 7.10 (s, 4H), 6.26 (t, J=7.4 Hz, 2H), 6.03 (t, J=7.8 Hz,
4H), 3.54 (d, J=7.2 Hz, 4H), 2.55 (s, 12H), 1.97 (s, 12H), 1.26 (s, 12H);
13C NMR: d=318.08 (Ru=C); UV/Vis: lmax (loge)=395 (5.09), 430
(4.92), 534 (4.03), 562 nm (sh, 3.89); elemental analysis (%) calcd for
C69H62N4Ru (1048.33): C 79.05, H 5.96, N 5.34; found: C 79.40, H 6.32, N
5.41; FAB-MS: m/z : 1049 [M+H]+ .


Diphenylcarbene[5,10,15,20-tetrakis(3,4,5-trimethoxyphenyl)porphyrina-
to]ruthenium, [Ru(3,4,5-MeO-tpp)(CPh2)] (2 i): Reaction conditions:
[Ru(3,4,5-MeO-tpp)(CO)]: 110.3 mg (0.1 mmol), N2CPh2: 58.2 mg
(0.30 mmol), further stirring time: 2 d, eluent: diethyl ether/hexane 1:5.
Yield: 86%; 1H NMR: d=8.45 (s, 8H), 7.32 (s, 4H), 7.13 (s, 4H), 6.43 (t,
J=7.4 Hz, 2H), 6.17 (t, J=7.7 Hz, 4H), 4.15 (s, 12H), 4.04 (s, 12H), 3.93
(s, 12H), 3.06 (d, J=7.1 Hz, 4H); 13C NMR: d=316.30 (Ru=C); UV/Vis:
lmax (loge)=398 (5.06), 424 (4.97), 532 nm (4.24); elemental analysis (%)
calcd for C69H62N4O12Ru (1240.32): C 66.82, H 5.04, N 4.52; found: C
67.01, H 5.10, N 4.43; FAB-MS: m/z : 1241 [M+H]+ .


Phenyl(ethoxycarbonyl)carbene[5,10,15,20-tetrakis(2,6-dichlorophenyl)-
porphyrinato]ruthenium, [Ru(tdcpp){C(Ph)CO2Et}] (2 j): Reaction con-
ditions: [Ru(tdcpp)(CO)]: 102.0 mg (0.1 mmol), N2C(Ph)CO2Et: 76.0 mg
(0.40 mmol), further stirring time: 2 d, eluent: dichloromethane/hexane
1:1. Yield: 76%; 1H NMR: d=8.27 (s, 8H), 7.88±7.75 (m, 4H), 7.65±7.58
(m, 8H), 6.53 (t, J=7.4 Hz, 1H), 6.12 (t, J=7.8 Hz, 2H), 3.82 (d, J=
7.8 Hz, 2H), 2.79 (q, J=7.2 Hz, 2H), 0.30 (t, J=7.2 Hz, 3H); 13C NMR:
d=298.50 (Ru=C); UV/Vis: lmax (loge)=397 (5.03), 427 (sh, 4.72), 538
(4.08), 571 nm (sh, 3.92); elemental analysis (%) calcd for
C54H30Cl8N4O2Ru¥0.5CH2Cl2 (1194.00): C 54.82, H 2.62, N 4.69; found: C
54.50, H 2.69, N 4.33; FAB-MS: m/z : 1152 [M]+ .


Phenyl(ethoxycarbonyl)carbene(5,10,15,20-tetramesitylporphyrinato)ru-
thenium, [Ru(tmp){C(Ph)CO2Et}] (2k): Reaction conditions: [Ru(tmp)-
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(CO)]: 91.0 mg (0.1 mmol), N2C(Ph)CO2Et: 76.0 mg (0.40 mmol), further
stirring time: 3 d, eluent: dichloromethane/hexane 1:1. Yield: 70%; 1H
NMR: d=8.23 (s, 8H), 7.24 (s, 4H), 7.12 (s, 4H), 6.54 (t, J=7.4 Hz, 1H),
6.07 (t, J=7.8 Hz, 2H), 3.74 (d, J=7.3 Hz, 2H), 2.74 (q, J=7.1 Hz, 2H),
2.56 (s, 12H), 2.12(s, 12H), 1.56 (s, 12H), 0.26 (t, J=7.1 Hz, 3H);
13C NMR: d=287.50 (Ru=C); UV/Vis: lmax (loge)=399 (5.12), 434 (sh,
4.64), 538 (4.03), 576 nm (sh, 3.78); elemental analysis (%) calcd for
C66H62N4O2Ru (1044.29): C 75.91, H 5.98, N 5.37; found: C 75.88, H 6.12,
N 5.19; FAB-MS: m/z : 1045 [M+H]+ .


Preparation of [Ru(tpfpp)(CPh2)(L)]: These complexes were prepared
by recrystallization of [Ru(tpfpp)(CPh2)] from dichloromethane/hexane
containing an excess of L (L = MeOH, EtSH, Et2S, MeIm, py, OPPh3).


Diphenylcarbene[5,10,15,20-tetrakis(pentafluorophenyl)porphyrinato]-
methanolruthenium, [Ru(tpfpp)(CPh2)(MeOH)] (3a): Yield: 94%; 1H
NMR: d=8.24 (s, 8H), 6.32 (t, J=7.5 Hz, 2H), 6.06 (t, J=7.7 Hz, 4H),
3.08 (d, J=7.8 Hz, 4H); 13C NMR: d=329.00 (Ru=C); 19F NMR: d=
�135.47 (d), �136.44 (d), �151.67 (t), �161.16 (m); UV/Vis: lmax (loge)
= 385 (4.84), 425 (4.83), 525 (4.06), 550 nm (4.04); elemental analysis
(%) calcd for C58H22F20N4ORu¥0.5C6H14 (1314.95): C 55.72, H 2.22, N
4.26; found: C 55.70, H 2.12, N 4.23; FAB-MS: m/z : 1240 [M�MeOH]+ .
Diphenylcarbene[5,10,15,20-tetrakis(pentafluorophenyl)porphyrinato]-
ethanethiolruthenium, [Ru(tpfpp)(CPh2)(EtSH)] (3b): Yield: 96%; 1H
NMR: d=8.29 (s, 8H), 6.38 (t, J=7.4 Hz, 2H), 6.13 (t, J=7.7 Hz, 4H),
3.13 (d, J=7.6 Hz, 4H); 13C NMR: d=330.85 (Ru=C); UV/Vis: lmax
(loge)=385 (4.90), 425 (4.90), 525 (4.12), 550 nm (4.10); elemental analy-
sis (%) calcd for C59H24F20N4SRu (1301.95): C 54.43, H 1.86, N 4.30;
found: C 54.81, H 1.74, N 4.22; FAB-MS: m/z : 1301 [M�H]+ .
Diphenylcarbene[5,10,15,20-tetrakis(pentafluorophenyl)porphyrinato]-
diethylsulfideruthenium, [Ru(tpfpp)(CPh2)(Et2S)] (3c): Yield: 88%; 1H
NMR: d=8.26 (s, 8H), 6.34 (t, J=7.4 Hz, 2H), 6.11 (t, J=7.7 Hz, 4H),
3.11 (d, J=8.1 Hz, 4H), �0.59 (t, J=7.4 Hz, 6H), �0.88 (q, J=7.2 Hz,
4H); 13C NMR: d=338.34 (Ru=C); 19F NMR: d=�135.79 (d), �137.42
(d), �152.71 (t), �161.93 (m), �162.25 (m); UV/Vis: lmax (loge)=385
(4.89), 424 (4.89), 526 (4.12), 549 nm (4.10); elemental analysis (%) calcd
for C61H28F20N4SRu (1330.00): C 55.09, H 2.12, N 4.21; found: C 54.89, H
2.10, N 4.08; FAB-MS: m/z : 1240 [M�Et2S]+ .
Diphenylcarbene[5,10,15,20-tetrakis(pentafluorophenyl)porphyrinato](1-
methylimidazole)ruthenium, [Ru(tpfpp)(CPh2)(MeIm)] (3d): Yield:
94%; 1H NMR: d=8.13 (s, 8H), 6.33 (t, J=7.4 Hz, 4H), 6.13 (t, J=
7.7 Hz, 4H), 4.95 (br, 1H), 3.21 (d, J=7.4 Hz, 4H), 2.3 (br, 4H), 2.03 (br,
1H); 13C NMR: d=332.13 (Ru=C); UV/Vis: lmax (loge)=398 (4.94), 428
(4.88), 528 (4.20), 551 nm (sh, 4.05); elemental analysis (%) calcd for
C61H24F20N6Ru (1321.92): C 55.42, H 1.83, N 6.36; found: C 55.31, H 1.69,
N 6.39; FAB-MS: m/z : 1240 [M�MeIm]+ .
Diphenylcarbene[5,10,15,20-tetrakis(pentafluorophenyl)porphyrinato]-
(triphenylphosphane oxide)ruthenium, [Ru(tpfpp)(CPh2)(OPPh3)] (3e):
Yield: 82%; 1H NMR: d=8.30 (s, 8H), 7.53±7.28 (m, 15H), 6.38 (t, J=
7.4 Hz, 2H), 6.13 (t, J=7.7 Hz, 4H), 3.14 (d, J=7.7 Hz, 4H); 13C NMR:
d=330.15 (Ru=C); 19F NMR: d=�136.05 (d), �137.05 (d), �152.40 (t),
�161.88 (m); UV/Vis: lmax (loge)=385 (4.92), 425 (4.92), 526 (4.13),
549 nm (4.12); elemental analysis (%) calcd for C75H33F20N4OPRu
(1518.10): C 59.34, H 2.19, N 3.69; found: C 59.04, H 2.04, N 3.75; FAB-
MS: m/z : 1519 [M+H]+ .


Diphenylcarbene[5,10,15,20-tetrakis(pentafluorophenyl)porphyrinato]-
pyridineruthenium, [Ru(tpfpp)(CPh2)(py)] (3 f): Yield: 91%; 1H NMR:
d=8.18 (s, 8H), 6.35 (t, J=7.4 Hz, 2H), 6.32 (t, J=7.7 Hz, 1H), 6.14 (t,
J=7.6 Hz, 4H), 5.52 (t, J=6.5 Hz, 2H), 3.17 (d, J=7.2 Hz, 4H), 2.62 (br,
2H); 13C NMR: d=346.69 (Ru=C); 19F NMR: d=�135.85 (d), �137.95
(d), �153.01 (t), �162.04 (m), �162.56 (m); UV/Vis: lmax (loge)=390
(4.87), 425 (4.86), 527 (4.01), 550 nm (sh, 3.92); elemental analysis (%)
calcd for C62H23F20N5Ru (1318.92): C 56.46, H 1.76, N 5.31; found: C
56.55, H 1.81, N 5.13; FAB-MS: m/z : 1240 [M�py]+ .
Preparation of [Ru(tpfpp){C(Ph)CO2R}(MeOH)]: These complexes were
prepared in the same manner as for [Ru(por)(CR1R2)] except that the
products were recrystallized from dichloromethane/hexane containing
methanol.


Phenyl(alloxycarbonyl)carbene[5,10,15,20-tetrakis(pentafluorophenyl)-
porphyrinato]methanolruthenium, [Ru(tpfpp){C(Ph)CO2CH2CH=


CH2}(MeOH)] (4a): Reaction conditions: [Ru(tpfpp)(CO)]: 49.6 mg
(0.045 mmol), N2C(Ph)CO2CH2CH=CH2: 9.9 mg (0.049 mmol), eluent:


dichloromethane/hexane 1:2. Yield: 94%; 1H NMR: d=8.53 (s, 8H), 6.58
(t, J=7.5 Hz, 1H), 6.16 (t, J=7.8 Hz, 2H), 4.96±4.83 (m, 1H), 4.62 (d,
J=10.3 Hz, 1H), 4.37 (d, J=17.1 Hz, 1H), 3.25 (d, J=7.2 Hz, 2H), 3.10
(d, J=5.9 Hz, 2H); 13C NMR: d=304.34 (Ru=C); UV/Vis: lmax (log e)=
389 (4.99), 422 (sh, 4.77), 530 (4.12), 555 nm (sh, 4.05); elemental analysis
(%) calcd for C56H22F20N4O3Ru¥MeOH¥H2O (1329.89): C 51.48, H 2.12,
N 4.21; found: C 51.22, H 1.72, N 4.34; FAB-MS: m/z : 1248
[M�MeOH]+ .
Phenyl(methoxycarbonyl)carbene[5,10,15,20-tetrakis(pentafluorophenyl)-
porphyrinato]methanolruthenium, [Ru(tpfpp){C(Ph)CO2Me}(MeOH)]
(4b): Reaction conditions: [Ru(tpfpp)(CO)]: 49.6 mg (0.045 mmol),
N2C(Ph)CO2Me: 9.5 mg (0.054 mmol), eluent: dichloromethane/hexane
1:2. Yield: 90%; 1H NMR: d=8.46 (s, 8H), 6.54 (t, J=7.4 Hz, 1H), 6.13
(t, J=7.7 Hz, 2H), 3.25 (d, J=7.4 Hz, 2H), 2.26 (s, 3H); 13C NMR: d=
304.13 (Ru=C); UV/Vis: lmax (loge)=390 (4.97), 420 (sh, 4.78), 530
(4.10), 553 nm (sh, 4.04); elemental analysis (%) calcd for
C54H20F20N4O3Ru¥0.5C6H14 (1296.89): C 52.79, H 2.10, N 4.32; found: C
53.00, H 1.90, N 4.38; FAB-MS: m/z : 1222 [M�MeOH]+ .
Phenyl(ethoxycarbonyl)carbene[5,10,15,20-tetrakis(pentafluorophenyl)-
porphyrinato]methanolruthenium, [Ru(tpfpp){C(Ph)CO2Et}(MeOH)]
(4c): Reaction conditions: [Ru(tpfpp)(CO)]: 49.6 mg (0.045 mmol),
N2C(Ph)CO2Et: 10.3 mg (0.054 mmol), eluent: dichloromethane/hexane
1:2. Yield: 95%; 1H NMR: d=8.46 (s, 8H), 6.56 (t, J=7.4 Hz, 1H), 6.14
(t, J=7.8 Hz, 2H), 3.27 (d, J=7.3 Hz, 2H), 2.66 (q, J=7.1 Hz, 2H), 0.28
(t, J=7.1 Hz, 3H); 13C NMR: d=305.52 (Ru=C); UV/Vis: lmax (log e)=
388 (4.99), 419 (sh, 4.88), 529 (4.35), 556 nm (sh, 4.32); elemental analysis
(%) calcd for C55H22F20N4O3Ru (1267.83): C 52.10, H 1.75, N 4.42; found:
C 51.71, H 1.83, N 4.18; FAB-MS: m/z : 1236 [M�MeOH]+ .
Reaction of [Ru(tpfpp)(CPh2)] (1a) with tert-butyl isocyanide : A drop of
tert-butyl isocyanide was added to a solution of 1a (24.8 mg, 0.02 mmol)
in dichloromethane (5 mL). The solution was immediately evaporated to
dryness. The residue was purified by chromatography on a silica gel
column with dichloromethane/hexane 1:2 as eluent.


[5,10,15,20-Tetrakis(pentafluorophenyl)porphyrinato]bis(tert-butylisocya-
nide)ruthenium, [Ru(tpfpp)(C�NtBu)2] (5): Yield: 85%; 1H NMR: d=
8.36 (s, 8H), �0.46 (s, 18H); 13C NMR: d=182.14 (C�N); UV/Vis: lmax
(loge)=395 (4.80), 415 (5.59), 512 nm (4.16); IR: ñ=2133, 2007 cm�1


(C�N); elemental analysis (%) calcd for C54H26F20N6Ru (1239.86): C
52.31, H 2.11, N 6.78; found: C 52.33, H 2.04, N 7.16; FAB-MS: m/z :
1241 [M+H]+ .


Preparation of [Os(tpfpp)(CPh2)(MeIm)]: This complex was prepared in
the same manner as [Ru(tpfpp)(CPh2)]


[16] except that [Os(tpfpp)(CO)]
was used instead of [Ru(tpfpp)(CO)] and the product was recrystallized
from dichloromethane/hexane containing 1-methylimidazole. Reaction
conditions: [Os(tpfpp)(CO)]: 97.6 mg (0.082 mmol), N2CPh2: 15.9 mg
(0.082 mmol), eluent: dichloromethane/hexane 2:1.


Diphenylcarbene[5,10,15,20-tetrakis(pentafluorophenyl)porphyrinato](1-
methylimidazole)osmium, [Os(tpfpp)(CPh2)(MeIm)] (3d-Os): Yield:
70%; 1H NMR: d=7.44 (s, 8H), 6.44 (t, J=7.4 Hz, 2H), 6.17 (t, J=
7.6 Hz, 4H), 5.20 (s, 1H), 4.14 (d, J=7.3 Hz, 4H), 2.78 (s, 1H), 2.51 (s,
1H), 2.47 (s, 3H); 13C NMR: d=289.27 (Os=C); UV/Vis: lmax (loge)=
385 (4.65, sh), 408 (4.86), 519 (4.13), 546 nm (4.12); elemental analysis
(%) calcd for C61H24F20N6Os (1412.13): C 51.92, H 1.71, N 5.96; found: C
51.53, H 1.50, N 6.15; FAB-MS: m/z : 1412 [M]+ .


X-ray crystal structure determinations of 1d, 2a, i, 3a,b,d,e, 4a±c, and
3d-Os : Diffraction-quality crystals were obtained by slow evaporation of
solutions in dichloromethane/hexane (1d, 2a, i), dichloromethane/metha-
nol (3a, 4a±c), dichloromethane/ethanethiol (3b), and dichloromethane/
hexane containing 1-methylimidazole (3d, 3d±Os) or triphenylphosphane
oxide (3e) at room temperature. The data were collected on a MAR dif-
fractometer with a 300 mm image plate detector or on a Bruker CCD
SMART system using graphite-monochromatized MoKa radiation (l=
0.71073 ä). The structures were refined by full-matrix least-squares pro-
cedures on F 2 by employing the SHELXL programs. There are two inde-
pendent molecules (a and b) in the unit cell of 3a¥MeOH, which are
linked together by hydrogen bonds (see Figure 5). The carbon atom in
one of the 12 methoxyl groups of the 3,4,5-MeO-tpp macrocycle in the
structure of 2 i (C55), and the carbon atoms in the ethanethiol axial
ligand in the structure of 3b (C58 and C59) are disordered.
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CCDC-224978 (1d¥CH2Cl2), -224979 (2a¥CH2Cl2), -224980 (2 i¥CH2Cl2),
-224981 (3a¥MeOH), -224982 (3b), -224983 (3d), -224985 (3e), -224986
(4a¥MeOH), -224987 (4b), -224988 (4c¥MeOH) and -224984 (3d-Os)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or de-
posit@ccdc.cam.uk).
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Ruthenium(ii) as a Novel Labile Partner in Thermodynamic Self-Assembly of
Heterobimetallic d±f Triple-Stranded Helicates


Stÿphane Torelli,[a] Sandra Delahaye,[b] Andreas Hauser,[b] Gÿrald Bernardinelli,[c] and
Claude Piguet*[a]


Introduction


Kinetically inert, pseudo-octahedral [Ru(a,a’-diimine)3]
2+


building blocks such as [Ru(2,2’-bipyridine)3]
2+ and its de-


rivatives are used universally for inducing specific photo-
physical and electrochemical properties in coordination
complexes.[1] Of particular interest is their introduction into
metallosupramolecular polymetallic functional artificial pho-
tosynthetic systems in which electrons are directed towards
specific sites in order to perform light-activated secondary
reactions.[2] In a closely related context, Klink et al. demon-
strated that [Ru(2,2’-bipyridine)3]


2+ can be used as an effi-
cient photosensitiser for lanthanide-centred near-infrared
emission (Ln=Nd, Yb) occurring after intramolecular inter-
metallic 4d!4f energy transfer.[3] When C2-symmetrical bi-
dentate a,a’-diimine ligands are used, a single pair of inert
helical enantiomers results (P-[Ru(a,a’-diimine)3]


2+ and M-
[Ru(a,a’-diimine)3]


2+), which can be separated after interac-
tion with enantiomerically pure counter-anions.[4] However,
for bidentate ligands L with two different donor sites, the
tris-chelates may exist as two pairs of helical enantiomers:


Abstract: Unsymmetrical substituted
bidentate benzimidazol-2-ylpyridine li-
gands L2 and L3 react with [Ru(dm-
so)4Cl2] in ethanol to give statistical 1:3
mixtures of fac-[Ru(Li)3]


2+ and mer-
[Ru(Li)3]


2+ (i=2, 3; DGAisomerisation=


�2.7 kJmol�1). In more polar solvents
(acetonitrile, methanol), the free
energy of the facialÐmeridional iso-
merisation process favours mer-
[Ru(Li)3]


2+ , which is the only isomer
observed in solution at the equilibrium
(DGAisomerisation��11.4 kJmol�1). Since
the latter process takes several days for
[Ru(L2)3]


2+ , fac-[Ru(L2)3]
2+ and mer-


[Ru(L2)3]
2+ have been separated by


chromatography, but the 28-fold in-
crease in velocity observed for
[Ru(L3)3]


2+ provides only mer-


[Ru(L3)3](ClO4)2 after chromatography
(RuC60H51N9O8Cl2, monoclinic, P21/n,
Z=4). The facial isomer can be stabi-
lised when an appended tridentate
binding unit, connected at the 5-posi-
tion of the benzimidazol-2-ylpyridine
unit in ligand L1, interacts with nine-
coordinate lanthanides(iii). The free
energy of the facialÐmeridional iso-
merisation is reversed (DGAisomerisation�
11.4 kJmol�1), and the Ru�N bonds
are labile enough to allow the quantita-
tive thermodynamic self-assembly of
HHH-[RuLu(L1)3]


5+ within hours


([RuLu(L1)3](CF3SO3)4.5Cl0.5(CH3OH)2.5:
RuLuC106H109Cl0.5N21O19S4.5F13.5, triclin-
ic, P1≈ , Z=2). Electrochemical and
photophysical studies show that the
benzimidazol-2-ylpyridine units in L1±
L3 display similar p-acceptor proper-
ties to, but stronger p-donor properties
than, those found in 2,2’-bipyridine.
This shifts the intraligand p!p* and
the MLCT transitions toward lower
energies in the pseudo-octahedral
[Ru(Li)3]


2+ (i=2, 3) chromophores.
The concomitant short lifetime of the
3MLCT excited state points to efficient,
thermally activated quenching via low-
energy Ru-centred d±d states, a limita-
tion which is partially overcome by
mechanical coupling in HHH-
[RuLu(L1)3]


5+ .
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merization ¥ lanthanides ¥ rutheni-
um ¥ self-assembly
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. 1H NMR data for
complexes 1±3 are collected in Table S1, while Tables S2±S4 list se-
lected structural parameters for the metallic coordination spheres in 4
and 6. Figure S1 shows plots of ln(j fac(t) j ) versus t for [Ru(L2)3]


2+


and [Ru(L3)3]
2+ ; Figures S2 and S5 display the packing of the cations


in the crystal structures of 4 and 6. Figure S3 shows photophysical
data for [RuLu(L1)3]


5+ in solution, Figure S4 exhibits an optimised
superimposition of the molecular structures of [RuLu(L1)3]


5+ and
[CoLu(L1)3]


6+ , and Figure S6 displays variable-temperature 1H NMR
spectra for [Zn(L2)3]


2+ and [Zn(L3)3]
2+ .
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P-fac-[Ru(L)3]
2+/M-fac-[Ru(L)3]


2+ and P-mer-[Ru(L)3]
2+/M-


mer-[Ru(L)3]
2+ , in which fac stands for the C3-symmetrical


facial isomer (three ligands with parallel orientations) and
mer characterises the C1-symmetrical meridional isomer
(one ligand adopts the opposite orientation).[5] Although the
separation of fac/mer isomers on the laboratory scale has
been reported together with different spectroscopic proper-
ties for each isomer,[6] it is only recently that pure facial iso-
mers have been designed for further functionalisation and
incorporation into stereocontrolled molecular architec-
tures.[7] Following our interest in the design of the triple-
stranded d±f helicates [MLn(L1)3]


6+ (Figure 1) in which the


d-block ion (M=CrIII, CoIII) is inert enough to provide the
chiral facial receptors fac-[M(L1)3]


3+ upon decomplexation
of LnIII,[8,9] we plan to investigate the introduction of inert
4d-block RuII ions as partners in strict self-assembly process-
es. Such a challenging approach has been developed success-
fully for CoIII[8] and CrIII,[9] because they possess reduced
forms (CoII and CrII) which exhibit similar stereochemical
preferences but which are labile enough to allow the explo-
ration of the energy hypersurface of the assembly process,
before undergoing oxidative post-modification leading to
the final inert architectures.[10] Interestingly, fac-[Cr(L1)3]


3+


can be separated into its helical P and M enantiomers to
give dual CrIII and EuIII-centred circularly polarised emission
after recombination in the chiral PP-[CrEu(L1)3]


6+ and
MM-[CrEu(L1)3]


6+ helicates.[11] Moreover, the specific pho-
tophysical properties of fac-[Cr(benzimidazol-2-ylpyri-
dine)3]


3+ have been exploited for sensitizing long-lived near-
infrared emission in rac-[CrLn(L1)3]


6+ (Ln=Nd, Yb).[12]


However, the long electronic relaxation of paramagnetic
CrIII combined with its high positive charge strongly limits
the structural characterisation (NMR spectroscopy) and the


stability of the inert helicates [CrLn(L1)3]
6+ in solution. fac-


[Ru(benzimidazol-2-ylpyridine)3]
2+ thus corresponds to an


attractive compromise displaying 1) photophysical proper-
ties compatible with intramolecular intermetallic 4d±4f
energy transfer processes in [RuLn(L1)3]


5+ , 2) a diamagnetic
1A1 (low-spin 4d6) ground state compatible with efficient
structural characterisation in solution by NMR techniques
and c) a small 2+ charge which reduces intermetallic elec-
trostatic repulsion in the final helicates. However, the relat-
ed [RuIII(a,a’-diimine)3]


3+ is too oxidizing and kinetically
inert[13] to be used as a precursor in strict self-assembly pro-
cesses with lanthanides and L1, and the introduction of inert


RuII cannot take advantage of
reductive post-modification of
an RuIII analogue. Encouraged
by the 57% yield reported for
the formation of [(CuI)3{fac-
RuII(pyridine-pyrazolate)3}2]


� ,
which implies quite a fast (that
is, on the time scale of an
hour) fac-[RuII(pyridine-pyrazol-
ate)3]


�Ðmer-[RuII(pyridine-pyr-
azolate)3]


� process,[14] we have
explored the factors that could
be responsible for the tuning of
the lability in pseudo-octahe-
dral [Ru(benzimidazol-2-ylpyri-
dine)3]


2+ in order to induce
strict self-assembly between L1,
LnIII, and RuII. We report in
this paper the kinetic and ther-
modynamic properties of the
facialÐmeridional isomerisa-
tion process occurring in
[Ru(Li)3]


2+ (i=2, 3), together
with the first introduction of
the 4d-block RuII cation into
the d±f helicate [RuLu(L1)3]


5+ .
Particular attention is also focused on the photophysical
properties of the RuII centrs in these complexes for the
future induction of directional light-conversion processes in
luminescent heterobimetallic helicates.


Results and Discussion


Preparation and characterisation of mer-[Ru(L2)3](ClO4)2¥
2H2O (1), fac-[Ru(L2)3](ClO4)2¥2H2O (2) and mer-
[Ru(L3)3](ClO4)2¥CH3CN¥H2O (3): The bidentate ligand L2
was obtained according to a literature procedure[15] in which
the reductive cyclisation of an ortho-nitroarene±carbox-
amide precursor provides the substituted benzimidazole ring
as the key step.[16] The same strategy was used for the syn-
thesis of L3, which was obtained in good yield (90%)
(Scheme 1). Refluxing Li (i=2, 3; 3 equiv) with [Ru(dm-
so)4Cl2] (1 equiv) in ethanol for 24 h followed by metathesis
with NaClO4 and precipitation from acetonitrile/diethyl
ether provided [Ru(L2)3](ClO4)2¥2H2O and [Ru(L3)3]-
(ClO4)2¥CH3CN¥H2O in 56% and 72% yield, respectively.


Figure 1. Structures of the ligands L1±L6, and of the heterobimetallic d±f triple-stranded helicates HHH-
[LnM(L1)3]


n+ (the crystal structure of HHH-[LuCr(L1)3]
6+ is represented here).[9]
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The 1H NMR spectra of
these complexes in CD3CN, re-
corded immediately after solu-
bilisation of the solid samples,
were characteristic of statistical
1:3 mixtures of fac-[Ru(Li)3]


2+


and mer-[Ru(Li)3]
2+ (i=2, 3)[5]


with four singlets of equal in-
tensities for the methyl groups
Me1. For the C3-symmetrical
fac-[Ru(Li)3]


2+ (i=2, 3), the
three ligands are equivalent
and Me1 appears as a singlet at
d=2.25 ppm (fac-[Ru(L2)3]


2+


Figure 2a) or at d=2.23 ppm
(fac-[Ru(L3)3]


2+ (Figure 2b).
The three other signals of
equal intensities are assigned
to Me1 in the C1-symmetrical
mer-[Ru(Li)3]


2+ (i=2, 3), in
which each ligand is nonequi-
valent (Figure 1). A complete
and reliable assignment
(Table S1, Supporting Informa-
tion) has been performed:
1) by using two-dimensional
1H±1H COSY and 1H±1H
NOESY spectra and 2) by
comparison with the 1H NMR
spectra of the pure isomers 1±3 (Figure 3a±c, respectively).
The statistical 1:3 fac/mer mixtures found for [Ru(L2)3]-
(ClO4)2¥2H2O and [Ru(L3)3](ClO4)2¥CH3CN¥H2O match the


0.33 ratio reported for the analogous complex
[Ru(L6)3](PF6)2,


[5b] although deviations favoring the meri-
dional isomer are often observed because of steric con-
straints in the facial one.[5,17]


[Ru(L2)3](ClO4)2¥2H2O was dissolved in dichloromethane,
extracted with an aqueous 0.1 molL�1 solution of
Na2Sb2[(+)-C4O6H2]2¥5H2O,[4a] and sorbed onto a Sephadex
SP-C25 ion exchange resin. Further elution with
Na2Sb2[(+)-C4O6H2]2¥5H2O (0.1 molL�1 in water) provided
two successive red bands which were collected separately.
Red solids were finally isolated by precipitation with
NaClO4. Their elemental analyses match the original empiri-
cal formula [Ru(L2)3](ClO4)2¥2H2O, but the 1H NMR spec-
trum of fraction I (with the shortest retention time: 1,
yield=69%) shows only the three nonequivalent bidentate
ligands of the C1-symmetrical mer-[Ru(L2)3]


2+ (Fig-
ure 3a).[5,17] Clearly, fraction II (with the longest retention
time: 2, yield=20%) exhibits a much simpler 1H NMR
spectrum corresponding to the C3-symmetrical fac-
[Ru(L2)3]


2+ (Figure 3b). The satisfying 89% recovery of the
original compound and the approximate invariance of the
fac/mer ratio (0.29:1 after chromatography) demonstrate
that [Ru(L2)3]


2+ is inert enough in a polar solvent to be sep-
arated by chromatogaphy (3±4 h time scale). However,
when [Ru(L3)3](ClO4)2¥CH3CN¥H2O was subjected to chro-


matography under the same conditions, a single large red
band was collected. Precipitation with NaClO4 gave a red
microcrystalline precipitate displaying the same constitution


Scheme 1. Synthesis of L3.


Figure 2. 1H NMR spectra of a) [Ru(L2)3](ClO4)2¥2H2O and b) [Ru(L3)3](ClO4)2¥CH3CN¥H2O, highlighting the
1:3 mixture of fac/mer isomers (CD3CN, 298 K; numbering as in Figure 1).
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as the original complex (3, yield=90%). However, its
1H NMR spectrum corresponds to the exclusive existence of
mer-[Ru(L3)3]


2+ in solution (Figure 3c), which suggests that
1) a relatively fast fac-[Ru(L3)3]


2+Ðmer-[Ru(L3)3]
2+ iso-


merisation process occurs during the chromatographic sepa-
ration and 2) mer-[Ru(L3)3]


2+ is stabilised beyond the ex-
pected statistical entropic contribution: DGstat


1 =�TDSstat
1 =


�2.7 kJmol�1 at 298 K and Kstat
1 =3.[5a,18] According to the


limit of detection of fac-[Ru(L3)3]
2+ by 1H NMR spectros-


copy (�1%), we calculate from the above equilibrium that
K1([Ru(L3)3]


2+)�99, and DGAisomerization([Ru(L3)3]
2+)�


�11.4 kJmol�1.


Kinetics of the fac-[Ru(Li)3]
2+Ðmer-[Ru(Li)3]


2+ (i=2, 3)
iomerisation process in solution : In weakly polar CD2Cl2


(erel=8.9), the original 1:3 mixture of fac-[Ru(L2)3]
2+ and


mer-[Ru(L2)3]
2+ remains invariant for months. In ethanol


(erel=24.5), small changes occur after one week, and in
more polar solvents (CD3CN, erel=37.5; CD3OD, erel=32.7)
the signals corresponding to the facial isomer disappear
slowly within five days to give mer-[Ru(L2)3]


2+ exclusively
according to Equation (1) (Figure 4).


fac-½RuðLiÞ3
2þG
kfac


kmer


Hmer-½RuðLiÞ3
2þ K1 ¼
kfac


kmer
ð1Þ


The complete mathematical treatment of the time-de-
pendent concentrations of fac-[Ru(L2)3]


2+ (j fac(t) j )and of
mer-[Ru(L2)3]


2+ (jmer(t) j ) according to Equation (1) with


Figure 3. 1H NMR spectra of a) mer-[Ru(L2)3](ClO4)2¥2H2O (1), b) fac-[Ru(L2)3](ClO4)2¥2H2O (2) and c) mer-[Ru(L3)3](ClO4)2¥CH3CN¥H2O (3)
(CD3CN, 298 K; * denotes residual peak of solvent; numbering as in Figure 1 and Scheme 1).
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the first-order kinetic constants kfac and kmer leads to Equa-
tions (2) and (3).[19]


jfacðtÞj ¼ kmer


kfac þ kmer
ðjfacð0Þj þ jmerð0ÞjÞþ


�
kfacjfacð0Þj�kmerjmerð0Þj


kfac þ kmer


�
expð�ðkfac þ kmerÞtÞ


ð2Þ


jmerðtÞj ¼ kfac


kfac þ kmer
ðjfacð0Þj þ jmerð0ÞjÞ�


�
kfacjfacð0Þj�kmerjmerð0Þj


kfac þ kmer


�
expð�ðkfac þ kmerÞtÞ


ð3Þ


As previously noticed for [Ru(L3)3]
2+ , mer-[Ru(L2)3]


2+ is
the only isomer detected at the thermodynamic equilibrium
in CD3CN or CD3OD, which implies that the latter complex
is stabilised beyond the statistical entropic contribution for
which we expect a final 1:3 mixture of fac and mer isomers
(DSstat


1 =9.1 Jmol�1K�1,DHstat
1 =0 kJmol�1, DGstat


1 =TDSstat
1 =


�2.7 kJmol�1 at 298 K and Kstat
1 =3).[5a,18] Again, if we fix the


limit of detection of fac-[Ru(L2)3]
2+ by 1H NMR spectrosco-


py at around 1%, we calculate from Equation (1) that
K1([Ru(L2)3]


2+)�99 and DGAisomerisation([Ru(L2)3]
2+)�


�11.4 kJmol�1. This translates into kfac�99kmer for
[Ru(L2)3]


2+ in CD3CN at 298 K, which allows us to neglect
the latter constant and Equations (2) and (3) reduce to the
classical Equations (4) and (5).


jfacðtÞj ¼ jfacð0Þj expð�kfactÞ ð4Þ


jmerðtÞj ¼ jmerð0Þj�jfacð0Þj expð�kfactÞ ð5Þ


The plot of (j fac(t) j ) versus t for fac-[Ru(L2)3]
2+ in


CD3CN (298 K) is indeed linear and its slope corresponds to
�kfac (Figure S1a, Supporting Information), from which we
calculate k298


fac ([Ru(L2)3]
2+)=4.7(6)î10�6 s�1 with a half-life


of t2981=2
([Ru(L2)3]


2+)=41.03 h, in agreement with the limited
isomerisation observed during the chromatographic separa-
tion of [Ru(L2)3]


2+ . However, the slow formation of mono-
crystals of [Ru(L2)3](ClO4)2 resulting from diffusion of
heavy ethers (tert-butyl methyl ether or diisopropyl ether)
into a solution of the complex in acetonitrile is limited to
the isolation of mer-[Ru(L2)3](ClO4)2. Interestingly, the in-
troduction of the bulky benzyl substituents in [Ru(L3)3]


2+


significantly increases the lability of the fac!mer isomerisa-
tion process, and the analysis of the linear plot ln(j fac(t) j )
versus t (Figure S1b, Supporting Information) gives
k298
fac ([Ru(L3)3]


2+)=1.3(1)î10�4 s�1 with a half-life of
t2981=2


([Ru(L3)3]
2+)=1.45 h. This 28-fold increase in velocity


explains the exclusive isolation of mer-[Ru(L3)3](ClO4)2
after column chromatography. We obtained monocrystals of
both mer-[Ru(Li)3](ClO4)2 (i=2, 3), but the X-ray diffrac-
tion data show that the benzimidazole and the pyridine
rings in mer-[Ru(L2)3](ClO4)2 are so similar that they crys-
tallise randomly over two positions. This limitation is re-
moved for mer-[Ru(L3)3](ClO4)2 (4) because the benzyl
groups connected to the benzimidazole rings induce greater
structural differences between the two aromatic rings, and a
regular packing results in the crystals of 4. In the absence of
detailed variable-temperature thermodynamic and kinetic
studies [that is, separation of the enthalpic and entropic con-
tributions to the thermodynamic (van×t Hoff equation) and
to the kinetic (Eyring equation) properties], the origins of
the increased lability of fac-[Ru(Li)3]


2+ observed 1) on
going from [Ru(L2)3]


2+ to [Ru(L3)3]
2+ and 2) on increasing


the polarity of the solvent remain difficult to rationalise.
However, this observation has important synthetic conse-
quences for the use of RuII as a ™labile∫ partner in strict
self-assembly processes with L1, because the required ™error
checking∫ processes become available on the timescale of
an hour under judiciously chosen conditions.[10]


Crystal and molecular structure of mer-[Ru(L3)3](ClO4)2
(4): The crystal structure of 4 shows RuII in a six-coordinate
environment, coordinated by the nitrogen donor atoms of
the three bidentate benzimidazol-2-ylpyridine ligands. Li-
gands a and b adopt the same orientation, while ligand c is
reversed; this confirms the formation of the cation mer-
[Ru(L3)3]


2+ (Figure 5). One ionic perchlorate is disordered
(see Experimental Section), but shows no other interesting
feature. The coordination sphere of RuII can best be de-
scribed as an octahedron flattened along a pseudo-C3 axis
defined by the least-squares line passing through the ruthe-
nium and the barycentres of the triangular faces
F1 (N1a,N1b,N3c) and F2 (N1c,N3a,N3b; Figure 5).


The classical geometrical analysis that measures the bend-
ing (f), flattening (qi) and twist (wij) of the octahedron[8,9,20]


displays a negligible bending (f=177.48 compared with f=


1808 for a perfect octahedron; Table S2, Supporting Infor-
mation), but a significant flattening along the pseudo-C3 axis


Figure 4. Selected parts of the time-dependent 1H NMR spectra recorded
for [Ru(L2)3](ClO4)2¥2H2O, showing the slow isomerisation of fac-
[Ru(L2)3]


2+ (marked *) into mer-[Ru(L2)3]
2+ according to Equation (1)


(CD3CN, 298 K; numbering as in Figure 1).


Chem. Eur. J. 2004, 10, 3503 ± 3516 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3507


Triple-Stranded Helicates 3503 ± 3516



www.chemeurj.org





(qi=57.6±62.88, average 60.3(1.8)8 compared with qi=54.78
for a perfect octahedron; Table S2, Supporting Information).
This distortion is typical for the [M(benzimidazol-2-ylpyri-
dine)3] units in the heterobimetallic d±f helicates
[MLn(L1)3]


n+ (M=FeII,[21] CrIII,[9] CoIII[8]), and it results
from the constrained intraligand bite angles, which are
smaller (77.1±77.78, average 77.4(3)8 Table 1), than the 908
required for a perfect octahedron. The twist of the two tri-
angular faces F1 and F2 in mer-[Ru(L3)3]


2+ (wij intraligand=
50.6±53.6, average 51.9(1.5)8 ; Table S2, Supporting Informa-
tion) corresponds to a slight distortion from a perfect octa-


hedron (wij intraligand=608) towards a trigonal prism (wij


intraligand=08) as previously noticed in the crystal struc-
ture of [FeLa(L1)3]


5+ .[21] The same geometrical analysis has
been applied to the reference complex [Ru(2,2’-bipyridi-
ne)3](ClO4)2


[22] and shows very similar distortions (average
angles: f=177.48, qi=59.1(1.4)8, wij intraligand=51.0(7)8 ;
Table S2, Supporting Information). Similarly, the Ru�
N1(benzimidazole) bonds (average: 2.06(1) ä; Table 1) and
Ru�N3(pyridine) bonds (average: 2.078(2) ä; Table 1) in
mer-[Ru(L3)3]


2+ closely match Ru�N(pyridine)=2.058(2) ä
reported for [Ru(2,2’-bipyridine)3](ClO4)2.


[22]


We thus conclude that the replacement of a six-membered
pyridine ring in 2,2’-bipyridine with a five-membered imida-
zole ring in L3 has a negligible effect on the arrangement of
the three bidentate ligands around RuII, and that the signifi-
cantly increased lability of the fac-[Ru(L3)3]


2+Ðmer-
[Ru(L3)3]


2+ isomerisation cannot be ascribed to a specific
electronic and/or steric effect induced by the benzyl sub-
stituents that affects the Ru�N bonds. Although they are
not relevant to the solution behaviour, it is worth noting
that intermolecular p-stacking interactions occur between
the pyridine ring of ligand c and the peripheral phenyl ring
of the benzyl substituent of ligand a (interplanar angle
5.86(3)8, average interplanar distance 3.49 ä; Figure S2,
Supporting Information).


Electrochemical and photophysical properties of 1±3 : The
cyclic voltammograms of mer-[Ru(L2)3]


2+ and fac-
[Ru(L2)3]


2+ in acetonitrile (0.1 molL�1 [N(nBu)4]ClO4) are
identical within experimental error and show the expected
reversible oxidation wave assigned to the metal-centred
RuII/RuIII process (E1/2([Ru(L2)3]


3+/[Ru(L2)3]
2+)=0.94 V


versus SCE; Table 2), together with the three ligand-centred
reductions in the range �1.37 to �1.82 V versus SCE
(Table 2; Figure 6).


This behaviour parallels that reported for [Ru(2,2’-bipyri-
dine)3]


2+ [13,23] except that the
RuII/RuIII process in
[Ru(L2)3]


2+ is cathodically
shifted by 330 mV, and the first
ligand reduction is almost invar-
iant (cathodic shift 60 mV;
Table 2). Since the latter pro-
cess reflects the energy of the
p*-accepting orbitals in the
complex,[24] we deduce that L2
and 2,2’-bipyridine display com-
parable p-accepting properties.
The destabilisation of the elec-
tron-rich RuII in [Ru(L2)3]


2+


thus results from L2 being a
stronger p-donor than 2,2’-bi-
pyridine in the tris-chelate±
ruthenium complexes, and this
is strongly supported by the
4130±4790 cm�1 red shift of the
ligand-centred p!p* transitions
measured for [Ru(Li)3]


2+ in so-


Figure 5. Perspective view of mer-[Ru(L3)3]
2+ in the crystal structure of 4


showing the atomic numbering scheme.


Table 1. Selected bond lengths [ä] and bond angles [8] in mer-[Ru(L3)3](ClO4)2 (4) and [Ru(2,2’-bipyridi-
ne)3](ClO4)2.


mer-[Ru(L3)3](ClO4)2 (4) [Ru(2,2’-bipyridine)3](ClO4)2
[a]


ligand a ligand b ligand c ligands a,b ligand c


Ru�N1 2.073(3) 2.054(3) 2.068(3) Ru�N1 2.059(3) 2.056(3)
Ru�N3 2.079(3) 2.076(3) 2.069(3) Ru�N11 2.060(3) 2.056(3)


N1-Ru-N3 77.3(1) 77.7(1) 77.1(1) N1-Ru-N11 78.6(1) 78.5(1)
N1a-Ru-N1b 101.7(1) N1-Ru-N11 97.9(1)
N1a-Ru-N1c 85.0(1) N1-Ru-N11’ 92.0(1)
N1a-Ru-N3c 95.5(1) N1A-Ru-N11’ 94.9(1)
N1b-Ru-N3a 88.6(1) N11-Ru-N11’A 94.8(1)
N1b-Ru-N3c 96.8(1)
N1c-Ru-N3a 98.1(1)
N1c-Ru-N3b 96.1(1)
N3a-Ru-N3b 97.0(1)
N3b-Ru-N3c 90.3(1)
N1b-Ru-N1c 171.4(1) N1-Ru-N11A 172.6(1)
N1a-Ru-N3b 174.3(1) N11’-Ru-N¥N11’A 171.0(1)
N3a-Ru-N3c 171.7(1)


[a] Taken from ref. [22]. [Ru(2,2’-bipyridine)3](ClO4)2 possesses a crystallographic twofold axis, and ligands a
and b are thus equivalent and related by the symmetry operation A=�x,y, 0.5�z.
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lution (i=2, 3; 10�4 molL�1 in ethanol/methanol (4:1);
Table 3). This trend parallels that reported for the analogous
homoleptic complexes [Ru(L5)3]


2+ (E1/2([Ru(L5)3]
3+/


[Ru(L5)3]
2+)=0.61 V versus SCE),[25] [Ru(L6)3]


2+ (E1/2-
([Ru(L6)3]


3+/[Ru(L6)3]
2+)=0.59 V versus SCE),[25] and for


the heteroleptic complex [Ru(2,2’-bipyridine)2(L4)]
2+ (E1/2-


([Ru(bipy)2(L4)]
3+/[Ru(bipy)2(L4)]


2+ =1.18 V versus
SCE).[26] The introduction of benzyl substituents in mer-
[Ru(L3)3]


2+ induces a global anodic shift of 140±410 mV af-
fecting all redox processes (Table 2), but the main difference
concerns the irreversibility of the ligand-centred reduction
processes (Figure 6). However, the difference DE1/2 between
the oxidation and the first reduction process for [Ru(L2)3]


2+


(DE1/2=E1/2([Ru(L2)3]
3+/[Ru(L2)3]


2+)�E1/2([Ru(L2)3]
2+/


[Ru(L2)3]
+)=2.31 V) and mer-[Ru(L3)3]


2+ (DE1/2=2.04 V)


remain significantly smaller
than DE1/2=2.58 V calculated
for [Ru(2,2’-bipyridine)3]


2+ in
the same conditions.[13] We
therefore expect that the
1MLCT and 3MLCT excited
states are located at lower ener-
gies in [Ru(Li)3]


2+ (i=2, 3)
than in [Ru(2,2’-bipyridine)3]


2+ ,
assuming that the net reorgani-
sational free energy contribu-
tion cr is similar in these com-
plexes.[1d,27] The absorption
spectra recorded in solution
(10�4 molL�1 in ethanol/metha-
nol (4:1)) indeed confirms a
800±1000 cm�1 red shift of the
1MLCT transition on going
from [Ru(2,2’-bipyridine)3]


2+


(n=22170 cm�1) to [Ru(Li)3]
2+


(i=2, 3; 21185�n�
21370 cm�1; Table 3, Figure 7a).
mer-[Ru(L2)3]


2+ and fac-
[Ru(L2)3]


2+ display slightly dif-


Table 2. Electrochemical properties of mer-[Ru(L2)3](ClO4)2 (1), fac-
[Ru(L2)3](ClO4)2 (2) and mer-[Ru(L3)3](ClO4)2 (3) in CH3CN+


0.1 molL�1 [N(nBu)4]ClO4 (298 K).[a]


E1/2 E1/2 E1/2 E1/2/ Ref.
(RuIII/
RuII)


([RuL3]
2+/


[RuL3]
+)


([RuL3]
+/


[RuL3])
([RuL3]/
[RuL3]


�)


1 0.94 �1.37 �1.56 �1.82 this
work


2 0.94 �1.37 �1.56 �1.82 this
work


3 1.08 �0.96[b] �1.26[b] �1.41[b] this
work


[Ru(2,2’-
bipy)3]


2+
1.27 �1.31 �1.50 �1.77 [13]


[Ru(L5)3]
2+ 0.61 ±[c] ±[c] ±[c] [25]


[Ru(L6)3]
2+ 0.59 �2.00 �2.20 ± [25]


[a] Half-wave potentials E1/2 [V], versus SCE. [b] Irreversible redox pro-
cesses; E1/2 for the cathodic process is reported. [c] No observed reduc-
tion wave (ref. [25]).


Figure 6. Cyclic voltammograms of [Ru(L2)3]
2+ and mer-[Ru(L3)3]


2+ for
a) oxidation and b) reduction processes (CH3CN+0.1 molL�1


[N(nBu)4]ClO4, 100 mVs�1, 298 K).


Table 3. Photophysical properties of mer-[Ru(L2)3](ClO4)2 (1), fac-[Ru(L2)3](ClO4)2 (2), mer-[Ru(L3)3](ClO4)2
(3) and HHH-[RuLu(L1)3](CF3SO3)5 (5) in ethanol/methanol (4:1; 10�4 molL�1).


T [K] p!p*(abs) 1MLCT(abs) 3MLCT(em) t(em) F(em)
[cm�1][a] [cm�1][a] [cm�1][b] [ms�1]


1 296 30770 (41250) 21370 (10730) 14325 0.074(8) 0.0010(1)
77 ± ± 15150 1.62(3) 0.041(4)


2 296 30960 (39850) 21185 (8440) 14345 0.050(5) 0.0010(1)
77 ± ± 15950 3.2(1) 0.052(5)


3 296 30300 (41300) 21320 (11570) 14450 0.112(4) 0.0030(3)
77 ± ± 15220 1.70(6) 0.039(4)


[Ru(2,2’-bipy)3]
2+ 296 35090 (70000) 22170 (14730) 16285 0.643(4) 0.055(6)


[Ru(2,2’-bipy)3]
2+ 77 ± ± 17210 5.2(2) 0.36(4)


5 296 39840 (22120) 21100 (11350) 14730 0.242(5) 0.0056(6)
29850 (55000)


[c] 296 39525 (22050) 21100 (11100) 14730 0.384(6) 0.010(1)
29940 (55000)


77 ± ± 15470 2.0(1) 0.028(3)


[a] Molar extinction coefficients are given between parentheses. [b] nexc=20492 cm�1 and the values reported
at 77 K corrrespond to the 0±0 phonon transitions. [c] In acetonitrile.


Chem. Eur. J. 2004, 10, 3503 ± 3516 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3509


Triple-Stranded Helicates 3503 ± 3516



www.chemeurj.org





ferent absorption spectra and spectroscopic properties, as
previously reported for analogous [Ru(pyridine-azole)3]


2+


complexes.[6a]


On the basis of the pioneering work of Lever and co-
workers,[28] Endicott and co-workers[27] proposed a useful
and simple approximate correlation between DE1/2 and the
spectroscopic energy of the 1


MLCT transition in RuII com-
plexes: hnmax(abs)=FDE1/2+cr in which F stands for the
Faraday constant and cr corresponds to the reorganisational
free energy. Taking nmax(abs) at room temperature from
Table 3 and DE1/2 reported above, we calculate that cr in-
creases in the order cr([Ru(2,2’-bipyridine)3]


2+)=
1360 cm�1!cr(fac-[Ru(L2)3]


2+)=2550 cm�1cr(mer-


[Ru(L2)3]
2+)=2740 cm�1<cr(mer-[Ru(L3)3]


2+)=4870 cm�1.
The last value is not very reliable because of the irreversibil-
ity of the corresponding reduction wave. The higher reor-
ganisational free energies exhibited by [Ru(Li)3]


2+ (i=2, 3)
partially overcome the considerably higher value of DE1/2


characterizing [Ru(2,2’-bipyridine)3]
2+ , and this may explain


the only minor global red shift of the 1MLCT transition ob-
served on going from [Ru(2,2’-bipyridine)3]


2+ to [Ru(Li)3]
2+


(i=2, 3; Figure 7a). The emission spectra of [Ru(2,2’-bipyri-
dine)3]


2+ and [Ru(Li)3]
2+ (i=2, 3) obtained upon excitation


of the 1MLCT state originate from the 3MLCT state[1] and
confirm the red shift induced in these last complexes (Fig-
ure 7b, c). The lifetimes t(3MLCT) and the associated quan-
tum yields F measured at low temperature in frozen glasses
(77 K) are significantly reduced on going from [Ru(2,2’-bi-
pyridine)3]


2+ to [Ru(Li)3]
2+ (i=2, 3; Table 3). That this re-


duction is even greater at room temperature is diagnostic
for the existence of thermally activated de-excitation path-
ways involving d±d excited states close in energy.[1,2] For
[Ru(2,2’-bipyridine)3]


2+ , the zero-point energy difference be-
tween the d±d and the 3MLCT state, DEA=EA(d±
d)�EA(3MLCT), has been estimated to be around
4040 cm�1.[29] From the maximum of the emission band,
nmax(em), the zero-point energy of the 3MLCT state can be
calculated according to EA(3MLCT)=hnmax(em)+cr. There-
fore the actual zero-point energy of the d±d state is given by
EA(d±d)=hnmax(em)+cr+DEA. From the room temperature
emission spectrum shown in Figure 7b, and assuming the re-
organisational energy of the ground state to be the same as
that in the MLCT states, EA(d±d)22500 cm�1 for [Ru(2,2’-
bipyridine)3]


2+ . Since the ratio of J˘rgensen×s ligand-field
parameters[30] between the bipyridine and benzimidazole-2-
ylpyridine units amounts to fbenzimidazol-2-ylpyridine/fbipyridine=
0.87,[31] we deduce that the ratio of the ligand-field splittings
is 10Dq([Ru(Li)3]


2+)/10Dq([Ru(2,2’-bipyridine)3]
2+)=0.87.


Even though 10Dq for a given ligand depends upon the
metal±ligand distance, this ratio is not only valid at the equi-
librium geometry of the ground state, but also for other ge-
ometries, and therefore EA(d±d)19500 cm�1 for [Ru(Li)3]


2+


(i=2, 3). This, in turn, translates into DEA=EA(d±
d)�hnmax(em)�cr19500�14370�26502500 cm�1 for mer/
fac-[Ru(L2)3]


2+ , which is indeed lower than that found in
[Ru(2,2’-bipyridine)3]


2+ (4040 cm�1),[29] in line with the
shorter lifetimes and the quantum yields, which are found to
be one order of magnitude smaller for [Ru(L2)3]


2+ at 296 K
(Table 3). The rather uncertain value of cr for [Ru(L3)3]


2+


due to the irreversibility of the reduction wave in the cyclic
voltammogram excludes the possibility of a reliable estimate
of DEA for this complex, but from the quantum yields and
luminescence lifetimes at both 77 and 298 K we conclude
that it must be of the same magnitude as that for
[Ru(L2)3]


2+ .


Use of the ™labile∫ fac-[Ru(benzimidazol-2-ylpyridine)3]
2+


Ðmer-[Ru(benzimidazol-2-ylpyridine)3]
2+ isomerisation


process in solution for the strict self-assembly of
[RuLu(L1)3]


5+ : Preliminary attempts to make L1 react with
[Ru(dmso)4Cl2] or [Ru(dmso)5(H2O)](CF3SO3)2¥H2O in eth-


Figure 7. a) Absorption spectra of [Ru(Li)3]
2+ (i=2, 3) and [Ru(2,2’-bi-


pyridine)3]
2+ in ethanol/methanol (4:1, 296 K) showing the 1MLCT tran-


sition. b) Emission spectra of [Ru(Li)3]
2+ (i=2, 3; 10�4 molL�1) and


[Ru(2,2’-bipyridine)3]
2+ (10�5 molL�1) in ethanol/methanol (4:1) at 296 K


and c) in frozen glasses at 77 K.
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anol produced intricate mixtures of mer-[Ru(L1)3]
2+and fac-


[Ru(L1)3]
2+ , in which RuII was coordinated by the three bi-


dentate segments, together with considerable quantities of
noncharacterised species involving the complexation of the
tridentate segments. Taking advantage of the relative lability
of [Ru(benzimidazol-2-ylpyridine)3]


2+ in polar solvents, we
performed the same reaction by using L1 (3 equiv) with an
equimolar mixture of [Ru(dmso)5(H2O)](CF3SO3)2¥H2O
(1 equiv) and Lu(CF3SO3)3¥1.4H2O in hot ethanol. Since
only fac-[Ru(L1)3]


2+ can coordinate LuIII efficiently by
wrapping the three tridentate benzimidazole±pyridine±car-
boxamide units to give the triple-stranded helicate HHH-
[RuLu(L1)3]


5+ (where HHH stands for head-to-head-to-
head),[10c] the facial conformation is strongly stabilised by
enthalpic and entropic contributions,[8±10] and we have
indeed isolated HHH-[RuLu(L1)3](CF3SO3)5¥2CH3OH¥H2O
(5) in 70% yield after recrystallisation. The 1H NMR spec-
trum confirms the exclusive formation of the C3-symmetrical
HHH-[RuLu(L1)3]


5+ in solution, resulting from three li-
gands adopting a parallel arrangement (Figure 8). The
23 observed 1H NMR signals correspond to protons connect-
ed to 20 carbon atoms for which H7±H8, H15±H16 and H17±
H18 are diastereotopic as a result of the blocked PÐM heli-
cal interconversion occurring in HHH-[RuLu(L1)3]


5+ on the
NMR timescale (see Figure 1 for numbering). The unusual
shielding of the aromatic protons H6 and H9 is diagnostic for
the helical wrapping of the strands, which puts these protons
in the shielding region of the
neighbouring connected benzi-
midazole rings, as previously es-
tablished for the analogous dia-
magnetic d±f helicates HHH-
[ZnLu(L1)3]


5+ ,[32] HHH-
[FeLu(L1)3]


5+ [21] and HHH-
[CoLu(L1)3]


6+ .[8]


The electronic absorption
spectrum of HHH-
[RuLu(L1)3]


5+ in ethanol/meth-
anol (4:1) (Figure S3a, Support-
ing Information) shows the
1MLCT transition centred at
21100 cm�1 as similarly ob-
served for fac-[Ru(L2)3]


3+


(Table 3), while the emission of
the 3MLCT excited state, ob-
served upon excitation of the
1MLCT transition, is slightly
blue-shifted by 385 cm�1


(Table 3; Figure S3b,c, Support-
ing Information). This suggests
that the complexation of LuIII


in the distal nine-coordination
site affects the stereoelectronic
properties of the pseudo-octa-
hedral RuII site in HHH-
[RuLu(L1)3]


5+ only very slight-
ly. However, the lifetime of the
triplet charge-transfer state
(t(3MLCT)=0.242(5) ms) is


fivefold longer than that measured for fac-[Ru(L2)3]
3+ at


296 K, while these lifetimes remain comparable at low tem-
perature (t(3MLCT)=2.0(1) ms for HHH-[RuLu(L1)3]


5+


and t(3MLCT)=3.2(1) ms for fac-[Ru(L2)3]
2+ at 77 K;


Table 3). The quantum yields follow the same trend and we
tentatively assign this beneficial effect in the bimetallic heli-
cate to a slightly larger separation DE=E(d±d)�E(3MLCT)
induced by a small distortion of the RuII coordination
sphere resulting from the complexation of LuIII in the neigh-


Figure 8. 1H NMR spectrum of HHH-[RuLu(L1)3]
5+ (CD3CN, 298 K;


numbering as in Figure 1).


Figure 9. a) Perspective view of HHH-[RuLu(L1)3]
5+ perpendicular to the pseudo-C3 axis in the crystal struc-


ture of 6, and b) atomic numbering scheme of strand a (ellipsoids are represented at the 40% probability
level).
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bouring site. Finally, fragile monocrystals suitable for X-ray
diffraction analysis are obtained when half a triflate anion is
replaced with Cl� to give HHH-[RuLu(L1)3](CF3-
SO3)4.5Cl0.5¥2.5CH3OH (6).


Crystal and molecular structure of HHH-[RuLu(L1)3](CF3-
SO3)4.5Cl0.5¥2.5CH3OH (6): The crystal structure of 6 consists
of triple-stranded cations HHH-[RuLu(L1)3]


5+ together
with disordered ionic triflate and chloride anions, and non-
coordinated methanol molecules (see Experimental Sec-
tion). The wrapping of the ligands results from successive
torsions around the interaromatic C�C bonds, and around
the central methylene unit as previously described for the
analogous d±f bimetallic helicates HHH-[ZnEu(L1)3]


5+ ,[32]


HHH-[FeLa(L1)3]
5+ ,[21] HHH-[CrLu(L1)3]


6+ [9] and HHH-
[CoLu(L1)3]


6+ .[8] Selected bond lengths and bond angles for
HHH-[RuLu(L1)3]


5+ are collected in Table 4, while Figure 9
displays its molecular structure together with the atomic
numbering scheme.


The similarity of the Lu�N and Lu�O bond lengths in
HHH-[RuLu(L1)3]


5+ and HHH-[CoLu(L1)3]
6+ [8] indicates


that the complexation of the large low-spin d6 RuII ion (we
calculate RCN¼6


Ru =0.595 ä in 6 according to Shannon×s defini-
tion and r(N)=1.46 ä)[33] does not induce significant me-
chanical constraints around LuIII compared with the alterna-
tive complexation of the smaller CoIII ion (RCN¼6


Co =


0.545 ä).[33] The detailed geometrical analysis using the
angles f, qi and wij for the pseudo-tricapped trigonal pris-
matic LuIII site[8] shows only minor differences between
HHH-[RuLu(L1)3]


5+ and HHH-[CoLu(L1)3]
6+ (Table S3,


Supporting Information). However, the related analysis per-
formed on the pseudo-octahedral RuII and CoIII sites high-
lights a slightly smaller twist of the the bidentate binding
units around RuII (wij(intraligand)=52.9±54.58 compared
with 56±578 around CoIII in HHH-[CoLu(L1)3]


6+ ; Table S4,
Supporting Information). This translates into a larger helical
pitch P12=d(F1±F2)/(a/360)=13.35 ä for the helical portion
defined by the two facial planes F1 (N1a,N1b,N1c) and F2


(N2a,N2b,N2c) (P12=13.11 ä in HHH-[CoLu(L1)3]
6+ ,


Table 4. Selected bond lengths [ä] and bond angles [8] in [RuLu(L1)3](CF3SO3)4.5Cl0.5¥2.5CH3OH (6) and [CoLu(L1)3](CF3SO3)6(CH3CN)2(H2O).


[RuLu(L1)3](CF3SO3)4.5Cl0.5¥2.5CH3OH (6) [CoLu(L1)3](CF3SO3)6(CH3CN)2(H2O)[a]


ligand a ligand b ligand c ligand a ligand b ligand c


Lu¥¥¥Ru 9.0794(9) ± ± Lu¥¥¥Co 9.234(2) ± ±
Lu�O1 2.345(5) 2.284(5) 2.326(4) Lu�O1 2.316(5) 2.340(5) 2.339(5)
Lu�N4 2.534(6) 2.469(6) 2.514(5) Lu�N4 2.474(5) 2.516(6) 2.495(6)
Lu�N6 2.518(4) 2.531(5) 2.515(4) Lu�N6 2.526(6) 2.508(6) 2.518(6)
Ru�N1 2.064(6) 2.060(5) 2.055(5) Co�N1 1.955(6) 1.956(6) 1.962(6)
Ru�N2 2.051(5) 2.044(5) 2.057(5) Co�N2 1.929(6) 1.925(6) 1.914(6)
Bite angles
O1-Lu-N4 128.2(1) 128.7(2) 129.6(2) O1-Lu-N4 128.3(2) 130.2(2) 128.0(2)
O1-Lu-N6 63.8(2) 64.2(2) 65.2(1) O1-Lu-N6 63.3(3) 65.9(2) 64.1(2)
N4-Lu-N6 64.5(2) 64.5(2) 64.7(2) N4-Lu-N6 65.1(2) 64.6(2) 64.0(2)
N1-Ru-N2 77.8(2) 77.5(2) 77.9(2) N1-Co-N2 83.2(2) 83.1(2) 82.1(2)


N-Ru-N
N-Co-N


N1a-Ru-N1b 98.7(2) N2a-Ru-N2b 99.8(2) N1a-Co-N1b 94.8(2) N2a-Ru-N2b 93.6(2)
N1a-Ru-N2b 175.7(2) N2a-Ru-N2c 99.3(2) N1a-Co-N2b 176.2(2) N2a-Ru-N2c 97.6(2)
N1a-Ru-N2c 85.0(2) N1b-Ru-N1c 97.7(2) N1a-Co-N2c 88.2(2) N1b-Ru-N1c 93.9(2)
N1a-Ru-N1c 95.0(2) N1b-Ru-N2c 174.5(2) N1a-Co-N1c 95.4(2) N1b-Ru-N2c 175.2(2)
N2a-Ru-N1b 85.5(2) N2b-Ru-N1c 87.5(2) N2a-Co-N1b 86.5(2) N2b-Ru-N1c 87.8(2)
N2a-Ru-N1c 172.5(2) N2b-Ru-N2c 99.0(2) N2a-Co-N1c 178.6(2) N2b-Ru-N2c 94.1(2)


N-Lu-N
N-Lu-N


N4a-Lu-N4b 88.3(2) N6a-Lu-N6b 119.5(2) N4a-Lu-N4b 80.5(2) N6a-Lu-N6b 114.8(2)
N4b-Lu-N4c 82.7(2) N6b-Lu-N6c 117.4(2) N4b-Lu-N4c 86.2(2) N6b-Lu-N6c 124.0(2)
N4a-Lu-N4c 83.9(2) N6a-Lu-N6c 121.5(2) N4a-Lu-N4c 86.9(2) N6a-Lu-N6c 119.7(2)
N4a-Lu-N6c 74.7(2) N4a-Lu-N6b 148.0(2) N4a-Lu-N6c 76.1(2) N4a-Lu-N6b 142.2(2)
N6a-Lu-N4b 75.6(2) N4b-Lu-N6c 144.3(2) N6a-Lu-N4b 74.0(2) N4b-Lu-N6c 142.6(2)
N6b-Lu-N4c 76.5(2) N6a-Lu-N4c 141.6(2) N6b-Lu-N4c 77.2(2) N6a-Lu-N4c 147.6(2)


O-Lu-N
O-Lu-N


N4a-Lu-O1b 139.9(2) N4a-Lu-O1c 79.1(2) N4a-Lu-O1b 143.8(2) N4a-Lu-O1c 82.8(2)
N6a-Lu-O1b 132.1(2) N6a-Lu-O1c 67.4(2) N6a-Lu-O1b 134.1(2) N6a-Lu-O1c 66.7(2)
N6b-Lu-O1c 132.7(2) N4b-Lu-O1c 142.8(1) N6b-Lu-O1c 133.7(2) N4b-Lu-O1c 140.7(2)
O1a-Lu-N6b 67.5(2) O1a-Lu-N4b 82.7(2) O1a-Lu-N6b 65.4(2) O1a-Lu-N4b 85.5(2)
O1a-Lu-N4c 144.1(2) O1a-Lu-N6c 132.4(2) O1a-Lu-N4c 141.6(2) O1a-Lu-N6c 131.8(2)
O1b-Lu-N4c 86.1(2) O1b-Lu-N6c 65.9(2) O1b-Lu-N4c 78.1(2) O1b-Lu-N6c 67.7(2)


O-Lu-O
O-Lu-O


O1a-Lu-O1b 77.9(2) O1b-Lu-O1c 77.9(2) O1a-Lu-O1b 78.9(2) O1b-Lu-O1c 81.1(2)
O1a-Lu-O1c 78.3(2) ± ± O1a-Lu-O1c 77.5(2) ± ±


[a] Taken from ref. [8b].
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Table 5).[8] The latter effect contrasts with the nonbonded
Ru¥¥¥Lu distance in HHH-[RuLu(L1)3]


5+ (9.0794(9) ä),
which is indeed shorter than the analogous Co¥¥¥Lu distance
reported for HHH-[CoLu(L1)3]


6+ (9.234(2) ä),[8] and which


may be ascribed to the increased wrapping (that is, a smaller
helical pitch) characterizing the large intermetallic helical
portion F2±F3 in HHH-[RuLu(L1)3]


5+ (Table 5). Conse-
quently, the two triple-helical complexes HHH-
[RuLu(L1)3]


5+ and HHH-[CoLu(L1)3]
6+ cannot be strictly


superimposed (Figure S4, Supporting Information).
The pseudo-octahedral RuII coordination sphere in HHH-


[RuLu(L1)3]
5+ shows that the three bidentate benzimidazol-


2-ylpyridine units adopt a facial arrangement at odds with
the molecular structure of mer-[Ru(L3)3]


2+ (Figure 9). Inter-
estingly, both the Ru�N1(pyridine) bond lengths (average:
2.060(5) ä; Table 4) and the Ru�N2(benzimidazole) bonds
(average: 2.051(7) ä; Table 4) are shorter than those mea-
sured in mer-[Ru(L3)3]


2+ , which implies that the complexa-
tion of LuIII constrains the bidentate binding to be closer to
the RuII ion. This is in line with the increased ligand field in
HHH-[RuLu(L1)3]


5+ suggested by our photophysical data
(lifetimes and quantum yields). Finally, the triple-stranded
HHH-[RuLu(L1)3]


5+ ions are packed into columns along


the [111] direction, thus providing a pseudo-hexagonal ar-
rangement in the crystal of 6 (Figure S5, Supporting Infor-
mation). In each column, two successive helices are related
by an inversion centre leading to intermolecular Lu¥¥¥Lu and


Ru¥¥¥Ru distances of 12.9536(9)
and 9.1632(11) ä respectively.


Conclusion


To the best of our knowledge,
the thermodynamic self-assem-
bly of the single-stranded bi-
metallic helicate [(terpy)Ru-
(quinquepyridine)Ru(terpy)-
Cl]3+ is the only previously re-
ported event in which RuII has
been tentatively used as a
™labile∫ partner in the forma-
tion of helicates.[34] However,
no yield was reported and the
final complex was obtained
upon reduction of a nonisolated
RuIII precursor, which prevents


rationalisation of the chemical mechanism. Another attempt
provided a hexameric RuII wheel from the RuIII precursor,
but again it is not clear which oxidation state is involved in
the thermodynamic equilibria.[13b] In this contribution, we
have demonstrated that the kinetics of the fac-[Ru(benzimi-
dazol-2-ylpyridine)3]


2+Ðmer-[Ru(benzimidazol-2-ylpyri-
dine)3]


2+ isomerisation process depends on solvent polarity
and on the substitution of the benzimidazole ring. Although
the chemical origins of these effects await complete varia-
ble-temperature thermodynamic and kinetic studies, their
exploitation in the self-assembly of heterobimetallic d±f hel-
icates has led to the first isolation of a triple-stranded Ru-
containing helicate, [RuLu(L1)3]


5+ . This opens interesting
perspectives for using [Ru(a,a’-diimine)3]


2+ as sensitisers for
ultimate near-infrared emissions of distal 4f-block ions
(Ln=Nd, Er, Yb),[3] but the specific photophysical proper-
ties of the [Ru(benzimidazol-2-ylpyridine)3]


2+ chromophore
is not ideal (short t(3MLCT) lifetimes and low quantum
yields), because interactions with low-energy excited d±d
states provide efficient thermally activated pathways for
nonradiative deactivation. This situation is not desperate,
however, since such deleterous effects can be removed
either by the connection of p-attracting[35a] or s-donating[35b]


groups to the aromatic rings, which increases the ligand-
field strength without significantly affecting the energy of
the MLCT states. Finally, the comparison of the velocities of
the fac-[M(benzimidazol-2-ylpyridine)3]


2+Ðmer-[M(benz-
imidazol-2-ylpyridine)3]


2+ isomerisation processes for M=


RuII (a typical inert d-block cation) with M=ZnII (a typical
labile d-block cation) is very informative. Variable-tempera-
ture NMR data recorded for [Zn(L2)3]


2+ and [Zn(L3)3]
2+ in


CD3CN show an average D3h symmetry at room tempera-
ture compatible with fast facÐmer isomerisation on the
NMR timescale (that is, in the millisecond range; Figure S6,
Supporting Information). Separated signals are only ob-


Table 5. Helical pitches Pij, linear distances d(Fi±Fj) and average twist angles aij along the pseudo-C3 axis
[a] in


the crystal structures of [RuLu(L1)3](CF3SO3)4.5Cl0.5¥2.5CH3OH (6) and [CoLu(L1)3](CF3SO3)6(CH3CN)2-
(H2O).


HHH-[RuLu(L1)3]
5+ HHH-[CoLu(L1)3]


6+ [b]


d(Fi±Fj) [ä] aij [8]
[c] Pij [ä] d(Fi±Fj) [ä] aij [8] Pij [ä]


F1±F2
[d] 2.00 54 13.35 2.04 56 13.11


F2±F3 6.46 117 19.86 6.66 117 20.49
F3±F4 1.75 52 12.06 1.75 52 12.11
F4±F5 1.41 58 8.72 1.40 58 8.68
F1±F5 11.62 281 14.88 11.85 284 15.02
Lu¥¥¥M 9.0794(9) ± ± 9.234(2) ± ±


[a] Each helical portion F1±F2, F2±F3, F3±F4 and F4±F5 is characterised by 1) a linear extension d(Fi±Fj) defined
by the separation between the facial planes, 2) an average twist angle aij defined by the angular rotation be-
tween the projections of Ni and Nj (or Oj) belonging to the same ligand strand onto an intermediate plane
passing through the metal (or the midpoint X in Scheme 2) and 3) its pitch Pij defined as the ratio of axial
over angular progressions along the helical axis Pij=d(Fi±Fj)/(aij/360) (Pij corresponds to the length of a cylin-
der containing a single turn of the helix defined by geometrical characteristics d(Fi±Fj) and aij).


[9] [b] Taken
from refs. [8b] and [9]. [c] aij are given as C3 average values. [d] F1: N1a, N1b, N1c; F2: N2a, N2b, N2c; F3:
N4a, N4b, N4c; F4: N6a, N6b, N6c; F5: O1a, O1b, O1c (see Scheme 2).


Scheme 2. Helical portions Fi±Fj (see Table 5).
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served at the lowest accessible temperature (233 K), and we
can conclude that the assembly of the d±f helicates
[MLn(L1)3]


5+ can be performed successfully for noncovalent
tripods whose lability changes by more than six orders of
magnitude (that is, from the millisecond (M=Zn) to the
hour (M=Ru) range).


Experimental Section


Solvents and starting materials : These were purchased from Fluka AG
(Buchs, Switzerland) and used without further purification unless other-
wise stated. Acetonitrile, dichloromethane and N,N-dimethylformamide
were distilled from CaH2. The ligands 2-{6-[N,N-diethylcarboxamido]pyri-
din-2-yl}-1,1’-dimethyl-5,5’-methylene-2’-(5-methylpyridin-2-yl)bis[1H-
benzimidazole] (L1),[32] 5-methyl-(1-methylbenzimidazol-2-yl)pyridine
(L2),[15] 6-methylpyridine-2-carboxylic acid,[32] [Ru(dmso)4Cl2]


[36] and
Na2Sb2[(+)-C4O6H2]2¥5H2O


[4a] were prepared according to literature pro-
cedures. The triflate salt Lu(CF3SO3)3¥1.4H2O was prepared from the cor-
responding oxide (Rhodia, 99.99%).[37] The Lu content of solid salts was
determined by complexometric titrations with Titriplex III (Merck) in
the presence of urotropine and xylene orange.[38]


Preparation of benzyl(2-nitrophenyl)amine : A mixture of 1-chloro-2-ni-
trobenzene (10 g, 0.0634 mol) and benzylamine (134 g, 1.25 mol) was stir-
red at 100 8C for 24 h in an autoclave. The orange solution was poured
into water (80 mL) and extracted with dichloromethane (3î200 mL).
The combined organic layers were dried over MgSO4 and evaporated.
The excess of benzylamine was removed by vacuum distillation (5î
10�2 bar, 30 8C), and the resulting orange solid purified by column chro-
matography (silica gel, CH2Cl2) to give 10.5 g (46.1 mmol, yield 73%) of
benzyl(2-nitrophenyl)amine as an orange solid. M.p.=72 8C. 1H NMR
(CDCl3): d=8.40 (br s, 1H, NH), 8.15 (dd, J3=8 Hz, J4=1 Hz, 1H), 7.25±
7.35 (m, 6H), 6.75 (d, J3=8 Hz, 1H), 6.60 (dt, J3=8 Hz, J4=1 Hz, 1H),
4.58 ppm (d, J3=6 Hz, 2H); 13C NMR (CDCl3): d=145.1, 137.2, 136.1,
132.0, 128.8, 127.6, 127.0, 126.7, 115.6, 114.1, 47.0 ppm; EI-MS: m/z : 228
[M+]; elemental analysis calcd (%) for C13H12N2O2: C 68.41, H 5.30, N
12.27; found: C 68.50, H 5.27, N 12.35.


Preparation of the [benzyl(2-nitrophenyl)]amide of 5-methylpyridine-2-
carboxylic acid : A mixture of 6-methylpyridine-2-carboxylic acid (1 g,
7.29 mmol), thionyl chloride (5.2 mL, 72.9 mmol) and DMF (300 mL) was
refluxed for 90 min in dry dichloromethane (100 mL). The mixture was
evaporated and dried under vacuum for 1 h. The resulting dark green
solid was dissolved in dichloromethane (50 mL) and added dropwise to a
solution of benzyl(2-nitrophenyl)amine (1.80 g, 7.9 mmol) and triethyl-
amine (11 mL, 79 mmol). The solution was refluxed for 12 h under an
inert atmosphere. After evaporation, the green residue was partitioned
between dichloromethane (200 mL) and half-saturated aqueous NH4Cl
solution (200 mL). The aqueous phase was extracted with dichlorome-
thane (3î150 mL), then the combined organic layers were dried
(MgSO4) and evaporated. The crude brown oil was purified by column
chromatography (silica gel, CH2Cl2/MeOH (100:0!98:2)) to give (1.7 g,
4.9 mmol; yield 67%) of 5-methylpyridine-2-carboxylic acid [benzyl(2-ni-
trophenyl)]amide as a pale orange solid. M.p.=80 8C; 1H NMR (CDCl3):
d=7.87 (s, 1H), 7.82 (dd, J3=8 Hz, J4=1 Hz, 1H), 7.68 (dd, J3=8 Hz,
1H), 7.39 (dd, J3=8 Hz, J4=1 Hz, 1H), 7.31±7.22 (m, 7H), 6.90 (dd, J3=
8 Hz, J4=1 Hz, 1H), 5.71 (d, J2=15 Hz, 1H), 4.45 (d, J2=15 Hz, 1H),
2.16 ppm (s, 3H); 13C NMR (CDCl3): d=167.7, 150.0, 148.0, 146.8, 137.4,
137.2, 136.7, 134.8, 133.1, 132.3, 129.6, 129.0, 128.7, 128.0, 125.2, 124.3,
54.1, 18.3 ppm; EI-MS: m/z : 347 [M+]; elemental analysis calcd (%) for
C20H17N3O3: C 69.15, H 4.93, N 12.10; found: C 69.30, H 5.10, N 12.15.


Preparation of 5-methyl(1-benzylbenzimidazol-2-yl)pyridine (L3): The
[benzyl(2-nitrophenyl)]amide of 5-methylpyridine-2-carboxylic acid
(600 mg, 1.7 mmol) was dissolved in ethanol (120 mL) containing distilled
water (40 mL), concentrated HCl (4 mL, 37%) and activated iron (2 g,
36 mmol). The solution was refluxed for 12 h under a nitrogen atmos-
phere. The excess of metallic iron was removed by filtration, the ethanol
was evaporated and a solution of Na2H2EDTA (20 g, 55 mmol, in 100 mL
of water) was added. The pH was adjusted to 9 with ammonium hydrox-
ide, and the aqueous phase was extracted with dichloromethane (3î


100 mL). The combined organic phases were dried over MgSO4 and the
solvent was evaporated. The resulting solid was recrystallised from di-
chloromethane/hexane (50:50) to give L3 (460 mg, 1.54 mmol; yield
90%) as a white microcrystalline powder. M.p.=120 8C; 1H NMR
(CDCl3): d=8.41 (dd, J3=8 Hz, J4=1 Hz, 1H), 8.30 (d, J3=9 Hz, 1H),
7.81 (dd, J3=8 Hz, J4=1 Hz, 1H), 7.60 (dd, J3=8 Hz, J4=1 Hz, 1H),
7.10±7.32 (m, 7H), 6.15 (s, 2H), 2.34 ppm (s, 3H); 13C NMR (CDCl3): d=
150.3, 149.1, 148.8, 148.0, 142.9, 137.9, 137.7, 137.5, 136.9, 133.8, 128.6,
127.3, 126.9, 124.3, 123.4, 122.8, 120.0, 110.8, 49.0, 18.5 ppm; EI-MS: m/z :
299 [M+]; elemental analysis calcd (%) for C20H17N3: C 80.24, H 5.72, N
14.04; found: C 80.30, H 5.65, N 14.17.


Preparation of [Ru(dmso)5(H2O)](CF3SO3)2¥H2O : [Ru(dmso)4(Cl)2]
(300 mg, 0.62 mmol) and Ag(CF3SO3) (319 mg, 1.24 mmol, 2.1 equiv)
were dissolved in DMSO/acetone (2:1, 6.5 mL). After 1 h of stirring at
RT, the solution was filtered to remove AgCl and acetone (50 mL) was
added to induce precipitation. After 6 h at 4 8C, [Ru(dmso)5(H2O)](CF3-
SO3)2¥H2O (310 mg, 0.47 mmol; yield 70%) was isolated by filtration as a
pale yellow powder. ESI-MS: m/z : 257 [Ru(dmso)5(H2O)]2+; elemental
analysis calcd (%) for [Ru(dmso)5(H2O)](CF3SO3)2¥H2O: C, 17.50; H,
4.12. found: C, 17.51; H, 4.11.


Preparation of [Ru(L2)3](ClO4)2¥2H2O : A mixture of L2 (100 mg,
0.45 mmol) and [Ru(dmso)4Cl2] (72.5 mg, 0.15 mmol) was refluxed in eth-
anol (20 mL) for 24 h. The solution turned deep red and was concentrat-
ed to a final volume of about 10 mL. Diethyl ether was added to induce
precipitation, and a red solid (90 mg) was collected by filtration and re-
dissolved in water (18 mL). A saturated aqueous solution of sodium per-
chlorate was added until precipitation occurred. The crude product was
extracted with dichloromethane (2î10 mL), and the red solid was sepa-
rated by filtration and precipitated from acetonitrile/diethyl ether to give
[Ru(L2)3](ClO4)2¥2H2O (81 mg, 0.084 mmol; yield 56%) as a 3:1 mixture
of mer-[Ru(L2)3](ClO4)2¥2H2O and fac-[Ru(L2)3](ClO4)2¥2H2O; ESI-MS:
m/z : 385 [Ru(L2)3]


2+ ; elemental analysis calcd (%) for C42H39N9O8Cl2-
Ru¥2H2O: C 50.20, H 4.25, N 12.54; found: C 50.14, H 4.12, N 12.68.


Separation of mer-[Ru(L2)3](ClO4)2¥2H2O (1) and fac-[Ru(L2)3]-
(ClO4)2¥2H2O (2): In a typical experiment, a portion (50 mg) of the 3:1
mixture was dissolved in dichloromethane (1 mL) and extracted with an
aqueous solution of Na2Sb2[(+)-C4O6H2]2¥5H2O (1 mL, 0.1 molL�1). The
aqueous phase was separated and sorbed onto a column (1.5 cm diameter
and 1 m length) containing Sephadex C-25 (10 g) suspended in water.
The elution was performed using an aqueous solution of Na2Sb2[(+)-
C4O6H2]¥5H2O (0.1 molL�1). Two successive bands were collected sepa-
rately. Precipitation with saturated aqueous NaClO4 (1 mL) gave mer-
[Ru(L2)3](ClO4)2¥2H2O (1, 34.5 mg; yield 69%) and fac-[Ru(L2)3]-
(ClO4)2¥2H2O (2, 10 mg; yield 20%).


mer-[Ru(L2)3](ClO4)2¥2H2O (1): ESI-MS: m/z : 385 [Ru(L2)3]
2+ ; elemen-


tal analysis calcd (%) for C42H39N9O8Cl2Ru¥2H2O (mer): C 50.20, H 4.25,
N 12.54; found: C 50.14, H 4.18, N 12.69.


fac-[Ru(L2)3](ClO4)2¥2H2O (2): ESI-MS: m/z : 385 [Ru(L2)3]
2+ ; elemen-


tal analysis calcd (%) for C42H39N9O8Cl2Ru¥2H2O (fac): C 50.20, H 4.25,
N 12.54; found: C 50.17,H 4.14, N 12.62.


Preparation of [Ru(L3)3](ClO4)2¥CH3CN¥H2O : A solution of L3 (100 mg,
0.34 mmol) and [Ru(dmso)4Cl2] (56.6 mg, 0.11 mmol) in ethanol was re-
fluxed for 24 h. Half of the solvent was removed by distillation and pre-
cipitation was induced by adding diethyl ether. After filtration, the resid-
ual red solid was dissolved in water (10 mL) and saturated aqueous
NaClO4 was added until a red solid was precipitated; it was collected by
filtration. Precipitation from acetonitrile/diethyl ether gave [Ru(L3)3]-
(ClO4)2¥CH3CN¥H2O (95 mg, 0.079 mmol; yield 72%) as a 3:1 mixture of
mer-[Ru(L3)3](ClO4)2¥CH3CN¥H2O and fac-[Ru(L3)3](ClO4)2¥CH3CN¥
H2O. ESI-MS: m/z : 499.8 [Ru(L3)3]


2+ ; elemental analysis calcd (%) for
C60H51N9O8Cl2Ru¥CH3CN¥H2O: C 59.23, H 4.49, N 11.14; found: C 59.30,
H 4.55, N 11.21.


Separation of mer-[Ru(L3)3](ClO4)2¥CH3CN¥H2O (3): In a typical experi-
ment, a portion (50 mg) of the 3:1 mixture was dissolved in dichloro-
methane (1 mL) and extracted with an aqueous solution of Na2Sb2[(+)-
C4O6H2]2¥5H2O (1 mL, 0.1 molL�1). The aqueous phase was separated
and sorbed onto a column (diameter 1.5 cm, length 1 m) containing Se-
phadex C-25 (10 g) suspended in water. The elution was performed using
an aqueous solution of Na2Sb2[(+)-C4O6H2]¥5H2O (0.1 molL�1). A single
band was collected and precipitated with saturated aqueous NaClO4
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(1 mL) to give mer-[Ru(L3)3](ClO4)2¥CH3CN¥H2O (3, 45 mg; yield 90%).
ESI-MS: m/z : 499.6 [Ru(L3)3]


2+ ; elemental analysis calcd (%) for
C60H51N9O8Cl2Ru¥CH3CN¥H2O: C 59.23, H 4.49, N 11.14; found: C 59.32,
H 4.59, N 11.19. X-ray quality prisms of mer-[Ru(L3)3](ClO4)2 (4) were
obtained by slow diffusion of tert-butyl methyl ether into a concentrated
solution of 3 in acetonitrile.


Preparation of HHH-[RuLu(L1)3](CF3SO3)5¥2CH3OH¥H2O (5): Ligand
L1 (100 mg, 0.183 mmol, 3 equiv) was suspended in ethanol (8 mL) under
an inert atmosphere and Lu(CF3SO3)3¥1.4H2O (39.7 mg, 0.0612 mmol,
1 equiv) dissolved in ethanol (0.5 mL) was added. This mixture was stir-
red for 30 min, then solid [Ru(dmso)5(H2O)](CF3SO3)2¥H2O (50.5 mg,
0.0612 mmol, 1 equiv) was added. The resulting mixture was refluxed for
6 h and then filtered to remove solid impurities. The solvent was distilled
under vacuum, and a red solid was obtained. Recrystallisation from
methanol/diethyl ether led to the formation of 5 (115 mg, 0.043 mmol;
yield 70%). ESI-MS: m/z : 514.4 (RuLu(L1)3(CF3SO3)]


4+ ; elemental anal-
ysis calcd (%) for [LuRu(L1)3](CF3SO3)5¥2CH3OH¥H2O: C, 46.56; H,
4.02; N, 10.76; found: C, 46.71; H, 4.11; N, 10.87.


Preparation of HHH-[RuLu(L1)3](CF3SO3)4.5Cl0.5¥2.5CH3OH (6): The
procedure described for 5 was followed, except for the use of [Ru(dm-
so)4(Cl)2] (29.6 mg, 0.0612 mmol, 1 equiv). The resulting mixture was re-
fluxed for 16 h and then filtered to remove solid impurities. The solvent
was distilled under vacuum and a red solid was obtained. Diffusion of di-
ethyl ether into a concentrated methanol solution of the complex led to
HHH-[RuLu(L1)3]Cl2(CF3SO3)3¥3CH3OH¥2H2O (63 mg, 0.025 mmol;
yield 40%). ESI-MS: m/z : 514.4 [RuLu(L1)3(CF3SO3)]


4+ elemental analy-
sis calcd (%) for [LuRu(L1)3]Cl2(CF3SO3)3¥3CH3OH¥2H2O: C, 46.90; H,
4.25; N, 10.77; found: C, 46.91; H, 4.23; N, 10.75%. Crystals of HHH-
[RuLu(L1)3](CF3SO3)4.5Cl0.5¥2.5CH3OH (6) suitable for X-ray diffraction
were obtained by layering pentane onto a solution of HHH-[Ru-
Lu(L1)3]Cl2(CF3SO3)3¥3CH3OH¥2H2O in methanol.


Crystal structure determinations of mer-[Ru(L3)3](ClO4)2 (4) and HHH-
[RuLu(L1)3](CF3SO3)4.5Cl0.5¥2.5CH3OH (6): The crystal data, intensity
measurements and structure refinements are collected in Table 6. The
crystals were mounted on quartz fibre with protection oil. Cell dimen-
sions and intensities were measured at 200 K on a Stoe IPDS diffractom-
eter with graphite-monochromated MoKa radiation (l=0.71073 ä). Data
were corrected for Lorentz and polarisation effects and for absorption.
The structures were solved by direct methods (SIR97);[39] all other calcu-
lations were performed with the XTAL[40] system and ORTEP[41] pro-
grams.


mer-[Ru(L3)3](ClO4)2 (4): The hydrogen atoms of the methyl groups
were refined with restraints on bond lengths and bond angles, and
blocked during the last cycle. The positions of the other hydrogen atoms
were calculated. The perchlorate anion e was disordered and refined on
two positions with population parameters of 0.8 and 0.2, and possessing a
common position for the chlorine atom. The latter perchlorate (PP=0.2)
was refined with restraints on bond lengths and bond angles.


HHH-[RuLu(L1)3](CF3SO3)4.5Cl0.5¥2.5CH3OH (6): All the non-hydrogen
atoms of the cation HHH-[RuLu(L1)3]


5+ and the triflate anions d and e
were refined with anisotropic displacement parameters. The triflates f
and g were disordered and each was refined on two positions with popu-
lation parameters of 0.7/0.3 (triflate f) and 0.5/0.5 (triflate g). The trif-
late h and two disordered chlorine atoms were located at about the same
site and were refined with population parameters of 0.5, 0.35 and 0.15 re-
spectively. Finally, 2.5 disordered methanol molecules were refined on
four sites with population parameters of 1.0, 0.5, 0.5 and 0.5.


CCDC-229557 (4) and CCDC-229558 (6) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).


Spectroscopic and analytical measurements : 1H nmr spectra were record-
ed on a Broadband Varian Gemini 300 and on a Brucker DRX-500 spec-
trometer at 298 K. Chemical shifts are given in ppm versus TMS. Pneu-
matically assisted electrospray (ESI-MS) mass spectra were recorded
from 10�4 molL�1 acetonitrile solutions on a Finnigan SSQ7000 instru-
ment. Electronic spectra in the UV/Vis were recorded at 20 8C from
10�4 molL�1 solutions in ethanol/methanol (4:1) with a Perkin±Elmer
Lambda 900 spectrometer using quartz cells of 0.1 and 1 cm path length.


Emission spectra were recorded on a home-built set-up consisting of a
single monochromator (Spex 270M) equipped with a nitrogen-cooled
CCD camera (SpectrumOne Jobin Yvon-Spex) and appropriate collec-
tion optics. An Ar/Kr mixed-gas continuous-wave laser (Spectra Physics
Stabilite 2108) tuned to the 457.5 nm line was used as excitation source.
The emission quantum yields F were calculated using Equation (6),
where x refers to the sample and r to the reference; A is the absorbance
at the excitation wavenumber used in the experiment, I the intensity of
the light, n the refractive index and D the integrated emitted intensity.


Fx


Fr
¼ ð1�expð�ArðnÞÞ IrðnÞ n2


x Dx


ð1�expð�AxðnÞÞ IxðnÞ n2
r Dr


ð6Þ


[Ru(2,2’bipyridine)3](ClO4)2 (F=4.5% in water) was used as reference
for the determination of the quantum yields of complexes 1±5 in ethanol/
methanol (4:1).[1a] For excited-state lifetime measurements, samples were
excited at 532 nm with the second harmonic of a pulsed Nd:YAG laser
(Quantel Brillant B, 20 Hz). Emission decay curves were recorded on a
digital oscilloscope (Tektronix TDS 540B) using a fast photomultiplier
tube (Hamamatsu TypH957-08). The time resolution of the set-up was
20 ns. Low-temperature glasses were produced in a custom-built sample
cell inserted into a closed-cycle helium refrigeration system (Oxford In-
struments CCC1100T). Cyclic voltammograms were recorded by using a
BAS CV-50W potentiostat connected to a personal computer. A three-
electrode system consisting of a stationary Pt disc working electrode, a Pt
counter-electrode and a nonaqueous Ag/AgCl reference electrode was
used. [N(nBu)4]ClO4 (0.1 molL�1 in MeCN) served as an inert electro-
lyte. The reference potential (EA=�0.16 V versus SCE) was standardised
against [Ru(bipy)3](ClO4)2 (bipy=2,2’-bipyridyl).[23] The scan speed was
100 mVs�1 and voltammograms were analysed according to established
procedures.[23] Elemental analyses were performed by Dr. H. Eder from
the Microchemical Laboratory of the University of Geneva.


Table 6. Summary of crystal data, intensity measurements and structure
refinement for mer-[Ru(L3)3](ClO4)2 (4) and [RuLu(L1)3](CF3-
SO3)4.5Cl0.5¥2.5CH3OH (6).


4 6


formula RuC60H51N9O8Cl2 RuLuC106H109N21


O19S4.5F13.5Cl0.5
Mr 1198.2 2916.6
colour red red
crystal system monoclinic triclinic
space group P21/n ±
a [ä] 12.2158(5) 17.7294(13)
b [ä] 19.2808(10) 19.2839(16)
c [ä] 23.3228(8) 19.2890(13)
a [8] 90 74.791(8)
b [8] 96.145(4) 79.703(8)
g [8] 90 69.673(9)
V [ä3] 5461.7(4) 5939.4(9)
Z 4 2
1calcd [gcm


�3] 1.457 1.496
m(MoKa) [mm�1] 0.451 1.137
min/max transmission 0.9117/0.9644 0.7695/0.8779
crystal size [mm3] 0.084î0.19î0.32 0.13î0.21î0.29
reflns measured 76213 70437
2q range 4.68<2q<53.88 4.68<2q<53.88
unique reflns 11325 23904
reflns observed
[ jFo j>4s(F0)]


5994 13355


parameters 737 1500
GOF 1.31(1) 1.59(1)
w 1/


(s2(Fo)+0.00015(Fo)
2)


1/
(s2(Fo)+0.0001(Fo)


2)
R 0.036 0.044
Rw 0.037 0.043
min/max D1 [eä�3] �0.64/1.12 �2.64/1.77
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The Immunogenicity of the Tumor-Associated Antigen Lewisy May Be
Suppressed by a Bifunctional Cross-Linker Required for Coupling
to a Carrier Protein


Therese Buskas, Yanhong Li, and Geert-Jan Boons*[a]


Introduction


Oncogenesis is often associated with the over-expression of
various oligosaccharides on cell-surface glycoproteins and
glycosphingolipids.[1±3] This abnormal glycosylation is an im-
portant criterion for the stage, direction, and fate of tumor
progression. Numerous studies have shown that the pres-
ence of tumor-associated oligosaccharides in primary tumors
is strongly correlated with the poor survival rates of patients.
The Lewis antigens sialyl Lewisx (Slex), Slex±Lex, Lea, and
Ley are identified as important human-tumor-associated an-
tigens. These oligosaccharides are also ligands for the endo-
thelial cell-surface receptors E- and P-selectin. Binding of
cancer cells to the endothelium is a necessary step for meta-
stasis. Therefore it has been established that over-expression
of these Lewis antigens promotes metastasis.


Cancer vaccines are based on the elegant concept that the
immunization of cancer patients with a tumor-associated an-


tigen will raise opsonizing or cytotoxic antibodies, which rec-
ognize and eliminate circulating cancer cells and micrometa-
stases.[4,5] The poor immunogenicity of tumor-associated sac-
charides presents, however, a major obstacle for the devel-
opment of effective carbohydrate-based cancer vaccines.
Tumor-associated oligosaccharides are autoantigens and
consequently tolerated by the immune system. Furthermore,
the inability of saccharides to activate helper T-lymphocytes
also diminishes their usefulness for vaccine develop-
ment.[6±10] For most immunogens, including saccharides, anti-
body production depends on the cooperative interactions of
two types of lymphocytes, B-cells and helper T-cells.[8,11,12]


Saccharides alone cannot activate helper T-cells and there-
fore have a limited immunogenicity. The formation of low-
affinity immunoglobulin M (IgM) antibodies and the ab-
sence of IgG antibodies manifest this limited immunogenici-
ty. Furthermore, saccharides alone cannot induce immuno-
logical memory and therefore do not give a booster re-
sponse after repeated exposure with the antigen. Fortunate-
ly, conjugation of a saccharide to a foreign carrier protein
(for example, keyhole limpet hemocyanin (KLH), detoxified
tetanus toxoid) enhances their presentation to the immune
system, thereby overcoming the tolerance and the helper T-
cell independent properties. In this case, the carrier protein
provides T-epitopes (peptide fragments of 12±15 amino
acids) that can activate helper T-cells. The immune response
against tumor-associated saccharide antigens can be further
improved by including a potent adjuvant.


[a] Dr. T. Buskas,+ Y. Li,+ Prof. Dr. G.-J. Boons
Complex Carbohydrate Research Center
University of Georgia
315 Riverbend Road, Athens, GA 30602-4712 (USA)
Fax: (+1) 706-542-4412
E-mail : gjboons@ccrc.uga.edu


[+] These authors contributed equally to this work.


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Abstract: A Lewisy (Ley) tetrasacchar-
ide modified by an artificial amino-
propyl spacer was synthesized by a
highly convergent approach that em-
ployed a levulinoyl ester and a 9-fluo-
renylmethoxycarbonate for temporary
protection of the hydroxy groups and a
trichloroethyloxycarbonyl as an amino
protecting group. The artificial amino-
propyl moiety was modified by a thioa-
cetyl group, which allowed efficient
conjugation to keyhole limpet hemo-


cyanin (KLH) modified by electrophil-
ic 4-(maleimidomethyl)cyclohexane-1-
carboxylate (MI). Mice were immu-
nized with the KLH±MI±Ley antigen.
A detailed analysis of sera by ELISA
established that a strong immuno-
globulin G (IgG) antibody response


was elicited against the linker region.
The use of a smaller and more flexible
3-(bromoacetamido)propionate for the
attachment of Ley to KLH not only re-
duced the IgG antibody response
against the linker but also led to a sig-
nificantly improved immune response
against the Ley antigen. This study
shows that highly antigenic linkers sup-
press antibody responses to weak anti-
gens such as self-antigens.


Keywords: glycoconjugates ¥ immu-
nogenicity ¥ oligosaccharides ¥
tumor-associated antigens ¥ vaccines
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Elegant studies by Danishefsky, Livingston and co-work-
ers at the Sloan±Kettering Institute of Cancer Research
have shown that the Ley oligosaccharide (Scheme 1) conju-
gated to the carrier protein KLH in the presence of the im-
munological adjuvant QS-21 can elicit, in mice, IgG and
IgM antibody responses to naturally occurring forms of
Ley.[13] Although the antibody titers were relatively low, a
phase-one clinical trial with twenty-four patients who had
histologically documented ovarian, fallopian tube, or perito-
neal cancer was conducted.[14] The vaccination was well tol-
erated with no adverse effects related to autoimmunity. The
raised antibodies were capable of reacting with naturally oc-
curring Ley and with Ley-expressing tumor cells. Unfortu-
nately, the antibodies produced were mainly of the IgM
class, with only three patients exhibiting detectable levels of
IgG antibodies. Obviously, alternative strategies need to be
developed for presenting these carbohydrate epitopes that
will give a more efficient class switch to IgG antibodies and
higher titers.


We report here that the chemical nature of a bifunctional
linker greatly influences the immune response towards a
synthetic Lewisy tetrasaccharide hapten. It was found that
the widely used 4-(maleimidomethyl)cyclohexane-1-carbox-
ylate linker (Scheme 2) induces a significant immune re-
sponse towards the linker itself. The application of a 3-(bro-
moacetamido)propionate linker not only diminished the re-
sponse towards the linker but led to a considerably im-
proved immune response towards the Ley antigen as well.


Results and Discussion


Synthesis : As part of a program to develop a fully synthetic
anticancer vaccine, we required substantial quantities of the
tumor-associated antigen Ley. Furthermore, as a reference
antigen, a conjugate of the saccharide to a carrier protein
was required. The target compound, Ley derivative 9
(Scheme 3), was selected as it has an artificial aminopropyl


spacer at the anomeric center for selective conjugation to a
carrier protein.


An efficient solution-phase synthesis for 9 was developed,
which employs the building blocks 1,[15] 3,[16] and 7.[17] Thus,
coupling of 1 with 3-[(N-benzyloxycarbonyl)amino]propa-
nol[18] in the presence of NIS/TESOTf gave, after purifica-
tion by silica gel column chromatography, 2 with an excel-
lent yield of 83 %. This product was immediately used in the
next NIS/TESOTf-mediated glycosylation with galactosyl
donor 3 to give disaccharide 4. The Fmoc protecting group
of 4 was cleaved by treatment with Et3N in CH2Cl2. The re-


Scheme 1. The Ley tetrasaccharide.


Scheme 2. 4-(N-Maleimidomethyl)-cyclohexane-1-carboxylate and 3-(bro-
moacetamido)propionate.


Scheme 3. Synthesis of the Ley tetrasaccharide. a) HO(CH2)3NH-Z, NIS,
TESOTf, CH2Cl2, 0 8C, 83 %; b) NIS, TESOTf, CH2Cl2, 0 8C, 76 %;
c) Et3N/CH2Cl2 (1:1 v/v), 84 %; d) NH2NH2¥HOAc, MeOH, CH2Cl2,
87%; e) 1. Zn, HOAc; 2. Ac2O, pyridine; 3. MeONa, MeOH, pH 10;
4. Pd/C, H2, HOAc/EtOH (5:1 v/v), 52 % over four steps; f) SAMA-
OPfp, Et3N, DMF; g) 7% NH3 (g)/DMF, H2O; h) sulfo-SMCC, 0.1m
sodium phosphate buffer (pH 6.2). Fmoc=9-fluorenylmethoxycarbonyl,
Bn=benzyl, Troc=2,2,2-trichloroethyloxycarbonyl, Z=benzyloxycarbon-
yl, Lev= levulinoyl, NIS=N-iodosuccinimide, TES= triethylsilyl, Tf= tri-
flate= trifluoromethanesulfonyl, SAMA-OPfp=S-acetylthioglycolic acid
pentafluorophenyl ester, DMF=N,N-dimethylformamide, sulfo-SMCC=


sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate.
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sulting compound 5 was subjected to hydrazine buffered
with acetic acid to remove the Lev group to give diol 6.
Coupling of 6 with 3.8 equivalents of fucosyl donor 7 result-
ed in clean and stereoselective glycosylation at the C-3 and
C-2’ hydroxy groups and the fully protected tetrasaccharide
8 was isolated with a yield of 61 %. The fucosylation pro-
ceeded with complete a selectivity, as confirmed by 3JH,H


couplings (J=3.5 Hz). Deprotection of 8 could easily be ac-
complished by a four-step procedure involving removal of
the Troc group by treatment with activated Zn followed by
acetylation of the resulting amine with acetic anhydride.
Next, the acetyl esters were saponified by treatment with
NaOMe in methanol. Finally, the benzyl ethers and the ben-
zyloxycarbonyl moiety were removed by catalytic hydroge-
nation over Pd/C in a mixture of ethanol and acetic acid to
give, after purification by P2 Bio-gel size-exclusion column
chromatography, target compound 9. The amino functionali-
ty of 9 was derivatized with an acetyl thioacetic acid moiety
by treatment with SAMA-OPfp to give 10 and a maleimide
group by reaction with sulfo-SMCC to give 12 in good yield.
Derivatives 10 and 12 may be employed for glycosylation of
proteins that are modified by electrophilic or nucleophilic
moieties, respectively.


Preparation of carbohydrate±protein conjugates and immu-
nizations : In order to obtain an Ley±carrier protein conju-
gate, we selected, in the first instance, maleimide±thiol liga-
tion methodology involving compound 10 and maleimide-ac-
tivated keyhole limpet hemocyanin (KLH±MI). This strat-
egy was thought to be attractive because 1) conjugation of
expensive thiol-modified antigens to KLH in a high-yielding
and reproducible manner is relatively easy, 2) KLH±MI has
been successfully used as a carrier for various tumor anti-
gens in immunological studies, and 3) maleimide-activated
KLH may conveniently be obtained in lyophilized form
from Pierce Endogen as part of an antibody production
kit.[19] This kit also contains maleimide-activated bovine
serum albumin (BSA±MI) for the purpose of selective anti-
body detection by ELISA.


Prior to the conjugation, the S-acetyl group of tetrasac-
charide 10 was cleaved by treatment with ammonia in DMF
under an argon atmosphere to prevent formation of the cor-
responding disulfide. Next, the thiol 11 was added to KLH±
MI in a phosphate buffer (pH 7.2) containing sodium azide
and ethylenediaminetetraacetate (EDTA). After a reaction
time of 2 h, the glycoprotein was purified by using a centri-
fugal filter device with a nominal molecular-weight limit of
10 KDa. The number of Ley copies conjugated to KLH was
determined by using Dubois× phenol±sulfuric acid assay[20]


and Lowry×s protein-concentration test.[21] The conjugation
efficiency was typically around 80 %, based on the number
of available maleimide groups, which correlated to an aver-
age of 620 Ley copies per KLH. For the ELISA assay, a
BSA±MI±Ley conjugate was prepared by using a similar
procedure but starting from BSA activated with maleimide
groups.


Groups of five mice were immunized with the KLH±MI±
Ley conjugate together with the immunoadjuvant QS-21
(Antigenics Inc., Lexington, MA). The immunizations were


repeated four times and sera were collected seven days after
the last boost. Titers of anti-Ley antibodies (Abs) were de-
termined by ELISA whereby microtiter plates were coated
with BSA±MI±Ley and serial dilutions of sera added. An
anti-mouse IgG (heavy-chain specific) antibody labeled with
alkaline phosphatase were employed as a secondary anti-
body for detection purposes, for which the measured titers
are listed in Table 1. A surprisingly high IgG antibody titer
was determined (Table 1, entry 1) compared to previously
reported immunizations with Ley±KLH conjugates.[13, 22] The
two different proteins KLH and BSA had purposely been
used in the immunizations and ELISA experiments, respec-
tively, and consequently, anticarrier antibodies could not ac-
count for the high titers. It was realized that antibodies
raised against the maleimide linker might cause the high
titers. To correct for this possible false positive result, a
second conjugate was prepared. In this conjugate, the Ley


derivative 11 was conjugated to BSA that had been activat-
ed with electrophilic bromoacetyl groups. This functionality
also reacts with sulfhydryl groups at an appreciable rate at
pH values above 8.0. Thus, BSA was activated by incubation
with succinimidyl 3-(bromoacetamido)propionate (SBAP) in
a sodium phosphate buffer at pH 8.0. The conjugate was pu-
rified by centrifugal filter devices. Subsequently, the Ley an-
tigen 11 was treated with the bromoacetyl-activated protein
through thioether bond formation in a sodium phosphate
buffer (pH 8.0) containing EDTA; this reaction gave a gly-
coconjugate with an Ley/BSA ratio of 9:1. As expected,
when the BSA±BrAc±Ley conjugate was used for coating
ELISA plates, much lower titers of IgG antibodies were
measured (Table 1, entry 2). These results clearly demon-
strate that the convenient use of a commercial preactivated
protein kit led to false positive results and mainly antibodies
against the maleimide linker were detected.


Intrigued by this remarkable discrepancy, we were com-
pelled to investigate this linker effect further. Quenching
the maleimide groups of BSA±MI with 2-mercaptoethanol
(ME) and coating ELISA plates with the obtained linker-
modified protein allowed the detection of only the antibod-
ies against the maleimide cross-linker. As can be seen in
entry 3 of Table 1, significant IgG antibody titers were meas-
ured, a result demonstrating that the cyclohexylmethyl ma-
leimide linker is highly immunogenic.[23±26]


It is well known that a maleimide moiety is susceptible to
hydrolysis even at slightly basic conditions. The irreversible


Table 1. ELISA antibody titers[a] against Ley after four immunizations
with KLH±MI±Ley.


Entry Coating Titers


1 BSA±MI±Ley 358 928
2 BSA±BrAc±Ley 120
3 BSA±MI±ME 171 969
4 BSA±MI±Ley RA 459 509


[a] All titers are medians for a group of five mice. Titers were determined
by regression analysis, with log10 dilution plotted versus absorbance. The
titers were calculated to be the highest dilution that gave three times the
absorbance of normal saline mouse sera diluted 1:120. The real antibody
titer against Ley is highlighted in italics.
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hydrolysis results in the corresponding open form, maleamic
acid, which is unreactive towards sulfhydryl groups
(Scheme 4). It has been shown that the rate of reactivity of
the maleimide moiety with sulfhydryl groups increases with
increasing pH values.[27] However, raising the pH value
above 7.5 also significantly increases the rate of hydrolysis.
To overcome the sensitivity towards hydrolysis, the male-
imide functionality is commonly stabilized by a neighboring
cyclohexane moiety,[28,29] as in the SMCC linker used by
Pierce Endogen in the preactivated protein kits. Despite the
induced stability, it has been established that considerable
hydrolysis of the maleimide groups of the cyclohexylmethyl
maleimide linker occurs even after only 2 h at pH 7.0.[29]


We reasoned that the anti-linker response might be direct-
ed only against terminal hydrolyzed maleimides and not
against maleimides connecting the saccharides to the pro-
tein, that is, internal maleimides (Scheme 5). In this respect,
it is important to realize that only 80 % of the maleimides
are functionalized by saccharides and the rest are hydro-
lyzed. To distinguish between the two different modes of in-
teraction, microtiter plates were coated with BSA that was
thiolated by incubation with Traut×s reagent in a triethanola-
mine buffer (pH 8.0) containing EDTA and then treated
with maleimide-activated Ley 12. This reversely activated
conjugate (BSA±MI±Ley RA) displays only maleimide moi-
eties that are linked to saccharides. As a consequence, anti-
linker antibodies that only recognize terminal hydrolyzed
maleimides should not be detected. As can be seen in
Table 1 (entry 4), this conjugate gave a titer just as high as
the one for BSA±MI±Ley (entry 1) and, thus, it can be con-
cluded that the anti-linker antibodies recognize both inter-
nal and terminal hydrolyzed maleimide residues.


The high immunogenicity of the linker region may well
suppress the formation of IgG antibodies against the Ley


epitope. Furthermore, although the anti-linker antibodies
recognized both internal and external cyclohexylmethyl ma-
leimide moieties, it was thought that the terminal moieties
are much more immunogenic. Therefore, immunizations
with a KLH±Ley conjugate that does not contain any hydro-
lyzed maleimides may give a more targeted immune re-
sponse towards the Ley antigen. Such a conjugate can be ob-


tained by a reverse-activation protocol whereby KLH is
thiolated with Traut×s reagent and subsequently treated with
12, Ley modified with a cyclohexylmethyl meleimide
moiety.[30] This conjugate (KLH±MI±Ley RA) could conven-
iently be prepared as described above for BSA and gave a
remarkably good incorporation of the saccharide epitope
(Ley/KLH 965/1) as determined by Dubois× total-carbohy-
drate assay and the Lowry protein assay.


A more targeted immune response may also be obtained
by employing a linker that is smaller, more flexible, and
hence less immunogenic, such as an aliphatic 3-(bromoacet-
amido)propionate spacer. To investigate the immunological
properties of such a conjugate, Ley 11 was treated with KLH
that was activated with SBAP at pH 8.0 to give KLH±
BrAc±Ley. In this case, the ratio of Ley/KLH was deter-
mined to be 692:1.


Groups of five mice were immunized with the two conju-
gates four times at weekly intervals and sera were collected
seven days after the last immunization. Gratifyingly, the
KLH±MI±Ley RA conjugate gave a dramatically improved
titer against Ley, as can be seen from the ELISA assay in
which BSA±BrAc±Ley was employed as a coating (Table 2,
entry 1). The measured titer is the best reported thus far. A
significant antibody response against the cyclohexylmethyl
maleimide linker was raised (entries 2 and 3) but the re-
sponse was less profound than for immunizations with
KLH±MI±Ley (Table 1, entry 1). The anti-linker antibodies
recognized both internal and external epitopes since similar
titers were measured with coatings of Ley linked to BSA by
the direct (entry 2) and reverse maleimide activation proce-
dure (entry 3).


For the KLH±BrAc±Ley conjugate, IgG antibody titers
against Ley and the linker region were determined by coat-
ing microtiter plates with BSA±MI±Ley, BSA±BrAc±Ley,
and BSA±BrAc quenched with 2-mercaptoethanol (BSA±


BrAc±ME). In this case, a sig-
nificantly improved anti-Ley


IgG antibody response was also
obtained (Table 3, entry 1) com-
pared with the KLH±MI±Ley


conjugate. There was only a
very weak response towards the
linker region, as can be seen
from the experiments with the
BSA±BrAc±Ley (entry 2) and
BSA±BrAc±ME (entry 3) coat-


Scheme 4. Hydrolysis of the maleimide.


Scheme 5. Internal and terminal maleimides.


Table 2. ELISA antibody titers[a] against Ley after four immunizations
with KLH±MI±Ley RA.


Entry Coating Titers


1 BSA±BrAc±Ley 10066
2 BSA±MI±Ley 116 960
3 BSA±MI±Ley RA 103 699


[a] All titers are medians for a group of five mice. Titers were determined
by regression analysis, with log10 dilution plotted versus absorbance. The
titers were calculated to be the highest dilution that gave three times the
absorbance of normal saline mouse sera diluted 1:120. The real antibody
titer against Ley is highlighted in italics.
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ings. In this respect, the BSA±BrAc±Ley conjugate measures
a combined titer for Ley and linker whereas a coating with
BSA±BrAc±ME only determines a response for the linker
region.


A remarkable finding is that although KLH±MI±Ley RA
(obtained by the reverse-activation protocol) gives a signifi-
cantly higher anti-linker antibody response than the KLH±
BrAc±Ley conjugate, it also elicited a stronger anti-Ley anti-
body response. An important difference between the two
constructs is that the reverse-activation protocol gave a
much higher incorporation of the Ley epitopes, which may
be relevant for the improved immunogenicity.


Our studies have shown that the selection of appropriate
conjugation technology is of critical importance in eliciting
IgG antibodies for weakly immunogenic epitopes such as
for tumor-associated carbohydrate antigens. In particular,
reducing the immunogenicity of the linker region and opti-
mizing epitope loading are critical factors. In this respect,
Danishefsky and co-workers have shown that conjugation of
a Ley to KLH by reductive amination gave a significantly
better immune response than the use of a construct that was
obtained by coupling of a thiolated saccharide derivative
with KLH modified with maleimides. Probably, this differ-
ence in immunogenicity arises from a linker effect.


Conclusion


Conjugation of a carbohydrate antigen to a carrier protein is
commonly used to overcome its T-cell independence. A
wide variety of coupling methods utilizing various heterobi-
functional cross-linking reagents have been described for
this purpose. Here, we demonstrate that the choice of linker
is of critical importance for the induction of a strong
immune response against a synthetic Lewisy tumor-associat-
ed antigen. The widely used 4-(maleimidomethyl)cyclohex-
ane-1-carboxylate linker proved to be highly immunogenic
and suppressed an IgG antibody response against the Ley


epitope. Detailed studies established that the anti-linker an-
tibodies recognize terminal hydrolyzed maleimides as well
as internal maleimides connecting the saccharides to the
protein. The use of the smaller and more flexible 3-(bro-
moacetamido)propionate cross linker resulted in a signifi-
cant reduction of antibodies against the linker region. How-


ever, more importantly, a considerable improvement of
immune response towards the Ley antigen was observed. A
reverse-conjugation protocol in which the Ley epitope was
modified by a maleimide moiety and then conjugated to
thiolated KLH also gave suppression of anti-linker antibo-
dies, a result indicating that terminal hydrolyzed linker resi-
dues are more immunogenic than internal ones. The anti-
linker IgG antibody titers were, however, significantly
higher than for the KLH±BrAc±Ley conjugate. The conju-
gate obtained by the reverse-activation method also elicited
higher IgG antibody titers against Ley. This high titer is a
result of the reduced response against the linker region and
a higher incorporation of Ley epitopes into KLH. The stud-
ies reported here call for an awareness of possible false posi-
tives stemming from the use of commercial kits in which the
same linker is employed for conjugation of a hapten to dif-
ferent proteins for antibody production and detection.


Experimental Section


General : Succinimidyl 3-(bromoacetamido)propionate (SBAP), sulfosuc-
cinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (sulfo-
SMCC), 2-iminothiolane (Traut×s reagent), keyhole limpet hemocyanin
(KLH), maleimide-activated mariculture KLH (mcKLH±MI), and
bovine serum albumin (BSA±MI) were purchased from Pierce Endogen,
Rockford, IL. BSA was purchased from Sigma. N-Iodosuccinimide (NIS)
was purchased from Fluka and recrystallized from dioxane/CCl4. All
other chemicals were purchased from Aldrich, Acros, or Fluka and used
without further purification. Molecular sieves were activated at 145 8C
for 10 h. All solvents employed were of reagent grade and dried by re-
fluxing over appropriate drying agents. All the reactions were performed
under anhydrous conditions and monitored by TLC on Kieselgel 60 F254


(Merck) plates, with detection by UV light (254 nm) and/or by charring
with 8% sulfuric acid in ethanol. Column chromatography was per-
formed on silica gel (Merck, mesh 70±230). Size-exclusion column chro-
matography was performed on Sephadex LH-20 or Sephadex G10 gel
(Pharmacia Biotech AB, Uppsala, Sweden). Extracts were concentrated
under reduced pressure at �40 8C (water bath). 1H NMR and 13C NMR
spectra were recorded on a Varian Inova300 spectrometer and a Varian
Inova500 spectrometer equipped with Sun workstations. 1H spectra re-
corded in CDCl3 were referenced to residual CHCl3 at d=7.26 ppm or to
tetramethylsilane at d=0 ppm; 13C spectra were referenced to the central
peak of CDCl3 at d=77.0 ppm. Assignments were made by using stan-
dard 1D and gCOSY, gHSQC, and TOCSY 2D experiments. Positive-ion
matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectra were recorded by using an HP-MALDI instrument with
gentisic acid as a matrix. Centrifugal filter devices were purchased from
Millipore Inc. The immunoadjuvant QS-21 was a gift from Antigenics
Inc., Lexington, MA. Immulon II Hb ELISA plates were purchased from
Fisher Scientific Inc.


3-[(N-Benzyloxycarbonyl)amino]propyl 6-O-benzyl-2-deoxy-2-{[(2,2,2-tri-
chloroethoxy)carbonyl]amino}-3-O-(9-fluorenylmethoxycarbonyl)-b-d-
glucopyranoside (2): A mixture of thioglycoside 1 (100 mg, 0.14 mmol)
and 3-[(N-benzyloxycarbonyl)amino]propanol (33 mg, 0.17 mmol) in dry
dichloromethane (10 mL) was dried azeotropically with toluene and then
subjected to high vacuum for 2 h. The mixture was dissolved in dry di-
chloromethane (10 mL) and stirred at room temperature under argon in
the presence of activated molecular sieves for 30 min, whereafter the
mixture was cooled to 0 8C and treated with NIS (35 mg, 0.16 mmol) and
TESOTf (3 mL, 0.01 mmol). After the reaction mixture was stirred for
10 min at 0 8C, TLC showed full conversion of the donor. The solution
was diluted with dichloromethane (60 mL) and the molecular sieves were
removed by filtration through a plug of celite. The filtrate was washed
with aqueous sodium thiosulfate (15 %, 4 mL) and brine, then dried over
MgSO4 and concentrated. The residue was purified by column chroma-
tography (silica gel, hexane/EtOAc 2:1) to give the product 2 as a white


Table 3. ELISA antibody titers[a] against Ley after four immunizations
with KLH±BrAc±Ley.


Entry Coating Titers


1 BSA±MI±Ley 3294
2 BSA±BrAc±Ley 3957
3 BSA±BrAc±ME 824[b]


[a] All titers are medians for a group of four mice (one mouse died).
Titers were determined by regression analysis, with log10 dilution plotted
versus absorbance. The titers were calculated to be the highest dilution
that gave three times the absorbance of normal saline mouse sera diluted
1:120. The real antibody titer against Ley is highlighted in italics. [b] One
mouse gave a strong response that was far out of the range of values for
the rest of the group and was consequently omitted.
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powder (100 mg, 83 %). [a]D=�32.2 (c=1.0 in CH2Cl2); Rf=0.48
(hexane/EtOAc 2:1); 1H NMR (300 MHz, CDCl3): d=7.80 (d, J=7.5 Hz,
2H, Ar-H), 7.72±7.20 (m, 16 H, Ar-H), 5.74 (d, J=8.3 Hz, 1H, NH), 5.20
(s, 1H, CH2NHCOOCH2Ph), 5.07 (s, 2H, CH2NHCOOCH2Ph), 4.86 (t,
J=9.4 Hz, 1H, H-3), 4.65±4.51 (m, 4 H, ArCH2, Troc), 4.48±4.37
(m, 3H, H-1, Fmoc-CH2), 4.29 (t, J=6.3 Hz, 1H, Fmoc-CH),
3.90±3.71 (m, 5 H, H-2, H-4, H-6a, CH2CH2CH2NHCOOCH2Ph), 3.52±
3.41 (m, 3 H, H-5, H-6b, CH2CH2CH2


aNHCOOCH2Ph), 3.26±
3.18 (m, 1 H, CH2CH2CH2


bNHCOOCH2Ph), 1.72 (m, 2H,
CH2CH2CH2NHCOOCH2Ph) ppm; 13C NMR (300 MHz, CDCl3): d=


156.9 (NHCOOCH2Ph), 155.9 (CHCH2COO), 154.8 (NHCO), 142.5±
120.3 (24 C, Ar-C), 101.4 (C-1), 95.7 (CCl3), 79.4 (C-3), 74.6, 74.1 (2 C,
OCH2Ph, OCH2CCl3), 73.9 (C-5), 70.9 (OCH2CH2CH2), 70.7
(CHCH2CO, Fmoc), 70.2 (C-4), 67.5 (C-6), 66.9 (COOCH2Ph), 56.2
(C-2), 46.8 (CHCH2CO, Fmoc), 38.0 (OCH2CH2CH2), 29.9
(OCH2CH2CH2) ppm; HR MALDI-TOF MS: m/z : calcd for
C42H43Cl3N2O11: 856.1932; found: 879.1941 [M+Na]+ .


3-[(N-Benzyloxycarbonyl)amino]propyl 6-O-benzyl-2-deoxy-2-{[(2,2,2-tri-
chloroethoxy)carbonyl]amino}-3-O-(9-fluorenylmethoxycarbonyl)-4-O-
(3,4,6-tri-O-benzyl-2-O-levulinoyl-b-d-galactopyranosyl)-b-d-glucopyra-
noside (4): A mixture of acceptor 2 (95 mg, 0.11 mmol) and thiogalacto-
side 3 (80 mg, 0.13 mmol) in dry dichloromethane (10 mL) was dried
azeotropically with toluene and then subjected to high vacuum for 2 h.
The mixture was dissolved in dry dichloromethane (10 mL) and stirred at
room temperature under argon in the presence of activated molecular
sieves for 30 min. The mixture was cooled to 0 8C and treated with NIS
(33 mg, 0.15 mmol) and TESOTf (3 mL, 0.01 mmol). After 30 min, TLC
indicated that the reaction was complete and the mixture was diluted
with dichloromethane (60 mL) and filtered through celite. The filtrate
was washed with aqueous sodium thiosulfate (15 %, 4 mL) and brine
(20 mL), dried over MgSO4, and concentrated. The residue was purified
by column chromatography (silica gel, hexane/EtOAc 2:1) to give the
product 4 as a white powder (110 mg, 76%). [a]D=�48.9 (c=1.0 in
CH2Cl2); Rf=0.41 (hexane/EtOAc 2:1); 1H NMR (300 MHz, CDCl3): d=
7.76 (d, J=3.0 Hz, 2 H, Ar-H), 7.74±7.08 (m, 31H, Ar-H), 5.62 (d, J=
8.3 Hz, 1 H, NH), 5.25 (t, J=6.5 Hz, 1 H, H-2’), 5.20 (s, 1 H,
CH2NHCOOCH2Ph), 5.07 (s, 2H, CH2NHCOOCH2Ph), 4.93 (t, J=
9.5 Hz, 1H, H-3), 4.85±4.61 (m, 6H, 2î ArCH2, Troc), 4.58±4.17 (m, 8H,
H-1, H-1’, Fmoc-CH2, 2î ArCH2), 4.20 (t, J=6.3 Hz, 1H, Fmoc-CH),
3.90±3.83 (m, 5H, H-4, H-4’, H-6, H-6’a), 3.80±3.62 (m, 4 H, H-2, H-5’, H-
6’b, CH2CH2CH2NHCOOCH2Ph), 3.60±3.41 (m, 2 H, H-5,
CH2CH2CH2


aNHCOOCH2Ph), 3.39±3.15 (m, 1H, H-3’), 3.26±3.18 (m,
1H, CH2CH2CH2


bNHCOOCH2Ph), 2.81±2.15 (m, 4 H, OCOCH2CH2,
Lev), 2.12 (s, 3 H, CH2COCH3, Lev), 1.72 (m, 2 H,
CH2CH2CH2NHCOOCH2Ph) ppm; 13C NMR (300 MHz, CDCl3): d=


171.5 (OCOCH2CH2, Lev), 156.8 (NHCOOCH2Ph), 154.9
(CHCH2COO), 154.7 (NHCO), 143.7±120.1 (42 C, Ar-C), 101.4 (C-1’),
101.2 (C-1), 95.7 (CCl3), 80.5 (C-3’), 77.3 (C-3), 75.5 (C-4), 74.9 (2 C, C-5,
C-5’), 74.6, 73.8, 73.6, 72.0 (5 C, 4î OCH2Ph, OCH2CCl3), 73.4 (C-5), 72.5
(C-4), 72.1 (C-2), 70.1 (CHCH2CO, Fmoc), 68.1, 67.9, 67.4, 66.8 (4 C, C-6,
C-6’, OCH2CH2CH2, COOCH2Ph), 56.4 (C-2), 46.8 (CHCH2CO, Fmoc),
38.0 (2 C, OCOCH2CH2, (Lev), OCH2CH2CH2), 30.1 (CH2COCH3, Lev),
29.9 (OCH2CH2CH2), 28.1 (OCOCH2CH2, Lev) ppm; HR MALDI-TOF
MS: m/z : calcd for C74H77Cl3N2O18: 1386.4237; found: 1409.4187
[M+Na]+ .


3-[(N-Benzyloxycarbonyl)amino]propyl 6-O-benzyl-2-deoxy-2-[[(2,2,2-tri-
chloroethoxy)carbonyl]amino]-4-O-(3,4,6-tri-O-benzyl-2-O-levulinoyl-b-
d-galactopyranosyl)-b-d-glucopyranoside (5): Compound 4 (100 mg,
0.072 mmol) was dissolved in a solution of triethylamine in dichlorome-
thane (5 mL, 1:1 v/v). The reaction mixture was stirred at ambient tem-
perature under argon for 18 h and then concentrated to dryness under re-
duced pressure. The residue was purified by column chromatography
(silica gel, hexane/EtOAc 2:1) to give the product 5 as a white powder
(60 mg, 84 %). [a]D=�71.2 (c=1.0 in CH2Cl2); Rf=0.21 (hexane/EtOAc
2:1); 1H NMR (300 MHz, CDCl3): d=7.39±7.26 (m, 25H, Ar-H), 5.40 (d,
J=8.3 Hz, 1H, NH), 5.28 (t, J=6.5 Hz, 1H, H-2’), 5.12 (s, 1 H,
CH2NHCOOCH2Ph), 5.08 (s, 2H, CH2NHCOOCH2Ph), 4.92±4.30 (m,
10H, 4î ArCH2, Troc), 4.41 (m, 1 H, H-1’), 4.36 (m, 1 H, H-1),
3.90±3.83 (m, 2H, H-4, H-6’a), 3.60±3.50 (m, 7H, H-3, H-4, H-6,
H-5’, CH2CH2CH2NHCOOCH2Ph,), 3.49±3.35 (m, 5H, H-2, H-5,
H-3’, H-6’a, CH2CH2CH2


aNHCOOCH2Ph), 3.26±3.18 (m, 1H,


CH2CH2CH2
bNHCOOCH2Ph), 2.78±2.19 (m, 4H, OCOCH2CH2,


Lev), 2.12 (s, 3 H, CH2COCH3, Lev), 1.75 (m, 2 H,
CH2CH2CH2NHCOOCH2Ph) ppm; 13C NMR (300 MHz, CDCl3): d=


171.6 (OCOCH2CH2, Lev), 156.8 (NHCOOCH2Ph), 154.8 (NHCO),
138.6±127.1 (30 C, Ar-C), 101.6 (C-1’), 101.3 (C-1), 95.9 (CCl3), 81.2 (C-
4), 80.5 (C-3’), 74.8, 74.7, 73.9, 73.7, 72.4 (5 C, 4 î OCH2Ph, OCH2CCl3),
73.4 (C-5), 74.0 (C-5’), 72.6 (C-3), 72.4 (C-4’), 71.6 (C-2’), 68.4, 67.3, 67.4,
66.8 (4 C, C-6, C-6’, OCH2CH2CH2, COOCH2Ph), 57.7 (C-2), 38.1
(OCOCH2CH2, Lev), 37.9 (OCH2CH2CH2), 30.1 (CH2COCH3, Lev), 29.8
(OCH2CH2CH2), 29.0 (OCOCH2CH2, Lev) ppm; HR MALDI-TOF MS:
m/z : calcd for C59H67Cl3N2O16: 1164.3556; found: 1187.3429 [M+Na]+ .


3-[(N-Benzyloxycarbonyl)amino]propyl 6-O-benzyl-2-deoxy-2-[[(2,2,2-tri-
chloroethoxy)carbonyl]amino]-4-O-(3,4,6-tri-O-benzyl-b-d-galatopyrano-
syl)-b-d-glucopyranoside (6): A solution of hydrazine acetate (3 mL,
0.5m in methanol) was added dropwise to a stirred mixture of compound
5 (50 mg, 0.043 mmol) in dichloromethane (10 mL). The reaction was
kept at room temperature for 2 h, quenched by addition of acetonylace-
tone (0.2 mL), and diluted by dichloromethane (40 mL). The organic
phase was washed with brine, dried over MgSO4, and concentrated. The
residue was purified by column chromatography (silica gel, hexane/
EtOAc 2:1) to give the product 6 as a white powder (40 mg, 87%).
[a]D=�40.7 (c=1.0 in CH2Cl2); Rf=0.31 (hexane/EtOAc 2:1); 1H NMR
(300 MHz, CDCl3): d=7.39±7.28 (m, 25H, Ar-H), 5.45 (d, J=8.3 Hz, 1 H,
NH), 5.22 (s, 1H, CH2NHCOOCH2Ph), 5.08 (s, 2 H,
CH2NHCOOCH2Ph), 4.90±4.31 (m, 10 H, 4 î ArCH2, Troc), 4.61 (m, 1 H,
H-1), 4.26 (d, J=6.3 Hz, 1H, H-1’), 3.99±3.83 (m, 3H, H-2’, H-4’, H-6’a),
3.86±3.65 (m, 6 H, H-3, H-6, H-5’, CH2CH2CH2NHCOOCH2Ph), 3.59±
3.35 (m, 6H, H-2, H-4, H-5, H-3’, H-6’a, CH2CH2CH2


aNHCOOCH2Ph),
3.26±3.18 (m, 1 H, CH2CH2CH2


bNHCOOCH2Ph), 1.75 (m, 2 H,
CH2CH2CH2NHCOOCH2Ph) ppm; 13C NMR (300 MHz, CDCl3): d=


156.7 (NHCOOCH2Ph), 154.8 (NHCO), 138.4±127.9 (30 C, Ar-C), 104.5
(C-1’), 101.3 (C-1), 95.9 (CCl3), 83.3 (C-4), 82.1 (C-3’), 74.8, 74.7, 73.7,
73.6, 72.8 (5 C, 4î OCH2Ph, OCH2CCl3), 74.2 (C-5), 73.9 (C-5’), 72.8 (C-
3), 72.7 (C-4’), 71.3 (C-2’), 69.6, 68.6, 67.4, 66.8 (4 C, C-6, C-6’,
OCH2CH2CH2, COOCH2Ph), 57.6 (C-2), 38.1 (OCH2CH2CH2), 29.8
(OCH2CH2CH2) ppm; HR MALDI-TOF MS: m/z : calcd for
C54H61Cl3N2O14: 1066.3188; found: 1089.3102 [M+Na]+ .


3-[(N-Benzyloxycarbonyl)amino]propyl 6-O-benzyl-2-deoxy-2-[[(2,2,2-tri-
chloroethoxy)carbonyl]amino]-3-O-(3,4-di-O-acetyl-2-O-benzyl-a-l-fuco-
pyranosyl)-4-O-(3,4,6-tri-O-benzyl-2-O-(3,4-di-O-acetyl-2-O-benzyl-a-l-
fucopyranosyl)-b-d-galactopyranosyl)-b-d-glucopyranoside (8): A solu-
tion of compound 6 (50 mg, 0.05 mmol) and compound 7 (72 mg,
0.19 mmol) was dried azeotropically with toluene and then subjected to
high vacuum for 2 h. The mixture was dissolved in dry dichloromethane
(10 mL) and stirred at room temperature under argon in the presence of
activated molecular sieves for 30 min. The mixture was cooled to 0 8C
and NIS (46 mg, 0.20 mmol) and TESOTf (4 mL, 0.01 mmol) were added.
The reaction mixture was stirred at 0 8C for 30 min, diluted by dichloro-
methane (60 mL), and filtered through celite. The filtrate was washed
with aqueous sodium thiosulfate (15 %, 4 mL) and brine, dried over
MgSO4, and concentrated. The residue was purified by column chroma-
tography (silica gel, hexane/EtOAc 2:1) to give the product 8 as a white
powder (45 mg, 61 %). [a]D=�87.0 (c=1.0 in CH2Cl2); Rf=0.31
(hexane/EtOAc 2:1); 1H NMR (300 MHz, CDCl3): d=7.39±6.82 (m,
35H, Ar-H), 5.54 (d, J=3.5 Hz, 1 H, H-1’’’), 5.22 (s, 1H, NH), 5.39±4.13
(m, 5 H, H-1’’ (d, J=3.5 Hz), H-3’’, H-3’’’, H-4’’, H-4’’’), 5.11±4.86 (m, 2 H,
H-1, H-5’’’), 4.82±4.65 (m, 3H, H-3, H-4, H-5’’), 4.49 (d, 1 H, H-1’), 4.28±
3.86 (m, 8H, H-2’, H-2’’, H-2’’’, H-4’, H-6, H-6’), 3.39±3.05 (m, 5H, H-5’,
H-5, H-3’, CH2CH2CH2NHCOOCH2Ph), 3.02±2.86 (m, 1 H, H-2), 2.07,
2.06, 1.97, 1.96 (s, 4H, 4î CH3CO), 1.69 (s, 1H, OCH2CH2CH2), 1.15 (d,
J=6.7 Hz, 3H, H-6’’’), 0.93 (d, J=6.5 Hz, 3H, H-6’’) ppm; 13C NMR
(300 MHz, CDCl3): d=170.8, 170.6, 170.5, 170.3 (4 C, 4 î CH3CO), 156.7
(NHCOOCH2Ph), 153.8 (NHCO), 143.9±120.1 (42 C, Ar-C), 99.7 (C-1’),
99.4 (C-1), 98.4 (C-1’’), 97.6 (C-1’’’), 95.7 (CCl3), 83.7 (C-3’), 75.9 (C-5),
75.3 (C-3), 74.7, 74.0, 73.3, 73.0, 72.8, 71.9, 71.6, 71.2, (8 C, 6î OCH2Ph,
OCH2CCl3, COOCH2Ph), 74.6, 74.1, 73.7, 72.6, 72.4, 72.1 (7 C, C-2’, C-2’’,
C-2’’’, C-4, C-4’, C-4’’, C-4’’’), 73.7 (C-5’), 70.9 (C-3’’’), 70.0 (C-3’’), 68.0,
65.0, 64.8 (C-6, C-6’, OCH2CH2CH2), 67.3 (C-5’’’), 66.7 (C-5’’), 60.0 (C-2),
35.2 (OCH2CH2CH2), 25.0 (OCH2CH2CH2), 21.2, 21.1, 20.9, 20.8 (4 C, 4î
CH3CO), 15.7 (C-6’’), 15.5 (C-6’’’) ppm; HR MALDI-TOF MS: m/z :
calcd for C80H95Cl3N2O24: 1572.5340; found: 1595.5398 [M+Na]+ .
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Aminopropyl 2-deoxy-2-acetamido-3-O-a-l-fucopyranosyl-4-O-(2-O-a-l-
fucopyranosyl)-b-d-galactopyranosyl-b-d-glucopyranoside (9): Zinc
(10 mg, 0.15 mmol, nanosize powder) was added to a stirred solution of
tetrasaccharide 8 (40 mg, 0.02 mmol) in acetic acid (2 mL). After 20 min,
the zinc was removed by filtering through celite and the filtrate was con-
centrated to dryness. The residue was dissolved in pyridine (2 mL) and
acetic anhydride (1 mL) and the mixture was stirred at room temperature
overnight, whereafter it was quenched by addition of methanol (2 mL).
The solution was diluted by dichloromethane (60 mL) and was washed
successively with 1m HCl solution, aqueous sodium hydrogencarbonate
(15 %), and brine. The organic layer was dried over MgSO4 and concen-
trated. The obtained residue was dissolved in methanol (5 mL), then
sodium methoxide (1m in methanol) was added until the pH value
reached 10. The solution was stirred at room temperature for 24 h, neu-
tralized with Dowex 50 H+ resin, diluted with methanol (50 mL), filtered,
and concentrated. The residue was purified by column chromatography
(silica gel, EtOAc/methanol 10:1). The obtained compound was dissolved
in acetic acid (5 mL) and ethanol (1 mL). The mixture was hydrogenated
over Pd/C (10 %, 20 mg) at ambient temperature. After 24 h, the mixture
was filtered through celite to remove the catalyst and concentrated to
dryness under reduced pressure. The residue was purified by size-exclu-
sion column chromatography (Biogel P2 column, eluted with H2O con-
taining 1 % nBuOH) to give the product 9 as a white powder (9 mg,
52%). [a]D=�62.9 (c=1.0 in MeOH); 1H NMR (500 MHz, D2O, 30 8C):
d=5.20 (d, J=3.0 Hz, 1H), 5.02 (d, J=3.9 Hz, 1 H), 4.79 (q, J=6.4 Hz,
1H), 4.42 (d, J=8.0 Hz, 2H), 4.19 (q, J=6.4 Hz, 1 H), 3.95±3.58 (br s,
31H), 3.36 (br s, 1 H), 3.24 (m, 1H), 3.08±3.02 (m, 2H), 1.98±1.79 (m,
5H), 1.16 (d, J=6.4 Hz, 3 H), 1.12 (d, J=6.4 Hz, 3H) ppm; 13C NMR
(500 MHz, D2O, 30 8C): data of anomeric carbons: d=101.3, 100.4, 99.6,
98.8 ppm; HR MALDI-TOF MS: m/z : calcd for C29H52N2O19: 732.3164;
found: 755.2945 [M+Na]+ .


3-(S-Acetylthioglycolylamido)-propyl 2-deoxy-2-acetamido-3-O-a-l-fuco-
pyranosyl-4-O-(2-O-a-l-fucopyranosyl)-b-d-galactopyranosyl-b-d-gluco-
pyranoside (10): Compound 9 (6 mg, 0.01 mmol) was dried under
vacuum overnight. The sugar was slurried in dry DMF. SAMA-OPfp
(5.3 mg, 0.02 mmol) was added. TEA (2.3 mL, 0.02 mmol) was added
dropwise into the mixture. After stirring at room temperature for 2 h, the
mixture was evaporated and the residue was purified by size-exclusion
chromatography (Biogel P2 column, eluted with H2O containing 1%
nBuOH) to give thioacetate 10 as a white powder (4 mg, 58 %). 1H NMR
(300 MHz, D2O, 30 8C): d=5.21 (d, J=3.0 Hz, 1H), 4.95 (d, J=3.9 Hz,
1H), 4.78 (q, J=6.4 Hz, 1 H), 4.40 (d, J=8.0 Hz, 2 H), 4.11 (q, J=6.4 Hz,
1H), 3.85±3.51 (br s, 33H), 3.36 (br s, 1 H), 3.24 (m, 1 H), 3.08±3.02 (m,
2H), 1.98±1.79 (m, 8H), 1.17 (d, J=6.4 Hz, 3 H), 1.12 (d, J=6.4 Hz,
3H) ppm; HR MALDI-TOF MS: m/z : calcd for C33H56N2O21S: 848.3096;
found: 871.2983 [M+Na]+ .


3-(Mercaptoacetamido)-propyl 2-deoxy-2-acetamido-3-O-a-l-fucopyrano-
syl-4-O-(2-O-a-l-fucopyranosyl)-b-d-galactopyranosyl-b-d-glucopyrano-
side (11): 7% NH3 (g) in DMF solution (50 mL) was added to a solution
of thioacetate 10 (1 mg) in H2O (15 mL) and the mixture was stirred
under argon atmosphere. The reaction was monitored by MALDI-TOF
MS, which showed the product peak of [M+Na]+ . After 45 min, the mix-
ture was evaporated under reduced pressure and coevaporated twice
with toluene. The thiol was dried under high vacuum for 30 min and then
used immediately for conjugation without further purification.


3-[4-(N-Maleimidomethyl)cyclohexane-1-carbonylamino]-propyl 2-
deoxy-2-acetamido-3-O-a-l-fucopyranosyl-4-O-(2-O-a-l-fucopyranosyl)-
b-d-galactopyranosyl-b-d-glucopyranoside (12): A mixture of tetrasac-
charide 9 (1.2 mg, 1.64 mmol) and sulfo-SMCC (1.07 mg, 2.46 mmol) in
0.1m sodium phosphate buffer containing 0.15m NaCl (pH 7.2, 600 mL)
was stirred at ambient temperature for 2 h. The compound was purified
by size-exclusion chromatography on a Sephadex G10 column equilibrat-
ed in 0.1m sodium phosphate buffer containing 5 mm EDTA (pH 6.2).
Fractions containing compound 12, as determined by TLC and MALDI-
TOF MS ([M+Na]+ 976.5), were pooled and used immediately without
further characterization for conjugation to thiolated BSA or KLH.


Conjugation of Ley derivative 11 to mcKLH±MI and BSA±MI : The con-
jugations were performed as suggested by Pierce Endogen. In short, thiol
11 (2.5 equiv excess to available MI groups on the protein), deprotected
just prior to conjugation as described above, was dissolved in ddH2O
(100 mL) and added to a solution of maleimide-activated protein (2 mg)


that had been restored with ddH2O (200 mL) to give the protein in the
conjugation buffer (sodium phosphate buffer (pH 7.2) containing EDTA
and sodium azide). The mixture was incubated for 2 h at room tempera-
ture and then purified by use of a Millipore centrifugal filter device with
a 10 000 Da molecular cut-off. All centrifugations were made at 15 8C for
20 min, with spinning at 13 g. The reaction mixture was centrifuged off
and the filter was washed with 10 mm 2-[4-(2-hydroxyethyl)-1-piperazinyl]-
ethanesulfonic acid (HEPES) buffer (pH 6.5, 3 î 200 mL). The filtrates
were checked for the presence of carbohydrate by TLC. The conjugate
was retrieved and taken up in 10 mm HEPES buffer (pH 6.5, 1 mL). The
average number of copies of Ley attached to mcKLH and BSA was deter-
mined to be 620 and 9, respectively, according to Dubois× phenol±sulfuric
acid total-carbohydrate assay and Lowry×s protein-concentration test.


Conjugation of Ley derivative 11 to BSA±BrAc : A solution of SBAP
(5 mg) in DMSO (40 mL) was added to a solution of BSA (2 mg) in
0.1 mm sodium phosphate buffer (pH 8.0) containing 0.1 mm EDTA
(200 mL). The mixture was slowly stirred for 1 h at room temperature and
then purified by using centrifugal filters with a molecular cut-off of
10000 Da. All centrifugations were performed at 15 8C for 20 min, with
spinning at 13 g. The reaction mixture was centrifuged off and the filter
was washed with conjugation buffer (2 î 200 mL). The activated protein
was retrieved by spinning at 13 g for 20 min at 15 8C and taken up in
0.1 mm sodium phosphate buffer (pH 8.0) containing 0.1mm EDTA
(200 mL). A solution of thiol derivative 11 (1.2 mg) in the conjugation
buffer (100 mL) was added to the activated protein and the mixture was
incubated at room temperature overnight. Purification was achieved by
using the centrifugal filters as described above for the KLH/BSA±MI±
Ley conjugates. This gave a glycoconjugate with nine Ley residues per
BSA as determined by the phenol±sulfuric acid total-carbohydrate assay
and Lowry×s protein-concentration test.


BSA±MI±ME and BSA±BrAc±MI : A solution of 2-mercaptoethanol in
DMF (37 mL, 1:100 v/v) was added to 3-(bromoacetamido)propionate-ac-
tivated BSA (2 mg) prepared as described above or (maleimidomethyl)-
cyclohexane-1-carboxylate-activated BSA (2 mg) from Pierce Endogen.
The mixture was incubated at room temperature overnight. The mercap-
toethanol conjugates were purified by using spin filters as described
above.


Conjugation of Ley derivative 11 to KLH±BrAc : A solution of KLH
(2.3 mg) in 0.1m sodium phosphate buffer (pH 7.2) containing 0.15m
NaCl (200 mL) was added to a solution of SBAP (1 mg) in DMSO
(40 mL). The mixture was slowly stirred for 1 h at room temperature and
then purified by using centrifugal filters with a molecular cut-off of
10000 Da. All centrifugations were performed at 15 8C for 20 min, with
spinning at 13 g. The reaction mixture was centrifuged off and the filter
was washed with conjugation buffer (2 î 200 mL) The activated protein
was retrieved by spinning at 13 g for 20 min at 15 8C and taken up in
0.1 mm sodium phosphate buffer (pH 8.0) containing 0.1 mm EDTA
(200 mL). A solution of thiol derivative 11 (0.6 mg) in the conjugation
buffer (100 mL) was added to the activated protein and the mixture was
incubated at room temperature overnight. Purification was achieved by
using the centrifugal filters as described above for the KLH/BSA±MI±
Ley conjugates. This gave a glycoconjugate with 692 Ley residues per
KLH molecule as determined by the phenol±sulfuric acid total-carbohy-
drate assay and Lowry×s protein-concentration test.


Thiolation of BSA : BSA (1.2 mg, 0.015 mmol) in thiolation buffer con-
taining 50 mm triethanolamine, 0.15m NaCl, and 5 mm EDTA (pH 8.0,
200 mL) was incubated for 1.5 h with Traut×s reagent (1.08 mg, 7.83 mmol).
The activated protein was purified on a d-salt dextran column (Pierce
Endogen) preequilibrated with 0.1m sodium phosphate buffer containing
0.15m NaCl and 0.1m EDTA (pH 7.2). The first fractions positive to Ell-
man×s reagent (total of approximately 0.560 mmol of thiol) were pooled
and used directly.


BSA±MI±Ley (RA): The pooled fractions of Ley derivative 12 and thiol-
activated BSA were mixed and incubated overnight under an argon at-
mosphere. The conjugate was purified by using centrifugal filters with a
molecular cut-off of 10 KDa. All centrifugations were performed at 13 g
for 30 min. The reaction mixture was centrifuged and the filter was
washed with 10 mm HEPES buffer (pH 6.5, 2î 200 mL). The glycoconju-
gate was retrieved (15 min at 13 g) and taken up in 10 mm HEPES buffer
(pH 6.5). The glycoconjugate had 9 copies of Ley per BSA as determined
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by using Dubois× carbohydrate assay and Lowry×s protein-concentration
test.


Thiolation of KLH : KLH (11.5 mg, 1.44 nmol) in thiolation buffer con-
taining 50 mm triethanolamine, 0.15m NaCl, and 5 mm EDTA (pH 8.0,
1.0 mL) was incubated with Traut×s reagent (2 mg, 15 mmol) for 2 h. The
thiolated protein was purified by using a d-salt dextran column (Pierce
Endogen) that had been preequilibrated with 0.1m sodium phosphate
buffer containing 0.15m NaCl and 0.1m EDTA (pH 7.2). The first frac-
tions positive to Ellman×s reagent were pooled and used directly in a con-
jugation reaction with 12.


KLH±MI±Ley RA : Pooled fractions of Ley derivative 12 (4.92 mmol), pre-
pared and purified as described above, and thiol-activated KLH were
mixed and incubated overnight under an argon atmosphere. The conju-
gate was purified by using centrifugal filters with a nominal molecular
cut-off of 10 KDa. All centrifugations were performed at 13 g for 30 min.
The reaction mixture was centrifuged and the filter was washed with
10 mm HEPES buffer (pH 6.5, 2 î 200 mL). The glycoconjugate was re-
trieved (15 min at 13 g) and taken up in 10 mm HEPES buffer (pH 6.5).
The glycoconjugate had 965 copies of Ley per KLH as determined by
using Dubois× carbohydrate assay and Lowry×s protein-concentration test.


Immunizations : Groups of five mice (female, BALB/c, 8±10 weeks) were
immunized subcutaneously (3 different sites with a total of 150 mL) on
days 0, 7, 14, and 28 with 20 mg of carbohydrate and 10 mg of adjuvant
QS-21 in each boost. The mice were bled on day 35 (leg vein) and the
sera were tested for the presence of anti-Ley antibodies.


ELISA : 96-well ELISA plates were coated overnight at 4 8C with BSA±
MI±Ley, BSA±BrAc±Ley, BSA±MI±ME, BSA±BrAc±ME, or BSA±MI±
Ley (RA) (2.5 mgmL�1) in 0.2m borate buffer (pH 8.5) containing 75 mm


NaCl (100 mL per well). The plates were washed three times with 0.01m
tris(hydroxymethyl)aminomethane (Tris) buffer containing 0.5 %
Tween 20 and 0.02 % sodium azide. Blocking was achieved by incubating
the plates for 1 h at room temperature with 1% BSA in 0.01m phosphate
buffer containing 0.14m NaCl. Next, the plates were washed and then in-
cubated for 2 h at room temperature with serum dilutions in phosphate-
buffered saline containing 0.02 % sodium azide and 0.5 % Tween 20.
Excess antibody was removed and the plates were washed three times.
The plates were incubated with rabbit anti-mouse IgG Fcg fragment spe-
cific alkaline-phosphatase-conjugated antibodies (Jackson ImmunoRe-
search Laboratories, Inc., West Grove, PA) for 2 h at room temperature.
Then, after the plates were washed, enzyme substrate (p-nitrophenyl
phosphate) was added and allowed to react for 30 min before the enzy-
matic reaction was terminated by adding 3m aqueous NaOH and the ab-
sorbance was read at dual wavelengths of 405 and 490 nm. Antibody
titers were determined by regression analysis, with log10 dilution plotted
versus absorbance. The titers were calculated to the log10 highest dilution
that gave three times the absorbance of normal mouse sera diluted 1:120.
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A General Atmospheric Pressure Chemical Vapor Deposition Synthesis and
Crystallographic Study of Transition-Metal Sulfide One-Dimensional
Nanostructures


Jian-Ping Ge,[a] Jin Wang,[a] Hao-Xu Zhang,[a, b] and Ya-Dong Li*[a]


Introduction


During the past decades, transition-metal sulfides have at-
tracted great interest due to their physical and chemical
properties. For instance, CdS[1±2] is widely used for photo-
electric conversion in solar cells and in light-emitting diodes
for flat-panel displays; ZnS[3±4] is a famous luminescence ma-
terial with various luminescence properties; CoS and
MnS[5±6] are applied in the fabrication of diluted magnetic
semiconductors; and NiS[7±9] is used as a metal insulator, in
magnetic phase transformation, and in hydrogenation cataly-
sis.
Recently, one-dimensional (1D) nanostructures, such as


wires, rods, belts, and tubes have become the focus of inten-
sive research owing to their unique applications in meso-
scopic physics and fabrication of nanoscale devices.[10±13] It is
generally accepted that 1D nanostructures provide a good
system to investigate the dependence of electrical and ther-
mal transport or mechanical properties on dimensionality


and size confinement. Therefore, the ability to generate
such 1D nanostructures is essential to much of modern sci-
ence and technology.
As to transition-metal sulfides, various strategies have


been applied to fabricate their 1D nanostructures. Directed
by a template, a single-crystal CdS[14] nanowire array could
be synthesized on a porous alumina, and WS2


[15] nanotubes
could be prepared from the pyrolysis of artificial lamellar
mesostructures formed by a soft organic surfactant. The sol-
vothermal method[16±18] has been extensively exploited to
produce a variety of sulfide nanowires, rods, and tubes. In
the aspect of gas-phase synthesis, a laser-assisted catalytic
growth (LCG) method[18±20] was reported to produce many
semiconductor nanowires. Illumined and stimulated by the
synthesis of oxide nanobelts,[21] thermal evaporation meth-
ods have also been developed to grow ZnS nanoribbons[22]


and CdS nanowires[23] on a large scale. Otherwise, Cu2S
[24]


nanowires were transformed by sulfuration of the oxide in-
termediate. Here, as a typical example, we will first report
an atmospheric pressure chemical vapor deposition
(APCVD) process to prepare heterostructural NiS/SiO2


nanowire/nanotubes (NW/NTs) on a Si substrate. Then, a
novel one-step route was developed to fabricate a series of
transition-metal sulfide 1D nanostructures on an Si sub-
strate; this might provide abundant resources to the re-
search of mesoscopic physics and fabrication of nanoscale
devices.
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Abstract: A series of transition-metal
sulfide one-dimensional (1D) nano-
structures have been synthesized by
means of a general atmospheric pres-
sure, chemical vapor deposition
(APCVD) strategy. Vapour±liquid±
solid (VLS) and vapour±solid (VS)
mechanisms, along with the results of
SEM and TEM observations, were


used to explain the formation of these
nanostructures. The regularity of the
growth in the direction of the hexago-
nal nanowire is explored; we find that


it prefers to grow along (100), (110),
or (00x) directions owing to particular
crystal structures. The adopted synthet-
ic route was expected to provide abun-
dant useful 1D building blocks for the
research of mesoscopic physics and
fabrication of nanoscale devices.


Keywords: chemical vapor deposi-
tion ¥ nanostructures ¥ sulfur ¥
transition metals
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Results and Discussion


APCVD and characterization of NiS/SiO2 nanowire/nano-
tubes : Figure 1 displays a series of typical scanning electron
microscope (SEM) images of the as-prepared NiS/SiO2 NW/
NTs deposited on a (100) Si substrate. The SEM images


shows that the substrate was covered with pure NiS/SiO2


NW/NTs with an average diameter of 50 nm and length of
10 mm. High-resolution SEM image shows an evident junc-
tion between NiS NWs and SiO2 NTs (Figure 1d, inset).
In addition, transmission electron microscope (TEM)


images of individual NW/NTs provide further insight into
the structure of these materials. Results from energy-disper-
sive X-ray spectroscopy (EDS) characterization show that
the nanowires primarily contain Ni and S. (Figure 2a inset;
the Si peak in the figure was caused by SiO2 covering the
outside the NiS nanowire). Nanotubes with the same diame-
ter are observed to grow out of one end of the nanowires,
and the corresponding EDS spectrum demonstrates that the
nanotubes mainly consist of Si and O atoms. The electron
diffraction (ED) pattern (Figure 2b, inset) reveals the intrin-
sic structure of the amorphous SiO2 nanotube. Together
with the HRTEM image, it shows that the nanotube is made
of amorphous SiO2. Figure 2c shows two crystal faces pres-
ent 1208 angle at the junction position; this helps us to un-
derstand the crystal growth of the nanowire described later
in this article. Figure 2d is the ED pattern of the nanowire,
indexed to a-NiS with the hexagonal NiAs structure. The
(110) direction of the ED pattern is parallel to the wire
axis, showing that growth might occur along the (110) direc-
tion. A high-resolution TEM image exhibits well-resolved
(100) and (110) lattice planes. (Figure 2e) The experimental
lattice spacings of 0.30�0.01 nm and 0.17�0.01 nm are con-
sistent with the 0.298 nm and 0.172 nm separation in bulk
crystals. (JCPDS No. 77±1624) The 308 orientation between


the (100) and (110) lattice planes is also consistent with the
ED patterns; this further confirm the (110) growth direc-
tion of the as-prepared nanowire.
XRD patterns, obtained by irradiating the substrate cov-


ered with NiS/SiO2 NW/NTs without further treatment after
preparation, were used to determine the chemical composi-
tion and structure of the as-prepared NW/NTs. The XRD
spectrum of the product (Figure 3) could be indexed to a


pure hexagonal NiAs structure with lattice constants a=
0.3439 nm, c=0.5324 nm (JCPDS No. 77±1624). Sharp and
strong peaks also confirmed the NiS nanowires were well
crystallized. No peaks due to any other phases were detect-
ed, indicating the high purity of the products. Lack of crystal
SiO2 peaks also reveals that the SiO2 nanotube is amor-
phous


Figure 1. SEM image of the as-prepared NiS/SiO2 NW/NTs. a) and
b) Overall images of the NiS/SiO2 NW/NTs. c) and d) Relative high-reso-
lution SEM images of the NiS/SiO2 NW/NTs. The inset clearly shows the
hetero-junction structure. The bars represent 1 mm, 4 mm, 300 nm, and 1 m
in a)±d), respectively.


Figure 2. TEM images of the as-prepared NiS/SiO2 NW/NTs. a) and
b) TEM images of the single NiS/SiO2 NW/NT. The inset was the corre-
sponding EDS spectrum for the selected scanning area. c) TEM image of
the hetero-junction section. d) ED patterns taken along the [001] axis.
e) High-resolution TEM image of the NiS nanowire. f) Open- and closed-
end tubes are both observed. g) Another end of the NiS/SiO2 NW/NT
corresponding to that shown in f).


Figure 3. XRD pattern of the as-made NiS/SiO2 NW/NTs.
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Figure 4 shows a schematic diagram to describe the prog-
ress of the nanocrystal growth. At first, NiCl2 and S powders
evaporate into vapor and are transported to the downstream
end by the argon flow. Then, they combine into NiS nano-


structure to generate the initial nucleation, which grows in
an epitaxial way (elongated along the [110] direction) and
favors the nanocrystal to form a 1D nanostructure. At the
same time, evaporated Si atoms react with the trace amount
of oxygen to form an amorphous SiO2 layer outside the
single-crystal NiS nanowire. During the heating process, the
concentration of Ni and S atoms gradually decreases, and
the growth of NiS is finally terminated. However, amor-
phous SiO2 is further generated at the junction position.
Catalyzed by the NiS, it grows into nanotubes with a length
range from several tens of nanometers to several microme-
ters. Both open- and closed-end nanotubes are observed.
The former are always short and the latter can grow to sev-
eral micrometers.


APCVD to transition-metal sulfide one-dimensional nano-
structures : Stimulated by the successful synthesis of NiS
nanowires, we try to extend this convenient and less toxic
method to the fabrication of other transitional-metal sulfide
1D nanostructures by simply replacing the chloride and con-
trolling the specific parameter of the APCVD. Figures 5 and


6 show SEM images of the as-prepared products. The results
indicate that, CdS, ZnS, CoS, NiS, MnS, and Fe7S8 could
form wires with a large slenderness ratio, while, Cr2S3 and
WS2 prefer to form rods and tubes, respectively. Uniquely


for CuxS, the main deposited products are particles
(100 nm), although several long whiskers are also observed
on the substrate.
XRD patterns (Figure 7) were also measured to deter-


mine the chemical composition and structure of the deposit-
ed products, and the spectra could be well indexed to the
JCPDS data base. (JCPDS card CdS: No.77±2306; ZnS: No.


75±1547; Cu7.2S4: No.72±1966; CoS: No.75±0605; Fe7S8:
No.76±2308; MnS: No.72±1534; Cr2S3: No.72±1223; WS2:
No.84±1398) The specific descriptions of the structure and
morphology are summarized in Table 1.
The reaction to form these sulfides 1D nanostructures can


be formulated as follows [Eq.(1)]:


MClx þ S ! MSy þ S2Cl2


2 S2Cl2 þ 6NaOH ! 4NaClþ 3 SþNa2SO3 þ 3H2O
ð1Þ


Figure 4. Mechanism for the growth of NiS/SiO2 NW/NTs. For details see
text.


Figure 5. SEM image of the as-prepared a) CdS, b) CoS, c) MnS, and
d) Fe7S8 nanowires. he bars represent 10, 20, 4, and 5 m in a)±d), respec-
tively. In the insets of a) and b), the bars represent 10 and 5 mm, respec-
tively.


Figure 6. SEM image of the as-prepared a) Cr2S3 nanorod, b) WS2 nano-
tube, c) ZnS nanowire, and d) Cu7.2S4 nanoparticle.


Figure 7. XRD patterns for the transition metal sulfide nanostructures.
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Chlorides (MClx) were chosen as the metal source, be-
cause they are proper precursors and have already been
widely used to prepare many useful thin films.[25] They have
a good thermal stability and do not decompose in the tem-
perature regime used; they easily react at the desired tem-
perature; and they often have a sufficiently high vapor pres-
sure, which allows easy transported by the argon flow.
Sulfur powder was selected as the S source, for it is less
toxic than the H2S gas, which is commonly used to prepare
sulfide thin films. Large quantities of S powder created an
atmosphere with excess sulfur to ensure that the MClx was
completely changed into MS. The whole reaction system
was strictly sealed and protected by the argon flow to avoid
the formation of oxides at high temperature. Furthermore, a
small quantity of the byproduct S2Cl2, a toxic material, is ab-
sorbed by a solution of NaOH (10 molL�1).


Growth mechanism : Further advancement of this synthetic
route requires a clear understanding of the growth mecha-
nism. However, real images of the growth process are
always fuzzy and complicated, since these transition-metal
sulfides all have their own unique properties. It×s impossible
to use one theory to explain the growth mechanism of all
these 1D nanostructures, but regularities still could be con-
cluded.
As mentioned in the Experimental Section below, single-


crystal (100) Si wafers covered with a thin film of Au nano-
particles were used as substrate. The observation of nano-
spheres at the top of some nanowires, such as CdS, ZnS, and
MnS, qualitatively suggests that the growth proceeds by a
vapour±liquid±solid (VLS) mechanism (see Supporting In-
formation Figure 1). This VLS crystal growth mechanism
was originally proposed by Wagner and Ellis in 1964 for sili-
con whisker growth[26] and was recently re-examined by
Lieber, Yang, and many other research groups to generate
nanowires from a rich variety of inorganic materials. A typi-
cal VLS process starts with the dissolution of gaseous reac-
tants into nanosized liquid droplets of a catalyst metal (such
as Au here), followed by nucleation and growth of single-
crystalline rods and then wires. For instance, in our system,
hot vapor conating CdCl2 and S species condenses into the
Au-rich liquid nanocluster to form a pseudobinary liquid
(Au±CdS). Nanowire growth begins after the liquid becomes


supersaturated and continues as long as the Au±CdS re-
mains in a liquid state and reactants CdCl2 and S are availa-
ble. Finally, it terminates when the furnace is cooled down
and the Au±CdS nanocluster solidifies. It should be noted
that the liquid droplet serves as a soft template to strictly
limit the lateral growth of an individual wire, and its size
should remain unchanged during the entire process of wire
growth. In our experiment, the average diameter of the Au
particles is 50 nm (see Supporting Information Figure 1),
which is in agreement with the diameter of several nano-
wires. It strongly supports the VLS mechanism and also im-
plies the diameter could be controlled by the size of Au par-
ticles pre-deposited.
As for the Cr2S3 nanorods, no small cluster was observed


at the top; this indicates that the growth may be dominated
by the vapour±solid (VS) mechanism. In this sense, CrCl3
and S react to generate the initial nucleation, which grows
in an epitaxial way and favors the formation of rods. In con-
clusion, the growth could be well explained by the VLS and
VS mechanisms.


Crystallographic study of the sulfide 1D nanostructures : It is
fairly hard to explain why these sulfides prefer to grow into
1D nanostructures, because the practical factors that have
influence are more complex than we thought. However, the
intrinsic crystallographic characters often dominate in the
final morphology of the products in many instances; this
should be paid more attention and study. Previous research-
ers have made some investigations and gave us abundant
data for deep research. Duan and Lieber once reported a
series of semiconductor nanowires fabricated by means of
laser ablation.[19] Most of these wires, such as GaAs, GaP,
InP, InAs, ZnS, and ZnSe, have the zinc blende structure
and preferred to grow in (111) direction. They also men-
tioned two exceptions: CdS and CdSe. These wires have
hexagonal structures and CdS prefers to grow in the (100)
and (002) directions, while CdSe grows in the (110) direc-
tion. However, the intrinsic reason has not been revealed.
In this section, we made some fundamental investigations


about the crystallographic characters and growth directions
of hexagonal nanowires. From the nanostructures we synthe-
sized, we choose CdS, CoS, NiS, and Fe7S8 nanowire for
more intensive research. HRTEM images and electron dif-
fraction patterns confirm that they grow along the (100),[27]


(110),[28] (110) (Figure 2), and (003) (Supporting Informa-
tion Figure 2) directions, respectively. As above, NiS will be
the first subject investigated.
According to the Bravais× law, crystal faces with low


index and large interplanar spacing are the first to form in
the process of crystal growth. Based on our earlier observa-
tion (Figure 2c), we made a simple illustration (Figure 8) to
describe the crystal face and growth direction of the wire. It
is known that a-NiS has the hexagonal NiAs structure and
has six equivalent crystal face directions (100, 010, �110 º)
in the xy plane. Referring to the single-crystal data of the a-
NiS, these low index surfaces have larger interplanar spacing
(d=0.297826 nm) than any other crystal faces. Therefore,
the atoms prefer to stack in these directions, and the hexag-
onal nanowire might grow in (100) direction. However, the


Table 1. Summary of the as-prepared products. Structures were deter-
mined by XRD patterns.[a] The size and morphology were determined by
using TEM images.[b]


Material Structure Morphology Diameter Length
[nm] [mm]


CdS H NW 40±50 10
ZnS H NW 40±50 1±2
Cu7.2S4 FCC NP 100 ±
NiS H NW 40±50 10
CoS H NW 40±50 20±40
Fe7S8 H NW 40±100 5±10
MnS FCC NW 40±100 10±20
Cr2S3 H NR 100±150 1
WS2 H NT 20±30 5±10


[a] H=hexagonal and FCC= face-centered cubic. [b] NW=nanowire,
NR=nanorod, NT=nanotube, NP=nanoparticle.
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crystal growth may simultaneously occur in two preferred
directions, such as (100) and (010), then the hexagonal
nanowire would take the (110) direction as the wire axis.
The HRTEM image in Figure 2c shows two crystal faces,
which correspond to the (100) and (010) surfaces, that form
an angle of 1208 at the junction position; this confirms the
rationality of our deductions. The same applies to the CoS
nanowire, that is, it grows along the (110) direction owing
to the simultaneous stack of the (100) and (010) crystal
planes. Single-crystal data of these hexagonal sulfides from
the JCPDS database may help the decision of the growth di-
rection (Table 2).


However, several instances still puzzle us: CdS and Fe7S8
nanowires should prefer to grow along the (100) or (110)
directions according to the deduction above, whereas in re-
ality they grow along (100), (002) and (003) directions.
After attentive analysis, this phenomenon could be ex-
plained by the comparison of a specific parameter of each
nanowire. Here, we define it as a special ratio R=d1/d2, in
which d1 and d2 are the corresponding interplanar spacing of
(100) and (00x) crystal face. Table 2 reveals that in most
hexagonal structures the (00x) direction has the second
largest interplanar spacing, only inferior to the (100) direc-
tion. According to the Bravais× law, the (00x) direction
should also be a proper candidate. When the difference of
the d value is not evident, the nanowire may also grow in
the (00x) direction, such as CdS (100 or 002, R=1.067)
and Fe7S8 (003, R=1.044). When the ratio of d1 and d2 is
relatively large, the nanowire will certainly grow along the
direction with larger interplanar spacing, such as CoS (110,
R=1.136) and NiS (110, R=1.119).
In conclusion, nanowires with hexagonal structures prefer


to grow along the (100), (110), or (00x) directions due to
the particular interplanar spacing involved, and the d1/d2
value is quite significant to the final selection. Certainly, the
conclusion is only a fundamental and qualitative under-
standing, but it may guide and predict the fabrication of
other nanowires and crystal whiskers with hexagonal struc-
tures.


Conclusion


In summary, a series of transition-metal sulfide 1D nano-
structures have been synthesized by means of a general
APCVD strategy. VLS and VS mechanisms, along with the
experimental results, were used to explain the formation of
these 1D nanostructures. A regular conclusion about the
growth direction of hexagonal nanowire has been drawn.
Therefore, the adopted synthetic route is expected to pro-
vide many 1D building blocks for research into mesoscopic
physics and fabrication of nanoscale devices.


Experimental Section


Materials : All reagents used in this work, including tungsten chloride
(WCl6), chromium chloride (CrCl3), manganese chloride (MnCl2), ferrous
chloride (FeCl2), cobalt chloride (CoCl2), nickel chloride (NiCl2), copper
chloride (CuCl2), zinc chloride (ZnCl2), cadmium chloride (CdCl2), and
sulfur powder, were A. R. reagents (>99.99%) from the Beijing Chemi-
cal Factory (China) and were used directly. Single-crystal (100) Si wafers
covered with a thin film of Au nanoparticles were cleaned prior to use by
washing with ethanol, and subsequently dried in air.


Synthesis : Our growth apparatus was a
furnace with a horizontal quartz tube;
the temperature profile is shown in
Figure 9. Various kinds of transition-
metal chloride were placed in ceramic
boat at the middle of the furnace,
where the temperature could be exact-
ly controlled. Sulfur powders (0.4 g)
were put upstream, and the (100) Si
wafer was located downstream. In an


argon flow, the temperature was raised to a particular value with a heat-
ing rate 10 8Cmin�1 and remained at that point for 1±2 h. Then, the fur-
nace was cooled down to room temperature slowly (~5 8Cmin�1), and the
products were deposited on the Si substrate. The specific parameters for
the APCVD experiments are listed in Table 3.


Figure 8. Crystallographic characteristics of the a-NiS nanowire. For de-
tails see text.


Table 2. Single-crystal data of several hexagonal sulfides from the JCPDS database.


CdS (No.77±2306) CoS (No.75±0605) NiS (No.77±1624) Fe7S8 (No.76±2308)
hkl d [ä] hkl d [ä] hkl d [ä] hkl d [ä]


1 100 3.58188 100 2.91851 100 2.97826 100 5.9461
2 002 3.35650 002 2.57000 002 2.66200 003 5.6960
3 101 3.16017 101 5.53793 101 2.59921 101 5.6158
R=d1/d2 1.067 1.136 1.119 1.044


Figure 9. Apparatus and temperature profile of the furnace at different
controlled temperature.
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Characterization : The samples was characterized by a Bruker D8 Avance
X-ray diffractometer with CuKa radiation (l=1.5418 ä). The size and
morphology of the as-prepared ZnS 1D nanostructures were obtained by
using a Hitachi Model H-800 transmission electron microscope (with a
tungsten filament at an accelerating voltage of 200 kV), a LEO 1530
scanning electron microscope, and a JEOL JEM-2010F high-resolution
transmission electron microscope. EDAX was also measured by the
TEM and HRTEM.
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Table 3. The specific parameters for the APCVD of the transition-metal sulfides.


Furnace Substrate Ar flow rate Run XRD of
T [8C] T [8C][a] [sccmmin�1] time [min] product


CdCl2 650 520 100 120 hexagonal CdS
ZnCl2 750 480 100 120 hexagonal ZnS
CuCl2 650 250 100 100 face-centered cubic Cu7.2S4
NiCl2 700 620 100 120 hexagonal NiS
CoCl2 850 580 100 100 hexagonal CoS
FeCl2 900 600 100 120 hexagonal Fe7S8
MnCl2 750 450 100 100 face-centered cubic MnS
CrCl3 850 610 100 120 hexagonal Cr2S3
WCl6 950 650 50 120 hexagonal WS2


[a] The substrate temperature was estimated by comparing the wafer location with the temperature profile of
the furnace.
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A Novel Method to Synthesize Polystyrene Nanospheres Immobilized with
Silver Nanoparticles by Using Compressed CO2


Jianling Zhang, Zhimin Liu, Buxing Han,* Dongxia Liu, Jing Chen,
Jun He, and Tao Jiang[a]


Introduction


In recent years, polymer/inorganic nanocomposites have at-
tracted wide interest in view of their novel properties such
as enhanced conductivity,[1] mechanical toughness,[2] and op-
tical[3] and catalytic activity.[4] Different approaches have
been used to prepare polymer/metal nanocomposites. The
in-situ synthesis of metal nanoparticles in polymer matrices
has been widely used.[5] This method is based on the reduc-
tion of metal ions that are dispersed in polymer matrices, or
the polymerization of the monomer dispersed with the
metal nanoparticles. Another route to synthesize the poly-
mer/inorganic nanocomposites is the simultaneous polymeri-
zation±reduction approach. The polymerization of the or-
ganic monomers was conducted in parallel with the forma-
tion of nanocrystalline metal particles by means of g-irradia-
tion,[6] ultraviolet irradiation,[7] or by radicals directly gener-
ated from initiators.[8] Recently, efforts have also been
devoted to the synthesis of polymer/inorganic nanocompo-
sites from reverse micelles, during which the polymerizable


surfactants were used.[9] Through an in situ polymerization
of the surfactants, the inorganic nanoparticles within the mi-
celles could be incorporated into the polymerized matrix.
Currently, there is a great deal of interest on the applica-


tions of supercritical (SC) CO2 in material science.
[10] One


useful technique is the gas antisolvent process.[11] This tech-
nique has been used in different processes, such as extrac-
tion and fractionation,[12] recrystallization of chemicals,[13]


micronization,[14] and production of polymeric particles.[15]


These methods have some potential advantages. For exam-
ple, it is easy to remove the solvent and antisolvent com-
pletely from the products. Moreover, fine particles can be
obtained, because high supersaturation can be achieved in
the solution, and the morphology of the products can be
tuned by the pressure of CO2.
In previous work, we investigated the thermodynamic


nature of polymers in CO2-expanded solvents.
[16] It was re-


vealed that with the addition of CO2 to solvents, the poly-
mer chains collapse, overlap, and entangle due to prevailing
intersegmental attraction in the presence of CO2. Reverse
micelles can be used to synthesize inorganic nanoparticles of
different kinds.[17] Recently, we developed a new method to
recover the nanoparticles synthesized in reverse micelles by
using compressed CO2 as antisolvent,


[18] and ZnS and Ag
nanoparticles synthesized in sodium bis(2-ethylhexyl) sulfo-
succinate (AOT) reverse micelles were recovered. It was
found that, by controlling the pressure of CO2, the ZnS or
Ag nanoparticles synthesized in the reverse micelles could


[a] Dr. J. Zhang, Dr. Z. Liu, Prof. B. Han, Dr. D. Liu, Dr. J. Chen,
Dr. J. He, Dr. T. Jiang
Center for Molecular Sciences, Institute of Chemistry
Chinese Academy of Sciences, Beijing 100080 (P.R. China)
Fax: (+86)10-62559373


Abstract: In this work, a novel route to
synthesize polymer/metal composite
nanospheres has been proposed. This
method combines the advantages that
the polymer chains collapse and entan-
gle in the presence of compressed CO2,
which acts as antisolvent, and the
metal nanoparticles and polymers can
be precipitated simultaneously from
micellar solutions by the easy control
of CO2 pressure. Ag/polystyrene (PS)
nanocomposites have been successfully


prepared using this method. The trans-
mission electronic micrographs (TEM)
of the obtained nanocomposites show
that the smaller Ag nanoparticles are
immobilized by PS nanospheres of
about 50 nm; the phase structure was
characterized by X-ray diffraction


(XRD). The Ag/PS nanocomposites
show absorption properties at a wave-
length of �417 nm. The results of X-
ray photoelectron spectra (XPS) and
FT-IR spectra indicate that there is no
chemical linkage or strong interaction
between PS and Ag nanoparticles in
the resultant products. This method has
many potential advantages for applica-
tions and may easily be applied to the
preparation of a range of inorganic/
polymer composite nanoparticles.


Keywords: carbon dioxide ¥
micelles ¥ nanocomposites ¥
polystyrene ¥ silver
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be directly precipitated, while the surfactant AOT remains
in the solution.
It is interesting and challenging to prepare polymer/metal


nanocomposites in which the smaller nanosized metal parti-
cles are dispersed in polymer nanospheres, although many
approaches have been performed as discussed above. In
present work, we have developed a novel route to synthe-
size polymer/metal nanocomposites, which can be called as
reverse-micelle/gas-antisolvent method. The nanospheres of
polystyrene (PS) dispersed with the smaller silver nanoparti-
cles have been prepared by using this method. This method
combines the four advantages: 1) the size of Ag nanoparti-
cles formed in the AOT/water/cyclohexane reverse micelles
is very small;[19] 2) compressed CO2 can force the Ag nano-
particles to come out of the reverse micelles, while the sur-
factant AOT remains in the solution;[18] 3) the precipitation
of polymers from the solution and the particle morphology
and size can be controlled by pressure of CO2; and 4) the
CO2-expanded solution has low viscosity and high diffusivi-
ty, which is favorable for the uniformly dispersion of the
silver nanoparticles in the polymer nanospheres. Moreover,
the technique is simple, versatile, and timesaving, and the
solutions can be recycled. We believe that this method can
be used to fabricate a number of nanosized composites con-
sisting of inorganic nanoparticles and polymers with unique
advantages.
The principle of this method is shown in Figure 1. The in-


organic nanoparticles are first synthesized in the AOT/
water/cyclohexane reverse micelles, and the polymer is then


dissolved in the solution (Figure 1a). CO2 is added and the
solution is stirred. The metal nanoparticles come out from
the reverse micelles at suitable pressure of CO2.


[18] At the
same time, CO2 causes the polymer chains to collapse, over-
lap, and entangle, because CO2 acts as an antisolvent.


[16]


During this process, the inorganic nanoparticles are absor-
bed, trapped, or wrapped to form the nanocomposite (Fig-
ure 1b). Then the stirrer is stopped and the composites pre-
cipitate (Figure 1c). After releasing solution, the precipitates
are collected.


Experimental Section


Material : CO2 (>99.995% purity) was provided by Beijing Analysis In-
strument Factory. The monodisperse polystyrene was synthesized by


Nanjing Chemical Engineering University, of which the molecular weight
was Mw=22400 (Mw/Mn=1.05, D=1.04 gcm�3). The surfactant AOTwas
purchased from Sigma with purity of 99%. The solvent cyclohexane was
purchased from Beijing Chemical Factory (>99.5%) and used as re-
ceived. KBH4, AgNO3, and ethanol, supplied by Beijing Chemical Plant,
were all A.R. grade. Double-distilled water was used.


Volume expansion of CO2±micellar solution system : The apparatus for
determining the expansion curves of the AOT/cyclohexane solution
([AOT]=50 mmolL�1)in CO2 was the same as that reported previous-
ly.[18] In a typical experiment, AOT/cyclohexane solution (10 mL) was
charged into the view cell. CO2 was then charged into the view cell to a
suitable pressure after thermal equilibrium had been reached. A magnet-
ic stirrer was used to enhance the mixing of CO2 and the solution. The
volume of the liquid phase did not change with time after equilibrium
was reached. The pressure and the volume at equilibrium condition were
recorded. More CO2 was added and the volume of the liquid phase at an-
other pressure was determined. The volume expansion coefficients were
calculated on the basis of the liquid volumes before and after dissolution
of CO2. Some surfactant could be precipitated when the pressure of CO2
was high enough. The pressure at which the surfactant begins to precipi-
tate is called as cloud point pressure. The cloud point pressure of the sol-
ution was also determined.


Synthesis of Ag nanoparticles in micellar solutions containing PS : The
procedures to synthesize Ag nanoparticles in reverse micelles were simi-
lar to that reported by other authors.[20] The solution of AOT in cyclohex-
ane was first prepared ([AOT]=50 mmolL�1). Then reverse micellar sol-
utions containing aqueous solutions of AgNO3 and KBH4 were prepared
by adding corresponding aqueous salt solution ([AgNO3]=2[KBH4]=0.4
molL�1) to the surfactant solution; the molar ratio of water to AOT (w)
was 5. The two micellar solutions containing AgNO3 and KBH4, respec-
tively, were mixed and silver nanoparticles were formed in the reverse
micelles due to the water pools can exchange their contents by a collision
process.[21] Then the suitable amount of PS was dissolved in the micellar
solution ([PS]0=1.88 mgmL


�1).


High-pressure UV-visible spectra : The key of this method is to precipi-
tate the Ag particles in the reverse micelles and the PS in the solution si-
multaneously by the use of compressed CO2, while the AOT remains in
the solution. Therefore, we first tested this by UV-visible spectroscopy.
The apparatus and procedures for the UV-visible experiments were simi-
lar to those described previously.[18] In a typical experiment, the desired
amount of the reverse micellar solutions containing the Ag nanoparticles
and PS was added into the temperature-controlled high-pressure UV
cell. After the thermal equilibrium had been reached, CO2 was charged
into the cell by high-pressure pump until the cell was full. The UV spec-
trum of the solution was recorded every 10 minutes until it was un-
changed, which was an indication of equilibrium condition.


Synthesis of Ag/PS composite particles : The Ag/PS nanocomposites were
synthesized as follows. Reverse micellar solutions (30 mL) containing the
Ag nanoparticles and PS synthesized as above was loaded into a cylin-
der-shaped autoclave of 120 mL. The autoclave was put in a thermostat,
and CO2 was charged by a high-pressure pump until the desired pressure
was reached. The solution was stirred (400 r.p.m.) for 1 h, then the stirrer
was stopped and the nanocomposites were precipitated. After releasing
solution, the precipitates were collected and washed by water and etha-
nol several times. The products were dried under vacuum at 303.2 K for
4 h.


Characterization : The morphologies of the obtained particles were deter-
mined by TEM with a TECNAI 20 PHILIPS electron microscope. Parti-
cles were dispersed in ethanol and then directly deposited on the copper
grid. X-ray diffraction analysis of the samples was carried out using an
X-ray diffractometer (XRD, Model D/MAX2500, Rigaka) with CuKa ra-
diation. For UV-visible absorption investigation, a certain amount of the
obtained Ag/PS powders were dispersed in ethanol and determined by a
TU-1201 model spectrophotometer. X-ray photoelectron spectra (XPS)
were collected by means of an ESCALab220i-XL spectrometer at a pres-
sure of about 3î10�9 mbar with AlKa as the exciting source (hn=
1486.6 eV) and operating at 15 kV and 20 mA. The IR spectrum was re-
corded using an IR spectrometer (TENSOR 27), and each sample was re-
corded with 32 scans at an effective resolution of 2 cm�1.


Figure 1. Scheme for the synthesis of silver/polystyrene nanocomposites
from the micellar solutions.
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Results and Discussion


Volume expansion of CO2±micellar solution system : The mi-
cellar solution expands after dissolution of CO2. The volume
expansion coefficient DV (DV= (V�V0)V0, in which V and
V0 are the volumes of the CO2-expanded and CO2-free solu-
tion, respectively) of the solution at different CO2 pressures
is a very important parameter for the UV experiments and
the co-precipitation process. We determined the DV of the
AOT/cyclohexane solution ([AOT]=50 mmolL�1) in CO2 at
two temperatures, namely 301.2 and 307.2 K (Figure 2). Evi-


dently, DV increases with increasing pressure, and it is more
sensitive to pressure in the high-pressure range. The DV at
the lower temperature is larger provided pressure is the
same. The cloud-point pressure of the AOT/cyclohexane so-
lutions ([AOT]=50 mmolL�1) was calculated as 5.58 and
6.32 MPa at 301.2 and 307.2 K, respectively. All the experi-
ments were conducted at pressures lower than the cloud
point pressure for the UV spectrum determination and re-
covery process, so the precipitation of the surfactant did not
occur.


UV studies on the coprecipitation of Ag and PS : Colloidal
dispersions of silver exhibit absorption bands in the UV-visi-
ble range that are due to the resonant excitation of surface
plasmons. Thereby the silver nanoparticles stabilized in the
reverse micelles can be analyzed in situ by UV-visible spec-
tra.[22] The characteristic absorption spectrum for silver
nanoparticles has a peak at about 400 nm. The Ag nanopar-
ticles solubilized in the reverse micelles and the PS dissolved
in the solution do not precipitate in the absence of CO2. The
possibility to precipitate the Ag nanoparticles in the reverse
micelles and the polymer in the solutions simultaneously by
using CO2 was investigated by UV-visible spectroscopy. The
results show that this can be achieved at suitable conditions.
As an example, Figure 3 illustrates the UV spectra of re-
verse micellar solution containing the Ag nanoparticles and
PS at 307.2 K and at some typical pressures. For all the ex-
periments, the concentrations of Ag and PS in the reverse
micellar solutions after expansion should be 0.025 and
1.88 mgmL�1, respectively, if they are not precipitated. Evi-
dently, the intensity of the absorption bands for Ag and PS
(at about 260 nm) decreases gradually with increasing pres-


sure, indicating the precipitation of Ag and PS. Our experi-
ments showed that the absorbance of silver and PS is a
linear function of Ag and PS concentration as their concen-
trations are lower than 0.03 mgmL�1 and 2.0 mgmL�1, re-
spectively. Thus the precipitation percentage of Ag and PS
can be calculated from the absorbance. Figure 4 shows the


dependence of precipitation percentage of Ag and PS (the
mass of the precipitated Ag or PS divided by the total mass
of Ag or PS, respectively) on CO2 pressure. Ag particles
precipitate gradually with increasing pressure, while PS
begins to precipitate at about 4.99 MPa. As the pressure
reaches 6.18 MPa, which is lower than the pressure
(6.32 MPa) at which the surfactant AOT begins to precipi-
tate at this temperature, the precipitation percentage of Ag
reaches 100% and that of PS is about 80%. This illustrates
that all Ag and most of the PS can be precipitated under
these conditions, while the surfactant remains in the solu-
tion. In other words, the co-precipitation of Ag and PS from
the micellar solutions can be accomplished by controlling
the pressure of CO2, and it is expected that the composition
of the obtained Ag/PS nanocomposites can be tuned by con-
trolling pressure. On the basis of the results above, we syn-
thesized the Ag/PS nanocomposites under different condi-
tions.


Morphologies of Ag/PS nanocomposites : The transmission
electronic micrographs (TEM) of pure Ag nanoparticles re-
covered from the reverse micelles, PS obtained from cyclo-


Figure 2. Expansion curves of AOT/cyclohexane solution ([AOT]=
50 mmolL�1) at different temperatures and pressures.


Figure 3. UV spectra of a micellar solution containing Ag and PS at
307.2 K and different CO2 pressures.


Figure 4. Precipitation percentage of Ag (PAg%) and PS (PPS%) from mi-
cellar solutions at 307.2 K and different pressures.
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hexane, and the Ag/PS nanocomposites fabricated at differ-
ent conditions are shown in Figure 5a±e. As we can see,
spherical Ag particles of about 3�1 nm in diameter (shown
in Figure 5a) and PS nanospheres with diameter of about


50 nm (shown in Figure 5b) are obtained at 5.50 MPa and
307.2 K, respectively. For the Ag/PS nanocomposites shown
in Figure 5c±e, it is evident that the Ag nanoparticles are im-
mobilized by the polymer nanospheres. And by increasing
the temperature and pressure, the particles size is decreased
from about 65 nm (shown in Figure 5c), to 55 nm (shown in
Figure 5d) to 40 nm (shown in Figure 5e). The physical coa-
lescence of nanoparticles may be responsible for this phe-
nomenon. As the pressure and temperature is increased, the
solution is less viscous and diffusivity is larger; this enhances
the degree of molecular mobility and reduces the contact
time of the particles as they collide. This may reduce the
physical coalescence of nanoparticles. Therefore, smaller
particles are obtained at higher pressure and temperature.
Moreover, it can be seen from Figure 5 that with the in-
crease of CO2 pressure, the number of the silver nanoparti-
cles immobilized by per PS sphere is decreased. The content
of silver in the composites can be estimated by analyzing
the XPS results. For example, the atom ratios of silver to
carbon are 0.0078/1 and 0.0059/1 for silver/PS composites
prepared at 5.50 and 6.28 MPa (307.2 K), respectively. The
reason is that the Ag particles can be precipitated complete-
ly at the experimental pressures, while the precipitation per-
centage of the PS increases with increasing pressure, as dis-
cussed above. Thus through the easy control of experimental
conditions, the composition and size of the composite nano-
spheres can be tuned.
We also estimated roughly the atom ratio of Ag on the


surface of a PS sphere to C in the sphere from the TEM mi-
crograms; for this we used the diameter of Ag particles on
the surface of PS sphere, the diameter of the PS sphere, and
the densities of Ag (10.5 gcm�3) and PS (1.04 gcm�3). The
Ag/C ratios estimated from TEM micrographs of the com-


posites prepared at 5.50 MPa and 6.18 MPa at 307.2 K (Fig-
ure 5d and e) are 0.0004/1 and 0.0002/1, respectively, which
are much smaller than those obtained from XPS measure-
ments, indicating that most Ag particles exist inside PS
spheres.


Additional characterization : The phase structure of the ob-
tained product was characterized by X-ray diffraction
(XRD). As examples, Figure 6 shows the pattern of the
composite prepared at 5.50 MPa and 301.2 K and that of PS.


Besides the diffraction of PS phase (curve a), the Ag/PS
composites exhibit four peaks (curve b) corresponding to
the face center cubic (fcc) Ag phase (111, 200, 220, 311)
with cell parameter a=0.4099 nm, which is close to the re-
ported data (JCPDS File No. 4-0783). The broadening of
the peaks suggests the presence of very small Ag particles.
UV-visible spectra were used to characterize the absorp-


tion properties for the Ag/PS composites, and the results are
shown in Figure 7. Pure PS has no absorption at the wave-


length around 400 nm. As shown in the figure, the Ag/PS
nanocomposite in ethanol displays a strong absorption band
at about 417 nm, which is attributed to the surface plasmon
excitation of the silver particles.[23] In contrast to the absorb-


Figure 5. TEM photographs of a) pure silver recovered from the AOT re-
verse micelles and b) PS recovered from cyclohexane obtained at
5.50 MPa and 307.2 K; c)±e) show the TEM photographs of the Ag/PS
nanocomposites obtained at: 5.50 MPa and 301.2 K (c); 5.50 MPa,
307.2 K (d); 6.28 MPa and 307.2 K (e). Figure 6. X-ray diffraction patterns of a) pure PS and b) Ag/PS nano-


compsites obtained at 5.50 MPa and 301.2 K. The vertical lines at the
bottom indicate the standard positions and relative intensities of fcc
silver.


Figure 7. UV-visible spectra of a) pure Ag obtained at 5.50 MPa, 301.2 K,
and of Ag/PS composite obtained at b) 5.50 MPa, 301.2 K and
c) 6.28 MPa, 307.2 K.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 3531 ± 35363534


FULL PAPER B. Han et al.



www.chemeurj.org





ance of pure silver (lmax=409 nm), the absorption is red-
shifted upon incorporation of Ag nanoparticles into PS. This
may be due to the agglomeration of the Ag nanoparticles
and/or change of the dielectric properties of the surrounding
environment.[24]


To obtain the information about the interfacial interaction
between Ag nanoparticles and the polymer matrices, X-ray
photoelectron spectra (XPS) measurements of the compo-
sites were conducted and the results are illustrated in
Figure 8. Neat PS shows an intense C 1s peak at 284.6 eV


and the characteristic p±p* shakeup satellite peak of the
phenyl rings is observed between 290 and 292 eV.[25] Figure 8
(top) indicates that the C 1s peak of Ag/PS composites is
almost unchanged, which might suggest that there is no
strong interaction between Ag and PS matrix. The Ag 3d
core level XPS spectrum of Ag/PS is shown at the bottom of
Figure 8. The Ag 3d doublet at 368.9 and 374.9 eV is as-
signed to Ag 3d5/2 and Ag 3d3/2, respectively. The binding
energy (BE) maximum of Ag 3d5/2 is 0.6 eV higher than that
of Ag in the literature (368.3 eV).[26] However, the intensity
ratio of the Ag 3d doublet is near 1.5 and the difference in
the BE maximum, that is, spin-orbit splitting, is about 6.0;
these values agree well with those in the literature.[26] The
shift of Ag 3d5/2 peak to higher binding energies may be at-
tributed to the oxidation of surface silver atoms.[23d]


FTIR spectra of nanocomposites also give information on
the interfacial interaction between silver and the polymer
matrices. Figure 9 displays the IR spectrum of pure PS and
the Ag-nanoparticle-filled PS dispersed in KBr matrices. As
shown in the figure, the vibrational bands typical for PS,
such as C�H aromatic and aliphatic stretching at 3100±


2800 cm�1 and C=C vibrations at 1492 cm�1 and 1452 cm�1,
are clearly observed. The two spectra are identical. This im-
plies that there is no chemical linkage or strong interaction
between PS and silver nanoparticles in the resultant prod-
ucts; this is consistent with the results of XPS measure-
ments.


Conclusion


In summary, this work describes a route to synthesize the
silver/polystyrene nanocomposites by the antisolvent techni-
que combined with the reverse micelle method. The nano-
spheres of polystyrene dispersed with the smaller silver
nanoparticles are obtained. The size and composition of the
composite nanospheres can be controlled by the experimen-
tal conditions, such as the CO2 pressure and temperature.
Moreover, this method has some potential advantages for
applications as it is simple, timesaving, and the solutions can
be recycled. This process may easily be applied to a range of
inorganic/polymer composite nanoparticles with different
size and compositions.
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Yttrium and Lanthanide Diphosphanylamides: Syntheses and Structures of
Complexes with one {(Ph2P)2N}� ligand in the Coordination Sphere


Peter W. Roesky,* Michael T. Gamer, and Nicolas Marinos[a]


Introduction


Recently there has been a significant research effort in d-
and f-transition-metal chemistry to substitute the well-estab-
lished cyclopentadienyl ligand[1] by anionic nitrogen-based
ligand systems.[2] In lanthanide chemistry one approach,
among others, is the use of inorganic amides. In particular
P�N systems such as phosphinimides (R2PNR’),[3] phosphor-
aneiminato (R3PN),[4] phosphiniminomethanides ((RNPR’2)-
CH),[5] phosphiniminomethandiides ((RNPR’2)C),[6] and di-
iminophosphinates ((R2P(NR’))[7] have been used as ligands.
These investigations have shown that some lanthanide com-
plexes which have P�N ligands in the coordination sphere[4]


may not only exhibit unusual coordination modes, but they
also can be used as catalysts for e-caprolactone polymeriza-
tion.[8] We have recently introduced the monophosphanyl-
amide, (Ph2PNPh)� , and the diphosphanylamide,
{(Ph2P)2N}� , as ligands in lanthanide chemistry. Due to the


steric demand of the ligand, either metallate complexes of
composition [Li(thf)4][Ln(Ph2PNPh)4] (Ln=Y, Yb, Lu)[3a] or
the homoleptic compounds [Ln{N(PPh2)2}3] (Ln=Y, La, Nd,
Er) have been obtained. These last complexes were ob-
tained by reacting [K(thf)n][N(PPh2)2] with anhydrous yttri-
um or lanthanide trichlorides or by treatment of the homo-
leptic bis(trimethylsilyl)amides of yttrium and lanthanides
([Ln{N(SiMe3)2}3]) with three equivalents of (Ph2P)2NH in
boiling toluene (Scheme 1).[9] The single-crystal X-ray struc-
tures of these complexes always show a h2-coordination of


[a] Prof. Dr. P. W. Roesky, Dr. M. T. Gamer, N. Marinos
Institut f¸r Chemie, Freie Universit‰t Berlin
Fabeckstrasse 34±36, 14195 Berlin (Germany)
Fax: (+49)30-838-52440
E-mail : roesky@chemie.fu-berlin.de


Abstract: Treatment of the recently re-
ported potassium salt [K(thf)n]
[N(PPh2)2] (n=1.25, 1.5) with anhy-
drous yttrium or lanthanide trichlorides
in THF leads after crystallization from
THF/n-pentane (1:2) to the monosub-
stituted diphosphanylamide complexes
[LnCl2{(Ph2P)2N}(thf)3] (Ln=Y, Sm,
Er, Yb). The single-crystal X-ray struc-
tures of these complexes show that the
metal atoms are surrounded by seven
ligands in a distorted pentagonal bi-
pyramidal arrangement, in which the
chlorine atoms are located in the apical
positions. The diphosphanylamide
ligand is always h2-coordinated through
the nitrogen atom and one phosphorus


atom. Further reaction of
[SmCl2{(Ph2P)2N}(thf)3] with K2C8H8 or
reaction of [LnI(h8-C8H8)(thf)3] with
[K(thf)n][N(PPh2)2] in THF gives the
corresponding cyclooctatetraene com-
plexes [Ln{(Ph2P)2N}(h8-C8H8)(thf)2]
(Ln=La, Sm). The single crystals of
these compounds contain enantiomeri-
cally pure complexes. Both compounds
adopt a four-legged piano-stool confor-
mation in the solid state. The structures
of the A and the C enantiomers were


established by single-crystal X-ray
diffraction. The more soluble bistri-
methylsilyl cyclooctatetraene complex
[Y{(Ph2P)2N}(h8-1,4-(Me3Si)2C8H6)(thf)2]
was obtained by transmetallation of
Li2[1,4-(Me3Si)2C8H6] with anhydrous
yttrium trichloride in THF followed by
the addition of one equivalent of
[K(thf)n][N(PPh2)2]. The 89Y NMR
signal of the complex is split up into a
triplet, supporting other observations
that the phosphorus atoms are chemi-
cally equivalent in solution and, thus,
dynamic behavior of the ligand in solu-
tion can be anticipated.


Keywords: chelates ¥ cyclooctate-
traene ¥ lanthanides ¥ N,P ligands ¥
structure elucidation ¥ yttrium


Scheme 1.
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the ligand through the nitrogen atom and one phosphorus
atom. In solution dynamic behavior of the ligand is ob-
served; this is caused by the rapid exchange of the two dif-
ferent phosphorus atoms. [Ln{N(PPh2)2}3] was also used as
catalyst for the polymerization of e-caprolactone. Significant
differences in terms of correlation of theoretical and experi-
mental molecular weights as well as polydispersities were
observed depending on the nature of Ln.


Based on these results, we were interested to learn more
about the coordination behavior and the reactivity of the
{(Ph2P)2N}� ligand in lanthanide chemistry. In this article we
focus on monosubstituted diphosphanylamide complexes,
[LnCl2{(Ph2P)2N}(thf)3], of yttrium and the lanthanides.
Beside the syntheses and solid-state structures of these com-
plexes, further reactions with substituted and nonsubstituted
cyclooctatetraenes are reported.


Results and Discussion


Chloride complexes : The recently reported potassium salt
[K(thf)n][N(PPh2)2] (1; n=1.25, 1.5), which can be obtained
from (Ph2P)2NH and KH in THF, was treated with anhy-
drous yttrium or lanthanide trichlorides in a 1:1.1 molar
ratio in THF. This reaction leads to the mono substituted di-
phosphanylamide complexes [LnCl2{(Ph2P)2N}(thf)3] (Ln=
Y (2a), Sm (2b), Er (2c), Yb (2d)) after crystallization
from THF/n-pentane (1:2) (Scheme 2). The new complexes
have been characterized by standard analytical/spectroscopic


techniques and the solid-state structures of all four com-
pounds were established by single-crystal X-ray diffraction.


Due to the similar ionic radii of the lanthanides, the
single-crystal X-ray structures of 2a±d are isostructural. As
a representative example, the structure of 2a is shown in
Figure 1. Compounds 2a±d crystallize in the monclinic space
group P21/c, with four molecules of 2 in the unit cell. The
metal atoms are surrounded by seven ligands in a distorted
pentagonal biypramidal arrangement, in which the chlorine
atoms are located in the apical positions (Ln�Cl1: 260.3(2)
(2a), 267.34(6) (2b), 258.3(3) (2c), 256.95(8) pm (2d); Ln�
Cl2: 258.8(2) (2a), 265.79(6) (2b), 257.2(2) (2c),
255.61(7) pm (2d)). The two chlorine atoms are bend away
from the diphosphanylamide group (Cl1-Ln-Cl2: 164.34(7)8
(2a), 162.651(15)8 (2b), 164.50(8)8 (2c), 164.72(3)8 (2d));
this is most likely due to steric reasons. The pentagonal
plane is occupied by the chelating h2-{(Ph2P)2N}� ligand and
three THF molecules. Two of the THF molecules, which are
located in cis position to the {(Ph2P)2N}� ligand, are bent to-


wards the third THF molecule, which is in the trans position
relative to the diphosphanylamide (O2-Ln-O3: 153.1(2)8
(2a), 152.68(5)8 (2b), 152.6(2)8 (2c), 152.84(8)8 (2d)). The
O-Ln-O angles of two neighboring THF molecules are close
to the expected one of 728 in an ideal pentagon (O1-Ln-O2:
74.52(5) (2a), 74.52(5) (2b), 75.8(2) (2c), 75.56(8)8 (2d);
O1-Ln-O3: 78.58(5) (2a), 78.58(5) (2b), 77.5(2) (2c),
77.75(8)8 (2d)). As observed in the homoleptic complexes
[Ln{N(PPh2)2}3], the diphosphanylamide ligand in 2a±d is
h2-coordinated through the nitrogen atom and one phospho-
rus atom. Thus, one of the phosphorus atoms of the ligand
binds to the lanthanide center, whereas the other phospho-
rus atom is bent away. The Ln�N1 and Ln�P1 bond lengths
are 234.5(6) and 285.6(2) pm (2a), 238.94(15) and
290.17(6) pm (2b), 229.5(2) and 282.80(8) pm (2c), and
229.5(2) and 282.80(8) pm (2d), respectively. The free elec-
tron pair of the non-bonded phosphorus atom points away
from the lanthanide center. The P-N-P angles within the h2-
{(Ph2P)2N}� ligand are 119.0(4) (2a), 120.07(8) (2b),
118.9(4) (2c), and 118.82(14)8 (2d). Within the ligand the
P�N bond length varies. The phosphorus atom that binds to


Scheme 2.


Figure 1. Solid-state structure of 2a showing the atom labeling scheme,
omitting hydrogen atoms. Selected bond lengths [pm] or angles [8] (also
given for isostructural 2b±d): 2a : N�P1 168.8(6), N�P2 168.9(6), N�Y
234.5(6), O1�Y 241.8(5), O2�Y 236.2(6), O3�Y 239.1(5), P1�Y 285.6(2),
Cl1�Y 260.3(2), Cl2�Y 258.8(2); P1-N-P2 119.0(4), N-Y-O1 164.2(2), N-
Y-O2 90.1(2), N-Y-O3 116.6(2), O1-Y-O2 75.0(2), O1-Y-O3 78.6(2), O2-
Y-O3 153.1(2), N-Y-Cl1 93.55(13), N-Y-Cl2 102.10(13), O1-Y-Cl1
82.46(13), O2-Y-Cl1 93.39(12), O3-Y-Cl1 87.73(12), O1-Y-Cl2 82.29(13),
O2-Y-Cl2 86.10(13), O3-Y-Cl2 85.77(12), Cl1-Y-Cl2 164.34(7); 2b : N�P1
168.02(15), N�P2 170.03(15), N�Sm 238.94(15), O1�Sm 249.60(14), O2�
Sm 243.02(13), O3�Sm 245.44(14), P1�Sm 290.17(6), Cl1�Sm 267.34(6),
Cl2�Sm 265.79(6); P1-N-P2 120.07(8), N-Sm-O1 164.85(5), N-Sm-O2
90.92(5), N-Sm-O3 116.24(5), O1-Sm-O2 74.52(5), O1-Sm-O3 78.58(5),
O2-Sm-O3 152.68(5), N-Sm-Cl2 102.47(4), N-Sm-Cl1 94.85(4), O1-Sm-
Cl1 81.98(4), O2-Sm-Cl1 92.83(4), O3-Sm-Cl1 88.03(4), O1-Sm-Cl2
81.04(4), O2-Sm-Cl2 86.08(4), O3-Sm-Cl2 85.14(4), Cl1-Sm-Cl2
162.651(15); 2c : N�P1 168.8(7), N�P2 170.7(6), N�Er 232.2(6), O1�Er
242.3(7), O2�Er 236.0(7), O3�Er 238.1(6), P1�Er 282.7(2), Cl1�Er
258.3(3), Cl2�Er 257.2(2); P1-N-P2 118.9(4), N-Er-O1 164.3(3), N-Er-O2
89.6(2), N-Er-O3 117.5(3), O1-Er-O2 75.8(2), O1-Er-O3 77.5(2), O2-Er-
O3 152.6(2), N-Er-Cl1 92.9(2), N-Er-Cl2 102.6(2), O1-Er-Cl1 82.3(2), O2-
Er-Cl1 93.6(2), O3-Er-Cl1 88.8(2), O1-Er-Cl2 82.6(2), O2-Er-Cl2 86.3(2),
O3-Er-Cl2 84.4(2),Cl1-Er-Cl2 164.50(8); 2d : N�P1 168.1(2), N�P2
170.5(3), N�Yb 229.5(2), O1�Yb 239.6(2), O2�Yb 233.0(2), O3�Yb
236.4(2), P1�Yb 282.80(8), Cl1�Yb 256.95(8), Cl2�Yb 255.61(7); P1-N-
P2 118.82(14), N-Yb-O2 89.99(8), N-Yb-O3 117.01(8), N-Yb-O1
164.73(8), O1-Yb-O2 75.56(8), O1-Yb-O3 77.75(8), O2-Yb-O3 152.84(8),
N-Yb-Cl1 93.66(6), N-Yb-Cl2 101.61(6), O1-Yb-Cl1 82.52(6), O2-Yb-Cl1
93.62(6), O3-Yb-Cl1 87.82(6), O1-Yb-Cl2 82.71(6), O2-Yb-Cl2 86.45(5),
O3-Yb-Cl2 85.27(6), Cl1-Yb-Cl2 164.72(3).
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the lanthanide atom is located slightly closer to the nitrogen
atom (N�P1 168.8(6) (2a), 168.02(15) (2b), 168.8(7) (2c),
168.1(2) pm (2d), and N�P2 168.9(6) (2a), 170.03(15) (2b),
170.7(6) (2c), 170.5(3) pm (2d)). The arrangement of the
{(Ph2P)2N}� ligand around the lanthanide atoms is in con-
trast to the isoelectronic phosphinomethanide ligand
{(R2P)2CH}� , which was pioneered by Karsch et al.[10] The
phosphinomethanide ligand usually has h3-coordination in a
heteroallylic fashion. Depending on the nature of the sub-
stituents, homoleptic complexes with this ligand are ob-
tained either as monomeric (e.g., [La{CH(PPh2)2}3])


[10a]


or as dimeric species (e.g., [m-h3-{CH(PPh2)2}2-
(Sm{CH(PPh2)2}2)]).


[10c]


The NMR spectra of the dia-
magnetic yttrium compound 2a
and the paramagnetic samarium
complex 2b were investigated.
The 1H spectra of these com-
pounds are not very character-
istic. In the 1H NMR spectrum
of 2a two mulitplets in the
range of d=7.06±7.15 and 7.61±
7.68 ppm are observed. For
compound 2b only one muliplet
in the region d=7.24±7.34 ppm
is seen. More characteristic are
the 31P{1H} NMR spectra. For
complex 2a a characteristic
doublet at d=39.5 ppm is seen
with a 2J(P,Y) coupling of
5.3 Hz. A similar chemical shift
is observed for 2b (d=
38.04 ppm). Both signals are
shifted upfield relative to 1 (d=
58.6 ppm), showing that the
phosphorus atoms in each case are chemically equivalent in
solution at room temperature.


Cyclooctatetraene complexes : To learn more about the reac-
tivity of complexes 2a±d we were interested in synthesizing
some cyclooctatetraene derivatives. Cyclooctatetraene is,
after cyclopentadiene, the most important p-perimeter
ligand in f-element chemistry. Today it is well accepted that
the large flat cyclooctatetraene ligand represents an espe-
cially valuable alternative to the popular cyclopentadienyl li-
gands. Among non-cyclopentadienyl organolanthanide com-
plexes, cyclooctatetraene derivatives form a large and well
investigated group of compounds.[1b]


Reaction of [LnI(h8-C8H8)(thf)3] with 1 in a 1:1 molar
ratio in THF at room temperature afford the corresponding
diphosphanylamide complexes [Ln{(Ph2P)2N}(h8-
C8H8)(thf)2] (Ln=La (3a), Sm (3b)) (Scheme 3). Com-
pound 3b was also obtained by reaction of K2C8H8 with 2b
prepared in situ. The complexes were characterized by stan-
dard analytical/spectroscopic techniques. By recrystallizing
from THF/n-pentane (1:2) single crystals were obtained.
The solid-state structures of both 3a and 3b were establish-
ed by single-crystal X-ray diffraction (Figure 2). Compounds
3a and 3b crystallize in the orthorhombic space group


P212121 with four molecules in the unit cell. Since 3a and 3b
are chiral molecules, which crystallize in a chiral space
group, the single crystals of 3a and 3b contain enantiomeri-
cally pure complexes. Both compounds adopt a four-legged
piano-stool conformation in the solid state. For compound
3a the structure of the A enantiomer was established,
whereas for 3b the structure of the C enantiomer (for an ex-
planation of the A and C nomenclature see reference [11])
was determined by single-crystal X-ray diffraction
(Scheme 4).


The four-legged piano stool of 3a and 3b is formed by the
h8-coordinate cyclooctatetraene ring, which is located on top
of the coordination polyhedron, two THF molecules, and


Figure 2. Solid-state structure of 3a (left) and 3b (right) showing the atom labeling scheme, omitting hydrogen
atoms. Selected bond lengths [pm] or angles [8]: 3a : Cg�La 204.7(0), N�P1 166.2(2), N�P2 169.3(3), N�La
250.1(2), O1�La 265.7(2), O2�La 253.9(2), P1�La 300.53(7); Cg-La-O1 117.02(10), Cg-La-O2 123.88(10), Cg-
La-N 137.09(10), Cg-La-P1 134.59(10), P1-N-P2 125.17(13), N-La-O1 100.63(8), N-La-O2 86.13(8), O2-La-O1
71.04(8) (Cg= ring centroid); 3b : Cg�Sm 192.5(10), N�P1 165.3(5), N�P2 169.7(5), N�Sm 242.1(5), O1�Sm
258.7(4), O2�Sm 246.1(4), P1�Sm 290.6(2); Cg-Sm-O1 119.44(10), Cg-Sm-O2 129.92(10), Cg-Sm-N 131.42(10),
Cg-Sm-P1 127.98(10), P1-N-P2 124.2(3), N-Sm-O2 84.94(15), N-Sm-O1 101.4(2), O2-Sm-O1 72.40(15), P1-N-P2
125.17(13), N-Sm-O1 100.63(8), N-Sm-O2 86.13(8), O2-Sm-O1 71.04(8) (Cg= ring centroid)


Scheme 3.


Scheme 4.
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the h2-{(Ph2P)2N}� ligand. Thus the lanthanide atom is
twelve fold coordinated if h8-cyclooctatetraene is considered
as an octadentate ligand. The Ln�C bond lengths are in the
expected range of 272.8(4)±275.3(5) pm (av. 274.1(5) pm))
for 3a and 264.6(11)±269.8(10) pm (av. 267.3(11) pm) for 3b.
As observed in 2a±d and in [Ln{N(PPh2)2}3], the diphospha-
nylamide ligand is again h2-coordinated through the nitrogen
atom and one phosphorus atom.[9] The Ln�N1 and Ln�P1
bond lengths are 250.1(2) and 300.53(7) pm in 3a and
242.1(5) and 290.6(2) pm in 3b, respectively. Thus, for 3b
the Sm�N bond length is shorter than for 2b (Sm�N
238.94(15) pm), whereas the Sm�P bond length is in the
same range (Sm�P 290.17(6) pm).


The observed signals in the NMR spectra of 3a and 3b
are in good agreement with the observed solid-state struc-
ture. Due to the dynamic behavior of the {(Ph2P)2N}�


ligand, which shows only signal for both phosphorus atoms
in the 31P{1H} NMR spectra (d=42.5 (3a), 43.0 ppm (3b)), a
racemization of 3a and 3b takes place in solution. Relative
to the signals found for 2b (d=38.04 ppm), a slight down-
field shift of the 31P{1H} NMR signal in 3b is observed. The
1H NMR spectra of 3a and 3b show a characteristic singlet
for the C8H8


2� ring at d=6.35 (3a) and 10.55 ppm (3b). Due
to the paramagnetic metal center the signal of the cycloocta-
tetraene ring in known samarium compounds is shifted over
a wide range, for example, d=9.33 ppm in [Sm(h8-C8H8){(i-
Pr)2ATI}(thf)][12] ((iPr)2ATI=N-isopropyl-2-(isopropylami-
no)troponiminate), d=13.2 ppm in [Li(thf)3{m-(h


2 :h8-
C8H8)}Sm(h8-C8H8)],


[13] and d=13.5 ppm in [Sm(h8-
C8H8)(hmpa)3][Sm(h8-C8H8)2].


[14] The C8H8
2� ring also shows


a characteristic signal in the 13C{1H} NMR spectra (d=97.7
(3a) and 82.0 ppm (3b)). The EI mass spectrum of 3b
shows the molecular ion without coordinated THF, as well
as its characteristic fragmentation pattern.


To get a better insight into the behavior of the cycloocta-
tetraene complexes in solution we were interested in synthe-
sizing more soluble complexes. Therefore, we wanted to
obtain 1,4-bis(trimethylsilyl)cyclooctatetraene diphosphanyl-
amide lanthanide complexes. Transmetallation of dilithium-
1,4-bis(trimethylsilyl)cyclooctatetraene, Li2[1,4-(Me3Si)2-
C8H6], with anhydrous yttrium in a 1:1 molar ratio in THF
at room temperature followed by the addition of one equiv-
alent of 1 to the reaction mixture afforded the correspond-
ing mono cyclooctatetraene complexes [Y{(Ph2P)2N}(h8-1,4-
(Me3Si)2C8H6)(thf)2] (4) as yellow crystals in good yields
(Scheme 5). The reagent Li2[1,4-(Me3Si)2C8H6] was prepared
by in situ lithiation of 1,4-bis(trimethylsilyl)cycloocta-2,5,7-
triene in THF.[15,16] Complex 4 was characterized by 1H, 13C,
29Si, and 89Y NMR spectroscopy and elemental analysis. The
observed 89Y NMR chemical shift for 4 (d(C6D6)=


52.3 ppm) is in the range found for monocyclooctatetraene
benzamidinate (d([D8]THF)=62.4 ppm [Y(h8-C8H8){p-
MeOC6H4C(NSiMe3)2}(thf)]


[17] , d([D8]THF)=61.8 ppm
[Y(h8-C8H8){p-CF3C6H4C(NSiMe3)2}(thf)]


[17]) and aminotro-
poniminate complexes (d(C6D6)=59.7 ppm [Ln{h8-1,4-(Me3-
Si)2C8H6}{(iPr)2ATI}(thf)]).[12] The 89Y NMR signal of 4 is
split into a triplet. This splitting is a result of the 2J(P,Y)
coupling from both phosphorus atoms; this indicates that
the phosphorus atoms are chemically equivalent in solution
(Figure 3). Thus, dynamic behavior of the ligand in solution


is anticipated. The 2J(P,Y) coupling constant of 10.1 Hz is in
the expected range.[3a,18] Consequently, in the 31P{1H} NMR
spectrum of 4 a doublet is observed at d=38.1 ppm, which
is comparable to those signals found for 3a and 3b. The
1H NMR spectrum of 4 shows the typical signals of the h8-
1,4-(Me3Si)2C8H6 ring, which consist of a sharp singlet of the
Me3Si group (d=0.56 ppm), and a singlet (d=6.85 ppm)
and a multiplet for the ring protons (d=6.77±6.84 ppm).[15,19]


In accordance with these results four signals are observed
for the eight membered ring in the 13C{1H} NMR spectrum
(d=100.0, 100.8, 101.4, 102.0 ppm).


Conclusion


In summary, it can be emphasized that a series of monosub-
stituted diphosphanylamide complexes [LnCl2{(Ph2P)2N}-
(thf)3] were prepared. The single-crystal X-ray structures of
these complexes always show that the ligand is in a h2-co-
ordination mode. In solution, dynamic behavior of the
ligand is observed; this is caused by the rapid exchange of
the two different phosphorus atoms. Further reaction of
[{(Ph2P)2N}LnCl2(thf)3], prepared in situ, with K2C8H8 or re-
action of [(h8-C8H8)LnI(thf)3] with [K(thf)n][N(PPh2)2] in
THF gives the corresponding cyclooctatetraene complexes
[Ln{(Ph2P)2N}(h8-C8H8)(thf)2] (Ln=La, Sm). The single
crystals of these compounds contain enantiomerically pure
complexes. Both compounds adopt a four-legged piano-stool
conformation in the solid state. For the lanthanum com-
pound 3a the structure of the A enantiomer was established,
whereas for the samarium compound 3b the structure of the
C enantiomer was determined by single-crystal X-ray dif-Scheme 5.


Figure 3. 89Y NMR spectrum of 4.
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fraction. The more soluble bistrimethylsilyl cyclooctate-
traene complex [Y{(Ph2P)2N}(h8-1,4-(Me3Si)2C8H6)(thf)2]
was obtained by transmetallation of Li2[1,4-(Me3Si)2C8H6]
with anhydrous yttrium trichloride in THF followed by the
addition of one equivalent of [K(thf)n][N(PPh2)2]. The 89Y
NMR signal of the complex is split into a triplet, indicating
that the phosphorus atoms are chemically equivalent in solu-
tion.


Experimental Section


General : All manipulations of air-sensitive materials were performed
under rigorous exclusion of oxygen and moisture in flame-dried Schlenk-
type glassware either on a dual manifold Schlenk line, interfaced to a
high vacuum (10�4 Torr) line, or in an argon-filled M. Braun glove box.
Ether solvents (tetrahydrofuran and diethyl ether) were predried over
Na wire and distilled under nitrogen from Na/K alloy benzophenone
ketyl prior to use. Hydrocarbon solvents (toluene and n-pentane) were
distilled under nitrogen from LiAlH4. All solvents for vacuum line ma-
nipulations were stored in vacuo over LiAlH4 in resealable flasks. Deu-
terated solvents were obtained from Aldrich (all 99 atom% D) and were
degassed, dried, and stored in vacuo over Na/K alloy in resealable flasks.
NMR spectra were recorded on Bruker AC250 or or JNM-LA400 FT-
NMR spectrometers. Chemical shifts are referenced to internal solvent
resonances and are reported relative to tetramethylsilane (1H and 13C
NMR) and 85% phosphoric acid (31P NMR). Mass spectra were recorded
at 70 eV on Varian MAT 711. Raman spectra were performed on a
Bruker RFS100 instrument. IR spectra were obtained on a Shimadzu
FTIR-8400 s spectrometer. Elemental analyses were performed at the mi-
croanalytical laboratory of the Institute of Inorganic Chemistry at Karls-
ruhe. LnCl3,


[20] (Ph2P)2NH,[21] 1,4-(Me3Si)2C8H8,
[19] [SmI(C8H8)(thf)3],


[22]


[LaI(C8H8)(thf)3],
[22] and [K(thf)n][N(PPh2)2] (n=1.25, 1.5)[9] were pre-


pared according to literature procedures.


[{(Ph2P)2N}LnCl2(thf)3] (Ln=Y (2a), Sm (2b), Er (2c), Yb (2d)): THF
(20 mL) was condensed at �196 8C onto a mixture of 1 (500 mg,
1.0 mmol) and LnCl3 (1.1 mmol); then the mixture was stirred for 18 h at
room temperature. The solvent was then evaporated in vacuo and tolu-
ene condensed onto the mixture. The mixture was filtered, and the sol-
vent was removed in vacuo. The product was recrystallized from THF/n-
pentane (1:2).


Compound 2a (Ln=Y): Yield 528 mg (69%), colorless crystals;
1H NMR ([D8]THF, 250 MHz, 25 8C): d=1.74±1.80 (m, 12H; THF), 3.59±
3.64 (m, 12H; THF), 7.06±7.15 (m, 12H; Ph), 7.61±7.68 ppm (m, 8H;
Ph); 31P{1H} NMR ([D8]THF, 101.3 MHz, 25 8C): d=39.5 ppm (d,
2J(Y,P)=5.3 Hz); elemental analysis calcd (%) for C36H44Cl2NO3P2Y
(760.47): C 56.86, H 5.83, N 1.84; found: C 56.44, H 5.77, N 1.62.


Compound 2b (Ln=Sm): Yield 440 mg (54%), yellow crystals; 1H NMR
([D8]THF, 250 MHz, 25 8C): d=1.72±1.76 (m, 12H; THF), 3.57±3.61 (m,
12H; THF), 7.24±7.34 ppm (m, 20H; Ph); 31P{1H} NMR ([D8]THF,
101.3 MHz, 25 8C): d=38.0 ppm.


Compound 2c (Ln=Er): Yield 467 mg (56%), pink crystals; Raman
(solid): ñ=3137 (w, C=C�H), 2982 (m, C�H), 1584 (m, C=C), 1026 (m),
998 (s, PC), 616 cm�1 (m); IR (KBr): ñ=3049 (w, C=C�H), 2967 (m, C�H),
2900 (m), 1583 (w, C=C), 1479 (m), 1432 (s), 1030 (m), 1016 (m), 931 (vs,
PC), 747 (s), 719 cm�1 (s); elemental analysis calcd (%) for C36H44Cl2Er-
NO3P2 (838.82): C 51.55, H 5.29, N 1.67; found: C 51.23, H 5.02, N 1.39.


Compound 2d (Ln=Yb): Yield 707 mg (84%), red crystals; IR (KBr):
ñ=3049 (w, C=C�H), 2967 (m, C�H), 2900 (m), 1583 (w, C=C), 1480
(m), 1432 (s), 1016 (m), 1009 (m), 977 (vs, PC), 736 (m), 721 cm�1 (m);
elemental analysis calcd (%) for C36H44Cl2NO3P2Yb (844.60): C 51.19,
H 5.25, N 1.66; found: C 50.74, H 5.31, N 1.51.


[{(Ph2P)2N}Ln(h8-C8H8)(thf)2] (Ln=La (3a), Sm (3b))


Route A : THF (20 mL) was condensed at �196 8C onto a mixture of 1
(245 mg, 0.49 mmol) and LnCl3 (0.55 mmol). This mixture was stirred for
18 h at room temperature and filtered. At �78 8C a freshly prepared solu-
tion of K2C8H8 (0.49 mmol) was added to the filtrate, and the mixture


was stirred for 18 h at room temperature. The solvent was then evaporat-
ed in vacuum, and toluene (10 mL) was condensed onto the mixture.
Then, the solution was filtered, and the solvent was removed. The prod-
uct was recrystallized from THF/n-pentane (1:2).


Route B : Toluene (20 mL) was condensed at �196 8C onto a mixture of 1
(250 mg, 0.50 mmol) and [LnI(h8-C8H8)(thf)3] (0.50 mmol). The mixture
was refluxed for 6 h at room temperature and filtered. The product was
recrystallized from THF/n-pentane (1:2).


Compound 3a (Ln=La, route B): Yield 264 mg (70%), orange crystals;
1H NMR ([D8]THF, 400 MHz, 25 8C): d=1.73±1.78 (m, 8H; THF), 3.58±
3.63 (m, 8H; THF), 6.35 (s, 8H; C8H8), 7.06±7.15 (m, 12H; Ph), 7.33±
7.41 ppm (m, 8H; Ph); 13C{1H} NMR ([D8]THF, 100.4 MHz, 25 8C): d=
26.3 (THF), 68.2 (THF), 97.7 (C8H8), 128.1 (m, Ph), 132.9 (m, Ph),
145.6 ppm (m, Ph); 31P{1H} NMR ([D8]THF, 161.7 MHz, 25 8C): d=


42.5 ppm; elemental analysis calcd (%) for C40H44LaNO2P2 (771.61): C
62.26, H 5.75, N 1.82; found: C 62.03, H 6.11, N 1.48.


Compound 3b (Ln=Sm, routes A and B): Yield 304 mg (78%, Route B),
dark red crystals; 1H NMR (C6D6, 250 MHz, 25 8C): d=1.42 (br, 8H;
THF), 3.43 (br, 8H; THF), 6.80±7.10 (m, 12H; Ph), 7.66 (br, 8H; Ph),
10.55 ppm (br, 8H; C8H8);


13C{1H} NMR (C6D6, 62.9 MHz, 25 8C): d=


26.6 (THF), 72.7 (THF), 82.0 (C8H8), 129.0 (m, Ph), 129.1 (m, Ph), 132.8
(Ph), 139.4 ppm (Ph); 31P{1H} NMR (C6D6, 101.3 MHz, 25 8C): d=


43.0 ppm; EI-MS (70 eV): m/z (%): 640 (12) [M�2THF]+ , 536 (71)
[M�2THF�C8H8]


+ , 385 (100) [C24H21NP2]
+ , 200 (70) [C12H11NP]+ ; ele-


mental analysis calcd (%) for C40H44NO2P2Sm (783.05): C 61.35, H 5.66,
N 1.79; found: C 61.14, H 5.76, N 1.63.


[{(Ph2P)2N}Y(h8-1,4-(Me3Si)2C8H6)(thf)2] (4): A solution of nBuLi in
hexane (1.6m, 2.50 mL, 4.0 mmol) was slowly added to a stirred solution
of 1,4-(Me3Si)2C8H8 (500 mg, 2.0 mmol) in THF (40 mL) at �78 8C. The
solution was allowed to warm to room temperature with stirring for an-
other 16 h; during this time the color of the solution changed from
yellow to green-brown. The solvent was removed in vacuum and the oily
residue was dissolved in pentane (10 mL). The pentane was also removed
in vacuum and solid YCl3 (390 mg, 2 mmol) was added to the remaining
residue. Then, THF (10 mL) was condensed at �196 8C onto the mixture,
and the suspension was stirred for 2 h at room temperature. The solvent
was then evaporated in vacuum and solid 1 (1.00 g, 2 mmol) was added
to the remaining solid. Again, THF (10 mL) was condensed at �196 8C
onto the mixture, and the suspension was stirred for 18 h at room temper-
ature. The solvent was then evaporated in vacuum, and toluene (10 mL)
was condensed onto the mixture. Then, the solution was filtered and the
solvent was removed. The remaining solid was washed with pentane
(10 mL) and dried in vacuum. Yield: 1.25 g (69%); 1H NMR (C6D6,
250 MHz, 25 8C): d=0.56 (s, 18H; Me3Si), 1.02 (br, 8H; THF), 3.20 (br,
8H; THF), 6.77±6.84 (m, 4H; C8H6), 6.85 (s, 2H; C8H6), 7.04±7.11 (m,
8H; Ph), 7.52±7.60 ppm (m, 12H; Ph); 13C{1H} NMR (C6D6, 62.9 MHz,
25 8C): d=2.2 (SiMe3), 26.1 (THF), 71.0 (THF), 100.0 (C8H6), 100.8
(C8H6), 101.4 (C8H6), 102.0 (C8H6), 129.6 (Ph), 132.4 (m, Ph), 133.3 (m,
Ph), 144.7 ppm (Ph); 29Si NMR (C6D6, 49.7 MHz, 25 8C): d=4.3 ppm;
31P{1H} NMR (C6D6, 101.3 MHz, 25 8C): d=38.1 ppm (d, 2J(P,Y)=
10.1 Hz); 89Y NMR (C6D6, 14.7 MHz, 25 8C): d ppm 52.3 (t, 2J(Y,P)=
10.1 Hz); elemental analysis calcd (%) for C46H60NO2P2Si2Y (866.01): C
63.80, H 6.98, N 1.62; found C 63.39, H 6.81, N 1.44.


X-ray crystallographic studies of 2a±d, 3a, and 3b : Crystals of 2a±d, 3a
and 3b were grown from THF/n-pentane (1:2). A suitable crystal was
covered in mineral oil (Aldrich) and mounted onto a glass fiber. The
crystal was transferred directly to the �73 8C cold N2 stream of a Stoe
IPDS or a Brucker Smart 1000 CCD diffractometer. Subsequent compu-
tations were carried out on a Intel Pentium III PC.


All structures were solved by the Patterson method (SHELXS-97[23]).
The remaining non-hydrogen atoms were located from successive differ-
ence Fourier map calculations. The refinements were carried out by using
full-matrix least-squares techniques on F, minimizing the function
(Fo�Fc)


2, where the weight is defined as 4F2
o/2(F


2
o) and Fo and Fc are the


observed and calculated structure factor amplitudes using the program
SHELXL-97.[24] In the final cycles of each refinement, all non-hydrogen
atoms, except C1±C8, in 3b were assigned anisotropic temperature fac-
tors. Carbon-bound hydrogen atom positions were calculated and allowed
to ride on the carbon to which they are bonded assuming a C�H bond
length of 0.95 ä. The hydrogen atom contributions were calculated, but
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not refined. The locations of the largest peaks in the final difference
Fourier map calculation as well as the magnitude of the residual electron
densities in each case were of no chemical significance. Positional param-
eters, hydrogen atom parameters, thermal parameters, and bond lengths
and angles have been deposited as supporting information. CCDC-
224746±2247751 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 deposit@ccdc.cam.uk).


Compound 2a : C36H44Cl2NO3P2Y, monoclinic, P21/c (No. 14), lattice con-
stants a=1204.72(6), b=1555.36(13), c=1958.54(11) pm, b=103.821(6)8,
V=3563.6(4)î106 pm3, Z=4, m(AgKa)=1.039 mm�1, qmax=23.12; 8420
[Rint=0.1814] independent reflections measured, of which 4176 were con-
sidered observed with I>2s(I); max residual electron density 0.885 and
�0.962 eA�3, 406 parameters, R1 [I>2s(I)]=0.0796, wR2 (all data)=
0.1930.


Compound 2b : C36H44Cl2NO3P2Sm, monoclinic, P21/c (No. 14), lattice
constants a=1206.0(3), b=1563.3(3), c=1961.5(4) pm, b=104.201(5)8,
V=3585.1(14)î106 pm3, Z=4, m(MoKa)=1.912 mm�1, qmax=30.52; 10918
[Rint=0.0236] independent reflections measured, of which 9815 were con-
sidered observed with I>2s(I); max residual electron density 2.091 and
�0.966 eA�3, 788 parameters, R1 [I>2s(I)]=0.0231, wR2 (all data)=
0.0586.


Compound 2c : C36H44Cl2ErNO3P2, monoclinic, P21/c (No. 14), lattice
constants a=1212.3(2), b=1556.4(3), c=1968.8(4) pm, b=103.99(3), V=


3604.8(12)î106 pm3, Z=4, m(AgKa)=1.393 mm�1, qmax=22.30; 8646
[Rint=0.1565] independent reflections measured, of which 5627 were con-
sidered observed with I>2s(I); max residual electron density 2.695 and
�4.132 eA�3, 406 parameters, R1 [I>2s(I)]=0.0745, wR2 (all data)=
0.2075.


Compound 2d : C36H44Cl2NO3P2Yb, monoclinic, P21/c (No. 14), lattice
constants a=1207.42(8), b=1554.16(7), c=1962.81(14) pm, b=


103.541(8)8, V=3580.9(4)î106 pm3, Z=4, m(AgKa)=1.548 mm�1, qmax=


22.36; 9181 [Rint=0.0390] independent reflections measured, of which
7302 were considered observed with I>2s(I); max residual electron den-
sity 0.947 and �0.791 eA�3, 406 parameters, R1 [I>2s(I)]=0.0285, wR2
(all data)=0.0693.


Compound 3a : C40H44LaNO2P2, orthorhombic, P212121 (No. 19), lattice
constants a=1055.22(5), b=1124.32(7), c=3040.46(14) pm, V=


3607.2(3)î106 pm3, Z=4, m(AgKa)=0.696 mm�1, qmax=24.00; 9510 [Rint=


0.0349] independent reflections measured, of which 8790 were considered
observed with I>2s(I); max residual electron density 0.814 and
�0.474 eA�3, 415 parameters, Flack parameter �0.04(2), R1 [I>2s(I)]=
0.0305, wR2 (all data)=0.0775.


Compound 3b : C40H44NO2P2Sm, orthorhombic, P212121 (No. 19), lattice
constants a=1052.02(7), b=1119.34(7), c=3015.6(3) pm, V=3551.1(5)î
106 pm3, Z=4, m(AgKa)=0.954 mm�1, qmax=20.77; 5570 [Rint=0.0500] in-
dependent reflections measured, of which 5274 were considered observed
with I>2s(I); max residual electron density 1.080 and �1.100 eA�3, 407
parameters, Flack parameter �0.02(2), R1 [I>2s(I)]=0.0346, wR2 (all
data)=0.0993.
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Molecular Evolution Using Intramolecular Acyl Migration on myo-Inositol
Benzoates with Thermodynamic and Kinetic Selectors


Young-Hoon Ahn and Young-Tae Chang*[a]


Introduction


Molecular evolution incorporating a dynamic combinatorial
library (DCL) has emerged as an approach for the identifi-
cation and preparation of new host±guest systems.[1] A DCL
is composed of members in a reversible equilibrium in
which all library members are interconverting, thus provid-
ing constant distribution under thermodynamic control.
Consequently, a molecular recognition event in the DCL en-
ables the stabilization of the fittest member that shifts the
equilibrium toward amplification of the selected member
with a consequent decrease in the proportion of poor bind-
ers. It requires two key steps for success: 1) continuous
DCL generation and 2) effective selection. To date, a
number of DCLs have been prepared using such diverse
chemical reactions as intermolecular transesterification,[2]


enzyme catalyzed peptide-bond exchange,[3] imine bond ex-
change of hydrazones or oximes,[4] olefin metathesis,[5] disul-
fide bond exchange,[6] photoisomerization,[7] hydrogen-bond
exchange,[8] and metal±ligand coordination.[9] While some
DCLs have successfully demonstrated molecular evolution×s
proof of concept, there is still a limited number of scaffolds.
In fact, most of the efficient DCLs form macrocyclic mem-


bers.[2,4, 6] Scaffold diversification is necessary for a highly ef-
ficient and practical system. One of the challenges in this
field is a successful carbohydrate dynamic library due to its
complexity. There have not been many attempts to generate
dynamic combinatorial libraries (DCL) on a carbohydrate
scaffold, and the selection method was not effective in
giving high yields or selective amplification.[6c,9d] Herein, we
report a highly efficient molecular evolution system utilizing
intramolecular acyl migration on a carbohydrate scaffold
coupled with boric/boronic acid as a selector.


Results and Discussion


Our carbohydrate scaffold is hexahydroxyl cyclohexane (in-
ositol), and we have chosen the most naturally abundant in-
ositol isomer, myo-inositol, as the model compound. The
polyhydroxyl nature of inositol allows for diverse regioisom-
ers depending upon the position of the attached functional
group. Under basic conditions, acyl functionalities on an ino-
sitol ring are able to undergo intramolecular migration and
generate various regioisomers, while also giving continuous
interconversion.[10]


One of the inositol benzoate derivatives, 1,4,5-tribenzoyl
myo-inositol [4, (myo-I(1,4,5)Bz3, Figure 1a], was synthe-
sized (for synthetic procedure, see Supporting Information).
The optimized migration condition was sought that would
give the least amount of side products, fast generation of all
members within a reasonable time, and also with applicabili-
ty to the selection system. A series of bases were investigat-
ed including pyridine, DMAP (4-dimethyl-aminopyridine),
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New York University
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Fax: (+1) 212-995-4203
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Abstract: A molecular evolution model
was successfully demonstrated by com-
bining the intramolecular acyl migra-
tion on inositol tribenzoates and boron
selectors. The addition of boric acid to
12 members of DCL (dynamic combi-
natorial library) induced the dramatic
amplification of myo-I(2,4,6)Bz3 (1)
with up to 94% under thermodynamic
(see Figure 1c) control while a portion


of phenyl boronic acid caused two sig-
nificant different distributions: under
kinetic control, the pre-equilibrium of


DCL shifted to induce the exclusive
amplification of 1,4,6-tribenzoyl myo-
inositol (7) with decrease of other
members up to 82% from the mixture
(see Figure 2b), and changed gradually
to form 2,4,6-tribenzoyl myo-inositol
(1) with up to 96% under thermody-
namic control (Figure 2c).


Keywords: boronic acid selector ¥
dynamic combinatorial library ¥
intramolecular acyl migration ¥
molecular amplification ¥
molecular evolution
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DABCO (1,4-diazabicyclo[2.2.2]octane), DIEA (N,N-diiso-
propylethlyamine), BEMP (2-tert-butylimino-2-diethylami-
no-1,3-dimethyl-perhydro-1,3,2-diazaphosphorine) on poly-
styrene, DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) and
NaOH in aprotic solvents with and without water. We found
that increasing amounts of water accelerated benzoyl migra-
tion even with mild bases due possibly to the stabilization of
the tetrahedral intermediate, but it also accelerated benzoyl
group hydrolysis as a side reaction. With the optimized reac-
tion condition (isomer 4 with DBU in anhydrous acetoni-
trile), we generated all 12 of the expected and possible re-
gioisomers within the DCL and without significant side re-
actions. The DCL was analyzed by LC-MS, which allowed
for the identification of 12 peaks in the chromatogram (Fig-
ure 1b); the structure of each isomer was assigned by NMR
by using the literature (Scheme 1).[11]


It is well known that boronic acids are able to bind with
carbohydrates to form five- or six-membered cyclic esters, as
used in carbohydrate recognition.[12] Their binding prefer-
ence with 1,2 or 1,3-cis diols over trans diols in sugar sys-
tems was appropriate for selection amongst a carbohydrate
polyol system. It was also reported that the binding affinity
of boronic acid with a sugar depends on the pH of the
media.[12a] At pH values lower than the pKa of boronic acid
(acidic conditions), coupling between the boronic acid and a
sugar is disfavored, while the coupling is favored at pH
values above the pKa of boronic acid (basic conditions). In
our study, boric acid and phenyl boronic acid were investi-
gated for selective binding and amplification.


It was observed that the addition of boric acid to the
DCL significantly affects the distribution of the DCL by in-
ducing the amplification of myo-I(1,4,6)Bz3 (1) with up to
approximately 94% (Figure 1c). As the original amount of
isomer 1 was about 4% in the pre-equilibrium of the DCL,
the enrichment factor is a high 23.5. It was envisioned that
boric acid couples with the 1,3,5-trihydroxyl group of myo-
inositol in a ring-flipped conformation where there are no


more available hydroxyl groups. This leads to the isolation
of the product from the equilibrium and gives the amplifica-
tion of 1 (Scheme 1). Once at the final distribution, it re-
mained unchanged over time (Figure 4). This implies that
the selection is driven by thermodynamic control. It has
been also shown that direct migration from isomer 4 to
isomer 1 by adding base and boric acid together without
pre-equilibrium resulted in the same final distribution (94%
of isomer 1) (see Figure 5), which again supports the ther-
modynamic control mechanism.[4a]


Interestingly, when phenyl boronic acid was added to the
equilibrium mixture, two significant different stepwise distri-
butions were observed. At first, the pre-equilibrium of DCL
was shifted to induce an exclusive amplification of another
isomer, myo-I(1,4,6)Bz3 (7) with up to 82% (Figure 2b) as


Scheme 1. Library members generated by intramolecular acyl migration and two types of selection using boric acid and phenyl boronic acid.


Figure 1. Amplification chromatogram using B(OH)3 a) HPLC chromato-
gram (C18 column: 4.6î150 mm, eluted with a solution of water, acetoni-
trile, and methanol in a ratio of 52:18:30) of I(1,4,5)Bz3 (4), b) DCL at
1.5 h after addition of DBU, and c) 72 h after addition of boric acid
(94% of 1).
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the kinetic product, and changed gradually to form the ther-
modynamic isomer (1) up to 96% (Figure 2c). It is envi-
sioned that phenyl boronic acid coupled quickly (kinetically)
with the 1,2-cis diols of the DCL members, whenever availa-
ble during the acyl migration, to form a stable five-mem-
bered ring. Even though there are four possible regioisom-
ers with 1,2-cis coupling (compound 4, 7, 10, and 12), the 5-
benzoyl group seemed to have the most severe steric hin-
drance against phenyl ring of 1,2-cis-boronic ester, and thus
isomer 7, myo-I(1,4,6)Bz3, was kinetically favored and accu-
mulated (Scheme 1). When the reaction proceeds longer,
phenyl boronic acid is able to accept three hydroxyl groups
to form an even more stable complex giving the thermody-
namic isomer 1, as in the case of the boric acid selector
(Figure 6). Also, we investigated the direct migration from
myo-I(1,4,5)Bz3 (4) without pre-equilibrium, in which the
acyl migration occurred in the presence of phenyl boronic
acid. Absolute amplification of the kinetic product, 7, with
up to 98%, was obtained initially (see Figure 3b), with slow
transformation to the thermodynamic product 1 over time
(Figures 3c and 7).


The practical use of this concept beyond the analytical
scale was performed on a 30 mg scale, purifying the thermo-
dynamic and kinetic products from the reaction mixture, re-
spectively. The purification of the thermodynamic product


Figure 2. Amplification chromatogram using PhB(OH)2 a) chromatogram
of a 12 member DCL in pre-equilibrium by DBU, b) 5 h after the addi-
tion of PhB(OH)2 (82% of 7), c) 205 h after the addition of PhB(OH)2
(96% of 1).


Figure 3. Direct migration chromatogram using PhB(OH)2 a) The HPLC
chromatogram of I(1,4,5)Bz3 (4), b) 25 min after addition of DBU and
PhB(OH)2 (98% of 7), c) after an additional 124 h (96% of 1).


Figure 4. Amplification of 1 using boric acid after pre-equilibrium. Reac-
tion conditions: I(1,4,5)Bz3 (4) (1 mg), DBU (20 mL, 66 equiv) in acetoni-
trile (20 mL) for 1.5 h, and then boric acid (2 mg, 15 equiv) where t=0 at
that point, *: I(2,4,6)Bz3 (1), ~: I(1,4,6)Bz3 (7).


Figure 5. Direct migration to 1 using boric acid without pre-equilibrium.
Reaction conditions: I(1,4,5)Bz3 (4) (1 mg), boric acid (2 mg, 15 equiv) in
acetonitrile (1 mL), and then DBU (20 mL, 66 equiv) where t=0 at that
point, *: I(2,4,6)Bz3 (1), ~: I(1,4,6)Bz3 (7).


Figure 6. Amplification of 1 and 7 using phenyl boronic acid after pre-
equilibrium. Reaction conditions: I(1,4,5)Bz3 (4) (1 mg), DBU (20 mL,
66 equiv) in acetonitrile (20 mL) for 1.5 h. Phenyl boronic acid (3.7 mg,
15 equiv) was added and then concentrated to 1 mL where t=0 at that
point. Additional DBU (10 mL, 33 equiv) was added at 55 h to accelerate
the equilibrium, *: I(2,4,6)Bz3 (1), ~: I(1,4,6)Bz3 (7).
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(1) on silica gel after its amplification of up to 94% afforded
the 83% recovery of 1. The isolation of kinetic product (7)
that is amplified with up to 98% from the direct migration
without pre-equilibrium led to the 92% recovery of 7.


Conclusion


We demonstrated highly efficient molecular evolution on a
myo-inositol model by combining intramolecular acyl migra-
tion and both kinetic and thermodynamic selectors. We be-
lieve that intramolecular acyl migration is applicable to an
even large number of dynamic carbohydrate libraries, and if
coupled with a broad range of selectors, this method will
open a wide range of applications.


Experimental Section


Materials and general methods : All reactions were performed in oven-
dried glassware under positive nitrogen pressure. Unless otherwise noted,
starting materials and solvents were purchased from Aldrich and Acros
organics and used without purification. Analytical TLC was carried out
on Merck 60 F254 silica gel plate (0.25 mm layer thickness) and visualiza-
tion was done with UV light, and/or by spaying with a 5% solution of
phosphomolybdic acid followed by charring with a heat gun. Column
chromatography was performed on Merck 60 silica gel (230±400 mesh).
1H NMR (200 MHz) spectra were determined on Varian Genini 200 spec-
trometer. Chemical shifts were reported in parts per million (ppm) rela-
tive to internal standard as tetramethylsilane, and coupling constants (J)
are in Hertz (Hz). All compounds were identified by LC-MS (Agilent
Technologies) using a C18 column (4.6î150 mm) with 65 minutes of elu-
tion time using a solution of H2O/CH3CN/MeOH in a ratio of 52:18:30
(containing 0.1% acetic acid) with a UV detector at l=250 and 230 nm
and an electrospray ionization source.


Molecular amplification experiment with pre-equilibrium : DBU (20 mL,
0.13 mmol) was added at room temperature to a solution of 4 (1 mg,
2.0 mmol) in acetonitrile (20 mL). After the reaction mixture was stirred
for 1.5 h, the full migration of 12 isomers was confirmed by HPLC-MS. A
solution of boric acid (2 mg, 0.032 mmol) in DMSO (50 mL) or phenyl
boronic acid (3.75 mg, 0.032 mmol) was added to the reaction mixture.
The change of the distribution was analyzed by HPLC-MS.[13]


Molecular amplification experiment without pre-equilibrium : Boric acid
(2 mg, 0.032 mmol) in DMSO (50 mL) or phenyl boronic acid (3.75 mg,
0.032 mmol), and DBU (20 mL, 0.13 mmol) were added at room tempera-


ture to a solution of 4 (1 mg, 2 mmol) in acetonitrile (1 mL). The reaction
mixture was analyzed by HPLC-MS.


Preparation of the thermodynamic product (1): DBU (600 mL, 3.9 mmol)
was added to a solution of 4 (30 mg, 0.061 mmol) in acetonitrile
(600 mL). After the reaction mixture was stirred for 1.5 h, boric acid
(60 mg, 0.96 mmol) in DMSO (0.5 mL) was added to the reaction mix-
ture. To accelerate the rate of amplification, the reaction mixture was
concentrated to about 60 mL, and stirred for 2 d. The reaction mixture
was quenched by acetic acid (1 mL), diluted with ethyl acetate, washed
with 1n HCl, aq. NaHCO3, and brine. The organic layer was dried over
MgSO4, concentrated, and purified by chromatography on silica gel
(EtOAc/Hex 1:1) to give 1 (25 mg, 83%). Rf = 0.30 (EtOAc/Hex 1:1);
1H NMR (CD3OD): d = 3.89 (t, J=9.5 Hz, 1H), 4.00 (dd, J=2.9,
10.0 Hz, 2H), 5.57 (t, J=9.7 Hz, 2H), 5.77 (t, J=2.8 Hz, 1H), 7.26±8.15
(m, 15H); LC-MS: m/z : 493 [M+H]+ , 475 [M�H2O+H]+ .


Preparation of the kinetic product (7): Phenyl boronic acid (113 mg,
0.96 mmol), and DBU (600 mL, 3.9 mmol) was added to a solution of 4
(30 mg, 0.061 mmol) in acetonitrile (30 mL). After the solution was stir-
red for 1 h, the reaction mixture was quenched by acetic acid (1 mL), and
diluted with ethyl acetate, and washed with 1n HCl, aq. NaHCO3, and
brine solution. The resulting organic layer was dried over MgSO4, con-
centrated, and purified by chromatography on silca gel (EtOAc/Hex 1:2)
to give 7 (27.5 mg, 92%). Rf = 0.37 (EtOAc/Hex 1:1); 1H NMR
(CD3OD): d = 4.04 (dd, J=2.4, 10.1 Hz, 1H), 4.34 (t, J=2.3 Hz, 1H),
4.48 (t, J=10.0 Hz, 1H), 5.13 (dd, J=2.4, 10.0 Hz, 1H), 5.49 (dd, J=9.3,
10.0 Hz, 1H), 5.80 (t, J=10.0 Hz, 1H), 7.32±8.11 (m, 15H); LC-MS: m/z :
493 [M+H]+ .
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Selective Formation of AAB- and ABC-Type Heterotrimeric a-Helical
Coiled Coils�


Tomohiro Kiyokawa,[b] Kenji Kanaori,[b] Kunihiko Tajima,[b] Masataka Kawaguchi,[a]


Toshihisa Mizuno,[a] Jun-ichi Oku,[a] and Toshiki Tanaka*[a]


Introduction


An a-helical coiled coil has a structure in which two to five
a-helices wrap around each other.[1] Due to the simple struc-
ture and importance of its biological functions, this structure
is an attractive target of de novo design.[2] It mediates asso-
ciations of a large variety of proteins and also induces the
homo- or heterooligomerization of proteins. Accordingly,


when the domains of proteins or short peptide ligands are
fused to a-helical coiled coil structures, multivalent binding
molecules are designed and created.[3] Amino- and carboxy-
terminal segments of dihydrofolate reductase and green
fluorescence protein can be reassembled through the media-
tion of homo- or heterodimeric coiled coils.[4] Heterooligo-
meric complexes can be constructed from heterooligomeric
coiled coils; hence, these are potential scaffolds for further
functional design.


The coiled coil has a representative amino acid sequence
of (abcdefg)n heptad repeats. The a and d positions are usu-
ally occupied by hydrophobic residues and form a hydro-
phobic core. The amino acids in the hydrophobic core
should have more influence on the structure than those at
other positions. For example, an Asn amino acid at the hy-
drophobic core of GCN4 plays an important role in deter-
mining the structural specificity.[5] On the other hand, Glu is
responsible for the pH-dependent conformational change of
the macrophage scavenger receptor.[6] It suggests that if one
or two suitable amino acids are properly introduced in the
hydrophobic position, then the desired functions might be
imparted to the coiled coil. Furthermore, His residues and a
Cys residue have been designed in the hydrophobic core of
a triple-stranded coiled coil to induce the folding of the pep-
tides by metal ions.[7] Because of the small size of the trimer,
and the fact that the a and d positions are buried deeper
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Nagoya Institute of Technology, Gokiso-cho
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[�] Abbreviations used in this paper: Rink amide resin, 4-(2’,4’-di-
methoxyphenyl-Fmoc-aminomethyl)phenoxy resin; Hc, 7-hydroxy-
coumarin; Fmoc, 9-fluorenylmethoxycarbonyl; MBHA, 4-methyl
benzhydrylamine resin; tBoc, tert-butoxycarbonyl; NMP, N-methyl-
pyrrolidone; TFA, trifluoroacetic acid; HPLC, high-performance
liquid chromatography; MALDI-TOF, matrix-assisted laser desorp-
tion/ionization time-of-flight; CD, circular dichroism; Tm, transition
midpoint.


Abstract: The a-helical coiled coils
have a representative amino acid se-
quence of (abcdefg)n heptad repeats.
We previously reported that two pep-
tides named IZ-2A and IZ-2W formed
an (IZ-2A)2/IZ-2W heterotrimer with
an Ala±Ala±Trp interaction in the hy-
drophobic core. In this paper, we de-
scribe the selective formation of AAB-
and ABC-type heterotrimers. To in-
crease the selectivity of the AAB-type
heterotrimeric formation, Lys residues
at the f position were mutated to either


an Ala or a Gln residue to form IZ-
2A(fA) or IZ-2W(fQ). Separately, both
IZ-2A(fA) and IZ-2W(fQ) have a
random structure at pH 7 and 20 8C.
However, together IZ-2A(fA) and IZ-
2W(fQ) form a 2:1 complex with a
thermal transition midpoint (Tm) of
48 8C. This procedure was applied to


prepare the ABC-type heterotrimer, in
which two sets of Ala±Ala±Trp interac-
tions were designed in the hydrophobic
core. Interhelical interaction between
the e and g positions and the a-helical
propensity of the amino acid at the f
position were also considered in the
design. The resultant three peptides se-
lectively formed the ABC-type hetero-
trimer with a Tm of 51 8C. Other pep-
tide combinations had random coil
properties.


Keywords: coiled coil ¥ de novo
design ¥ helical structures ¥ protein
design ¥ protein engineering
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than those of the double-stranded coiled coil, the hetero-
trimer is a target for studies of de novo designed proteins.


We previously prepared a de novo designed peptide, IZ,
[YGG(IEKKIEA)4] (defgabc), which forms a parallel triple-
stranded coiled coil.[8] To construct the AAB-type hetero-
trimer, we replaced the Ile residue at the a position in the
second heptad repeat with either an Ala or a Trp residue, to
form IZ-2A and IZ-2W, respectively. [9] The IZ-2A/IZ-2W
(2:1) heterotrimer formed with a native-like structure. How-
ever, IZ-2W also formed the homotrimer, less stable (by
9 8C) than the heterotrimer. In this work, the amino acid at
the f position was selected to adjust the stability for the se-
lective formation of the AAB-type heterotrimer by destabi-
lizing the homotrimer. We extended this strategy to the
ABC-type heterotrimeric coiled coil. In the design, we used
the Ala±Ala±Trp interactions two rather than three of the a
positions, so that one peptide had Ala±Ala, the second pep-
tide had Ala±Trp, and the third peptide had Trp±Ala inter-
actions at the second and third a positions of the 32-residue
peptides. We also combined
ionic interactions at the e and g
positions for further selective
formation of the heterotrimer.
Finally, the amino acid at the f
position was chosen for fine
tuning the thermal stability.


Results


Effect of the b and f positions
on the stability of IZ-2W: We
previously prepared a de novo
designed peptide IZ, [YGG-
(IEKKIEA)4] (defgabc), which
forms a parallel triple-stranded
coiled coil (Figure 1, Table 1).
[8] The Ile residues at the a and
d positions were used for the
hydrophobic packing. Glu±Lys ion pairs between the e and g
positions of the neighboring strands were used to increase
the structural stability and to define the parallel orientation
of the peptides. We also designed the peptide to have Glu
and Lys residues at the b and f positions, respectively. These
charged residues form a salt bridge in the same helix to in-
crease the stability.


To examine the effects of the solvent exposed Glu and
Lys residues, we used the IZ-2W peptide, which is a deriva-
tive of the IZ peptide and has a Trp residue at the a position
of the second heptad repeat (Table 1), because it can be
easily quantitatively charactiterized, it has moderate thermal
stability, and it is a key peptide of the heterotrimeric coiled
coil construction. The Glu residues at the b position or the
Lys residues at the f position were substituted with the Ala
residues to form IZ-2W(bA) and IZ-2W(fA), respectively
(Table 1). We also prepared IZ-2W(bAfA), in which the Ala
residues occupy both b and f positions. The structure of the
three peptides was analyzed by circular dichroism (CD)
spectroscopy. The three peptides exhibited the same a-heli-


cal structure in aqueous solution with negative maxima at
208 and 222 nm (Figure 2).


To evaluate the effect of the mutations on the stabiliza-
tion energy, we analyzed the GdnHCl denaturation of the


Table 1. Amino acid sequences of the peptides used for heterotrimeric coiled-coils.[a]


defgabc defgabc defgabc defgabc defg
1[b] 2[b] 3[b] 4[b]


IZ YGG IEKKIEA IEKKIEA IEKKIEA IEKKIEA
IZ-2A ��� ������� ����A�� ������� �������
IZ-2W ��� ������� ����W�� ������� �������
IZ-2A(fA) ��� ��A���� ��A�A�� ��A���� ��A����
IZ-2W(bA) ��� �����A� ����WA� �����A� �����A�
IZ-2W(bAfA) ��� ��A��A� ��A�WA� ��A��A� ��A��A�
IZ-2W(fA) ��� ��A���� ��A�W�� ��A���� ��A����
IZ-2W(fQ) ��� ��Q���� ��Q�W�� ��Q���� ��Q����
IZ-AA ��� ������� �K��A�� ����A�� ���E��� IEKG
IZ-AW ��� ���E��� ����A�� �K��W�� ������� IEKG
IZ-WA ��� ������� ���EW�� ����A�� ������� IKAG
IZ-AW(fA) ��� ��AE��� ��A�A�� �KA�W�� ��A���� IEKG
IZ-WA(fA) ��� ��A���� ��AEW�� ��A�A�� ��A���� IEKG


[a] Only amino acids different from the IZ sequence are indicated. A bar indicates the same amino acid as
used in IZ. [b] Heptad number.


Figure 1. Helical wheel model of the second heptad repeat of IZ. Glu±
Lys ion pairs were designed to be formed between the e and g positions
of the neighboring strands. Intrastranded ion pairs were designed to form
at the b and f positions. The ion pairs are indicated by broken lines. For
heterotrimer formation, the a positions of the three peptides were de-
signed to have a combination of Ala±Ala±Trp interactions. Lys at the f
positions were changed to either Ala residues or Gln residues. For the
ABC-type heterotrimer, in particular, amino acids at the e and the g posi-
tions were also changed to maximize the ionic interactions and minimize
the ionic repulsions.


Figure 2. CD spectra of IZ-2W(fA). CD spectra were measured in aque-
ous buffer at pH 7.0 (circles) or in 3m GdnHCl (triangles) at 20 8C with a
total peptide concentration of 20mm. IZ-2W(bA) and IZ-2W(bAfA)
showed the same CD spectra as IZ-2W(fA).
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peptides by CD spectroscopy. Addition of GdnHCl to solu-
tions of the peptides changed the coiled coil structures to
random coils exhibiting a minimum lower than 200 nm with
an isosbestic point of 203 nm (Figure 2), showing the two-
state model behavior. The [q] value at 222 nm was measured
as a function of the concentration of GdnHCl at 25 8C and
pH 7. As shown in Figure 3, the GdnHCl transition displays


cooperative unfolding curves. The free energies of unfolding
of the peptides were calculated as described in the Experi-
mental Section. The results are summarized in Table 2 and


Figure 4. When both Glu residues and Lys residues were
changed to Ala residues, the stability of IZ-2W(bAfA) was
increased by 3.3 kcalmol�1 in spite of the destruction of the
ion pairs between the Glu and Lys residues. When the Glu
residues at the b position were changed to Ala residues, IZ-
2W(bA) was also stabilized against the chemical denatura-
tion by 1.4 kcalmol�1 in spite of the loss of the ion pairs. On
the other hand, stability of IZ-2W(fA), in which the Lys res-
idues at the f position were changed to Ala residues, de-
creased by 0.9 kcalmol�1. In consequence, the difference in
the structural destabilization by substitution of the Ala with
the Lys residue was 1.9 kcalmol�1, and that of the Glu resi-
due was 4.2 kcalmol�1 (Figure 4).


The structural stability was also confirmed by the thermal
denaturation experiments. Compared with the melting tem-
perature of 51 8C for IZ-2W,[9] those of IZ-2W(bA) and IZ-
2W(fA) were 65 and 43 8C, respectively (Table 2). The most
stable peptide, IZ-2W(bAfA), was stable up to 80 8C. Thus,


the thermal stability was correlated with the stability against
chemical denaturation.


AAB-type heterotrimer : When we changed the amino acids
at the b and f positions of IZ-2W to Ala residues, the substi-
tution at the f position had more influence relative to that at
the b position on the stability of IZ-2W. The IZ-2W(fA)
peptide still formed a homotrimer (Figures 2 and 3). A Gln
residue has lower a-helical propensity than an Ala residue,
[10] and the Gln residue at the f position destroys the Glu±
Lys ion pair, as in the case of the Ala residue. Substitution
with the Gln residue is expected, therefore to provide a
greater destabilization effect on the homotrimer formation
than the Ala residue. Actually, IZ-2W(fQ) exhibited a
random structure in the CD spectrum with minimum below
200 nm (Figure 5a). IZ-2A exhibited a weak tendency to-
wards formation of an a-helical structure.[9] To destabilize
the a-helical structure further, the f position of the IZ-2A
was substituted with the Ala residue to form IZ-2A(fA). IZ-
2A(fA) exhibited the random structure, as observed for IZ-
2W(fQ), in the CD spectra (Figure 5a).


A 2:1 mixture of IZ-2A(fA) and IZ-2W(fQ) with total
peptide concentrations of 20mm at pH 7 exhibited a helical
conformation that differs from the case of the single pep-
tides (Figure 5a), suggesting that the two peptides formed a
complex. The CD spectrum showed a [q]222/[q]208 ratio of
less than 1, suggesting that the complex fluctuates at the end
of the coiled coil or a-helical bundle structure.[11] Thus, in
the case of IZ-2A(fA) and IZ-2W(fQ), the peptides formed
a complex with a highly a-helical structure, while each pep-
tide separately showed a random structure. Then, thermal


Figure 3. GdnHCl denaturation curves for IZ-2W (closed circles), IZ-
2W(bA) (squares), IZ-2W(fA) (triangles), and IZ-2W(bAfA) (open cir-
cles). The denaturation curves were recorded in 10mm sodium phosphate
at pH 7.0 with a peptide concentration of 20mm.


Table 2. Physical data for triple-stranded designed coiled-coils.


Peptide Tm [GdnHCl]1/2 m DDGu(IZ-2W)[a]


[8C] [m] [kcalmol�1 [kcalmol�1]
mol�1]


IZ-2W 51 0.62 4.3 0.0
IZ-2W(bA) 65 0.91 5.2 +1.4
IZ-2W(fA) 43 0.60 5.1 �0.9
IZ-2W(bAfA) >80[b] 1.44 3.8 +3.3


[a] A positive value indicates that the analogue is more stable than IZ-
2W. [b] Precipitation of IZ-2W(bAfA) takes place at about 85 8C.


Figure 4. Relationship of DDG [kcalmol�1] values of IZ derivatives. This
figure depicts the DG value of IZ-2W(bAfA) as the standard to clarify
the effect of the substitution of the b and f positions. The broken line
shows the DG value of IZ-2W as the standard, which corresponds to that
given in Table 2. Amino acids at the b and f positions are indicated
below the peptide name. A bar between the amino acids indicates the
ion pair between the Glu and the Lys residues. The DDG value
(�6.1 kcalmol�1) of IZ-2W without the ion pair was calculated by adding
the DDG values of IZ-2W(bAfA) and IZ-2W(fA). Contribution of the
ion pairs to the stability is calculated by the difference in DDG values of
IZ-2W and IZ-2W without the ion pair. A negative value means a de-
crease in stability.
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denaturation was carried out to assess the stability and the
cooperativity of their association. The thermal denaturation
curves are shown in Figure 5b. The mixture of IZ-2A(fA)/
IZ-2W(fQ) (2:1) showed a sharp melting transition with a
Tm of 48 8C. To assess the stoichiometry of the IZ-2A(fA)/
IZ-2W(fQ) complex, the [q]222 value of IZ-2A(fA) was
monitored as a function of concentration of IZ-2W(fQ)
(Figure 6). The �[q]222 value increased up to the IZ-2A(fA)/


IZ-2W(fQ) ratio of 2, and then
decreased. This result indicates
that IZ-2A(fA) and IZ-2W(fQ)
interact in a 2:1 ratio.


The peptide oligomerization
was determined by sedimenta-
tion equilibrium centrifugation
analysis (Figure 7a). A mixture
of IZ-2A(fA)/IZ-2W(fQ) (2:1)
with a peptide concentration
range of 20±100 mm gave an ap-
parent molecular mass of
10050�299 Da, indicating that
the peptides were trimerized
(the calculated molecular mass


for (IZ-2A(fA))2/IZ-2W(fQ) is 10159 Da). Moreover, when
analyzed by Sephadex G-50 gel filtration chromatography
(Figure 7b), the complex was eluted at the fraction corre-
sponding to a trimerized peptide.


ABC-type heterotrimer : Based on the IZ peptide, we de-
signed three peptides for the selective construction of the
ABC-type heterotrimer (Table 1). The a positions of the
second and third heptad were occupied by a combination of
either Ala±Ala, Trp±Ala, or Ala±Trp interactions (Table 1).
To choose the best suited combination of the amino acid at
the e and g positions as described by Nautiyal et al. for the
heterotrimerization, [12] one amino acid at both positions
was changed from Glu to Lys or from Lys to Glu in each
peptide. Four amino acids were extended to the C-terminus
to increase the number of ion pairs formed to stabilize the
heterotrimer. We characterized the three peptides as IZ-
AA, IZ-AW, and IZ-WA, from the order of appearance of
the Ala and Trp residues.


The CD spectra of the three separate peptides exhibited
random structures with a minimum below 200 nm (Fig-
ure 8a). Mixtures of two of the peptides also exhibited
random structures, except for a mixture of IZ-AW and IZ-
WA, which showed a weak a-helical structure as indicated
by the minimum at 222 nm. On the other hand, an equimo-
lar mixture of the three peptides exhibited a highly a-helical
structure with negative maxima at 208 and 222 nm. This
result indicates an assembly of the three peptides to form an
a-helical structure.


To destabilize the complex from IZ-AW and IZ-WA, the
amino acids at the f positions of the two peptides were
changed to Ala residues to form IZ-AW(fA) and IZ-
WA(fA), respectively (Table 1). By this substitution, a mix-
ture of IZ-AW(fA) and IZ-WA(fA) exhibited the random
structure, while an equimolar mixture of the three peptides
still showed the a-helical structure (Figure 8b). When we
measured thermal denaturation of an equimolar mixture of
the three peptides, a steep transition curve was observed
with a Tm of 51 8C, showing a highly cooperative transition
(Figure 8c). The peptide oligomerization was determined by
sedimentation equilibrium centrifugation analysis (Fig-


Figure 5. a) CD spectra of IZ-2A(fA) (triangles), IZ-2W(fQ) (circles),
and IZ-2A(fA)/IZ-2W(fQ) (2:1) mixture (squares). b) Thermal denatura-
tion curves of IZ-2A(fA) (dash-dotted line), IZ-2W(fQ) (broken line),
and the IZ-2A(fA)/IZ-2W(fQ) (2:1) mixture (solid line). The CD spectra
and the thermal denaturation were measured at 20 8C and pH 7.0 with a
total peptide concentration of 20mm.


Figure 6. IZ-2W(fQ) titration profile of IZ-2A(fA) monitored by CD
spectroscopy at 20 8C and pH 7.0. The [q]222 was monitored and plotted
as a function of the concentration of IZ-2W(fQ). The IZ-2A(fA) concen-
tration was 10mm.


Figure 7. a) Sedimentation equilibrium analyses of the mixture of IZ-2A(fA) and IZ-2W(fQ) (2:1). See Exper-
imental Section for details of the measurements. The apparent molecular mass was 10349 Da (calculated mo-
lecular mass 10159 Da). When a peptide concentration of 20 mm was used, the apparent molecular mass was
9751 Da. b) Gel filtration analysis of a mixture of IZ-2A(fA) and IZ-2W(fQ) (2:1; 20mm). See Experimental
Section for details of the measurements..
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ure 9a). The mixture of three peptides at a peptide concen-
tration range of 20±100 mm gave an apparent molecular mass
of 11309�313 Da (calculated molecular mass 11316 Da) in-
dicating the trimerization of the peptides. Moreover, we


confirmed the trimerized complex by Sephadex G-50 gel fil-
tration chromatography (Figure 9b).


Fluorescence of the Trp residue is sensitive to the envi-
ronment of the indole side chain. A Trp residue shows fluo-
rescence emission maxima at 327±332 nm in a hydrophobic
environment and 354 nm in water.[13] The fluorescence of
the Trp residues in the complex, IZ-AA/IZ-AW(fA)/IZ-
WA(fA), was measured to identify the environment of the
indole side chain of the Trp residue. The fluorescence maxi-
mum of the Trp residues was at 333 nm after excitation at
278 nm (data not shown). This result showed that the Trp
residues are completely buried in the hydrophobic core of
the complex as in the case of (IZ-2A)2/IZ-2W.[9]


We designed a parallel orientation of the heterotrimer by
using charge±charge interactions between the e and g posi-
tions. To analyze the helical orientation of the heterotrimer,
a fluorescent probe, 7-hydroxycoumarin (Hc), was coupled
to the N-termini of IZ-AA, IZ-AW(fA), and IZ-WA(fA).


7-Hydroxycoumarin is known to have less effect on the ag-
gregation degree and stabilization of the coiled coil struc-
ture.[14] As shown in Figure 10, when the N-terminal 7-hy-
droxycoumarin-tagged peptides, Hc-IZ-AA, Hc-IZ-AW(fA),


and Hc-IZ-WA(fA) were com-
bined, the fluorescence was
quenched to below 20% of the
original fluorescence intensity.
On the other hand, when a
C-terminal-tagged peptide,
IZ-AA-Hc, was mixed with two
N-terminal-tagged peptides,
Hc-IZ-AW(fA) and Hc-IZ-
WA(fA), the fluorescence was
quenched by only 30%. These
results indicate that the three
peptides have a parallel orien-
tation in the bundle structure.


Figure 8. a) CD spectra of IZ-AA (squares) and a mixture of IZ-AW/IZ-WA (1:1) (triangles), and a mixture of IZ-AA/IZ-AW/IZ-WA (1:1:1) (circles).
IZ-WA, IZ-AW, a mixture of IZ-AA/IZ-WA (1:1), and a mixture of IZ-AA/IZ-AW (1:1) exhibited the same CD spectra as IZ-AA. b) CD spectra of a
mixture of IZ-AA/IZ-WA(fA)/IZ-AW(fA) (1:1:1) (circles), and a mixture of IZ-AW(fA)/IZ-WA(fA) (1:1) (triangles). c) Thermal denaturation curves of
a mixture of IZ-AA/IZ-WA(fA)/IZ-AW(fA)(1:1:1) (solid line) and a mixture of IZ-WA(fA)/IZ-AW(fA)(1:1) (broken line). The CD spectra and the
thermal denaturation were measured at 20 8C and pH 7.0 with a total peptide concentration of 20mm.


Figure 9. a) Sedimentation equilibrium analyses of the mixture of IZ-AA, IZ-AW(fA) and IZ-WA(fA) (1:1:1).
See Experimental Section for details of the measurements. The apparent molecular mass was 11622 Da (calcu-
lated molecular mass 11316 Da). When a peptide concentration of 20 mm was used, the apparent molecular
mass was 10996 Da. b) Gel filtration analysis of a mixture of IZ-AA, IZ-AW(fA), and IZ-WA(fA) (1:1:1;
20mm). See Experimental Section for details of the measurements.


Figure 10. Fluorescence spectra of Hc-IZ-AA (solid line), a mixture of
Hc-IZ-AA/Hc-IZ-WA(fA)/Hc-IZ-AW(fA) (1:1:1) (broken line) and a
mixture of IZ-AA-Hc/Hc-IZ-WA(fA)/Hc-IZ-AW(fA) (1:1:1) (dash-
dotted line). The spectra were recorded in 10 mm sodium phosphate,
pH 7.0 and 100mm NaCl with a total peptide concentration of 20mm.
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Discussion


The AAB-type heterotrimer was constructed by manipula-
tion of single Ala and Trp residues at the hydrophobic a po-
sition of the designed triple-stranded coiled coil.[9] Although
substitution by an Ala residue at the hydrophobic position
largely destabilized the a-helical formation, substitution by
a Trp residue minimally affected the stabilization of the ho-
motrimeric structure.[9] We tried to destabilize the homo-
trimer of the peptide that contained the Trp residue (IZ-
2W) without affecting the stability of the heterotrimer.


Considering the three peptides, IZ-2W(bAfA), IZ-
2W(bA), and IZ-2W(fA), the first two peptides were 3.3
and 1.4 kcalmol�1 more stable, respectively, than the parent
peptide, IZ-2W. On the other hand, the third peptide was
0.9 kcalmol�1 less stable; this shows that substitution at the f
position destabilizes the homotrimer (Figure 4). The de-
crease of the stabilization energy by substitution of an Ala
residue was 1.9 and 4.2 kcalmol�1 for the Lys and Glu resi-
dues, respectively, relative to that of the Ala residue. Each
peptide has twelve b or f positions in the trimer form.
Therefore, the contribution of one substitution was calculat-
ed to be 0.16 and 0.35 kcalmol�1 for the Lys and Glu resi-
dues, respectively. This result shows that the Lys residue has
higher a-helical propensity than the Glu residue in the case
of the triple-stranded coiled-coil, although a contribution of
factors other than the intrinsic helical propensity might be
involved in the enhanced stability. In the a-helix, the Glu
residue has similar a-helical propensity to that of the Lys
residue.[15] On the other hand, stabilization energies of the
Ala, Lys, and Glu residues at the f position in the double-
stranded coiled coil were reported as �0.77, �0.65, and
�0.27 kcalmol�1, respectively, relative to Gly.[10] According-
ly, the Ala residue stabilizes the a-helical structure by
0.12 kcalmol�1 more than the Lys residue, and by
0.42 kcalmol�1 more than the Glu residue. Thus, similar re-
sults were obtained in the coiled coil with different amino
acid sequences.


If the Glu residue and the Lys residue do not form ion
pairs, IZ-2W should be destabilized with respect to IZ-
2W(bAfA) by 6.1 kcalmol�1 (1.9+4.2 kcalmol�1; Figure 4).
Since the difference in stabilization energy between IZ-2W
and IZ-2W(bAfA) was found to be 3.3 kcalmol�1, the stabi-
lization energy of the ion pairs was calculated to be
2.8 kcalmol�1. The ion pair between the i and i+4 positions
is preferable to that between the i and i+3 positions.[16] In
the triple-stranded coiled coil, therefore, there are nine ion-
pair interactions. In consequence, the ion-pair stabilization
energy of Glu and Lys at the i and i+4 positions was calcu-
lated to be 0.31 kcalmol�1. The stabilization by the intra-
helical Glu±Lys ion pair at the i and i+4 positions is
0.38±0.5 kcalmol�1.[11b,15b,17] These values are consistent with
our results.


The selective construction of the AAB-type heterotrimer-
ic coiled coil was successfully accomplished by manipulation
of amino acid at the f position (Figure 5 and Table 1). Nau-
tiyal et al.[12a] and Kiyokawa et al.[18] previously designed an
ABC-type heterotrimeric coiled coil by different design
strategies, employing ionic interactions at the e and g posi-


tions or Ala±Ala±Trp interactions in the hydrophobic core
to mediate heterospecificity. Schnarr and Kennan tried to
use an unnatural amino acid to construct the ABC-type het-
erotrimer.[19] Among all the peptide combinations, the ABC-
type heterotrimer was the most stable in those cases; howev-
er, other alternative species composed of one or two pep-
tides also form the triple-stranded coiled coil structures.
Here, in our design, as well as ionic interactions between
the e and g positions, combinations of two Ala residues and
one Trp residue are placed in the hydrophobic positions.
Moreover, by choosing the amino acid at the f position to
adjust the stability of the homo- and heterotrimer, we were
able to attain the selective construction of the ABC-type
heterotrimer. No other species composed of other peptide
combinations formed the a-helical structure. Furthermore,
we used only natural amino acids for the AAB- or ABC-
type heterotrimeric coiled coil. The coiled coil reported
here, therefore, can be directly applied in vivo as well as in
vitro.


Experimental Section


Peptide synthesis and purification : Peptides were synthesized on an Ap-
plied Biosystems Model 433A automated synthesizer, by using Rink
amide resin, (substitution 0.37 mmolg�1), based on the standard Fast-
moc 0.1 mmol protocol. Attachment of 7-hydroxycoumarin to the N-ter-
minus of the peptides was carried out according to the published proce-
dure,[14] after elongation with two Gly residues as a spacer. Attachment
of 7-hydroxycoumarin to the C-terminus was carried out as follows. N-a-
tBoc-N-e-Fmoc-lysine was coupled to the MBHA resin, and then treated
with 20% piperidine in NMP for 20 min to remove the Fmoc group. 7-
Hydroxycoumarin was then coupled to the lysine by means of the same
procedure. The tBoc group was removed by treatment 50% TFA/CH2Cl2
for 15 min followed by neutralization with 5% diisopropylethylamine in
NMP. After coupling with Fmoc-Gly-OH, subsequent peptide elongation
was carried out on the automated synthesizer without a capping step.
The peptide, prepared on the Rink amide resin, was simultaneously
cleaved/deprotected with TFA/water (95:5 v/v) for the peptides without
Trp, or TFA/1,2-ethandithiol/water (95:2.5:2.5 v/v) for the other peptides,
for 1.5 h. A peptide synthesized on MBHA resin was treated with a mix-
ture of TFA, m-cresol and trifluoromethanesulfonic acid (9:1:1, v/v) for
1 h. Deprotected peptides were purified by reversed-phase HPLC. Purifi-
cation was carried out on a YMC-Pack ODS-A column (10 mm i.d.î
250 mm, 5 mm, YMC, Japan) with a linear gradient of 30 to 50% CH3CN/
H2O containing 0.1% TFA over the course of 30 min. The peptides were
eluted between 20±27 min. The final product was characterized by analyt-
ical HPLC and was confirmed by MALDI-TOF mass spectrometry. MS:
m/z calcd for IZ-2W(bA): 3383; found: 3385; MS: m/z calcd for IZ-
2W(fA): 3387 found: 3389; MS: m/z calcd for IZ-2W(bAfA): 3155;
found: 3156; MS: m/z calcd for IZ-2A(fA): 3272; found: 3271; MS: m/z
calcd for IZ-2W(fQ): 3615; found: 3616; MS: m/z calcd for IZ-AA: 3886;
found: 3887;; MS: m/z calcd for IZ-AW: 4001; found: 4000; MS: m/z
calcd for IZ-WA: 4001; found: 4001; MS: m/z calcd for IZ-AW(fA):
3715; found: 3715; MS: m/z calcd for IZ-WA(fA): 3715; found: 3716;
MS: m/z calcd for Hc-IZ-AA: 3908; found: 3910; MS: m/z calcd for Hc-
IZ-AW(fA): 3739; found: 3739; MS: m/z calcd for Hc-IZ-WA(fA): 3739;
found: 3740; MS: m/z calcd for IZ-AA-Hc: 4093; found: 4095.


Circular dichroism (CD) spectroscopy: CD measurements were per-
formed on a Jasco-720 spectropolarimeter, using a 2 mm cuvette at 20 8C.
The peptide concentration was determined by measuring the tyrosine
and the tryptophan absorbance in 6m guanidium chloride, with e280=1300
and 5700m�1 cm�1 for Tyr and Trp, respectively.[20] The mean residue
molar ellipticity, [q], is given in units of deg cm2dmol�1. CD spectra were
obtained in 10mm sodium phosphate and 100mm NaCl buffer (pH 7.0) at
a peptide concentration of 20mm.
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Titration of IZ-2W(fQ) with IZ-2A(fA) was carried out in the same
buffer by monitoring [q]222 as a function of the IZ-2W(fQ) concentration,
which was 0, 2, 4, 5, 6, 7, 10, 15, or 20mm. The concentration of IZ-
2A(fA) was 10mm.


Thermal transition curves were obtained by monitoring [q]222 as a func-
tion of temperature with a 2 mm path length cuvette. The total peptide
concentration was 20 mm, and the temperature was increased at a rate of
1 8Cmin�1.


The GdnHCl denaturation curve, which was obtained by monitoring
[q]222 by averaging ten 1.0 s readings, was obtained with a 20mm peptide
solution in 10mm sodium phosphate and 100mm NaCl buffer (pH 7.0) at
25 8C. The free energy of unfolding (DG) at a given concentration of
GdnHCl was calculated from Equation (1):


DG ¼ �RTlnK ð1Þ


in which R is the gas constant, T is the absolute temperature, and K is
the equilibrium constant for the unfolding process. For a two-state equili-
brium between the monomer and the trimer, K was obtained from Equa-
tion (2):


K ¼ ð3c2f 3uÞ=ð1�fuÞ ð2Þ


in which c is the total peptide concentration and fu is the fraction of the
unfolded (monomeric) peptide. The free energy of unfolding in water
(DG8) was estimated from a linear extrapolation, according to Equa-
tion (3):


DG ¼ DGo�m½GdnHCl� ð3Þ


in which m is the average slope of the denaturation curves.[13] To deter-
mine the difference in the free energy of unfolding of peptide analogues,
DDGu of the analogues relative to IZ-2W were accurately obtained using
Equation (4):


DDGu ¼ fð½GdnHCl�1=2ÞpeptideÞ�ð½GdnHCl�1=2ÞIZ-2WgðmIZ-2W þmpeptideÞ=2
ð4Þ


in which [GdnHCl]1/2 is the GdnHCl concentration at the transition mid-
point.[21]


Sedimentation equilibrium ultracentrifugation : Sedimentation equilibri-
um analysis was carried out with a Beckman XL-I Optima Analytical Ul-
tracentrifuge equipped with absorbance optics. The peptide concentra-
tions were 20 and 100mm in sodium phosphate buffer (10 mm, pH 7.0)
containing 100mm NaCl. The samples were rotated at 25000 rpm at 20 8C
for 20 h, and were monitored at a wavelength of 280 nm. The apparent
molecular weight was obtained by fitting the data to a single ideal spe-
cies, by using Origin Sedimentation Single Data Set Analysis (Beckman).
Partial specific volumes of 0.769, 0.759, 0.758, 0.747, 0.765, 0.752, and
0.752 mLg�1 were calculated at 20 8C for IZ-2A, IZ-2A(fA), IZ-2W(fA),
IZ-2W(fQ), IZ-AA, IZ-AW(fA), and IZ-WA(fA), respectively, by using
the method of Cohn and Edsall.[22]


Size exclusion chromatography : A mixture of IZ-2A(fA) and IZ-2W(fQ)
(2:1) and a mixture of IZ-AA, IZ-AW(fA), and IZ-2W (1:1:1) (20 mm±
1mm) were dissolved in sodium phosphate buffer (10 mm, 0.1 mL,
pH 7.0). The samples were applied to a Sephadex G-50 column (0.6
(i.d.)î9 cm), and eluted with the same buffer at pH 7.0. Fractions con-
taining 90 mL were collected and monitored at a wavelength of 230 nm.
As for the peptide standards, GCN4-pLI, [2c] IZ,[8] and GCN4-p1[2c] were
used for the tetramer, trimer, and dimer, respectively.


Fluorescence quenching assay : The fluorescence quenching assay was
performed with a HITACHI F-4500 fluorescence spectrophotometer with
a 1 cm path length cuvette. The emission spectra of Trp between 280±
400 nm were measured with excitation at 278 nm. The emission spectra
between 400±600 nm of 7-hydroxycoumarin were measured with excita-
tion at 386 nm. The measurements were performed in 10mm sodium
phosphate and 100mm NaCl (pH 7.0) at room temperature. The total
concentration of peptide was about 20mm.
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Synthesis of an Enzyme-like Imprinted Polymer with the Substrate as the
Template, and Its Catalytic Properties under Aqueous Conditions


Zhiyong Cheng, Liwei Zhang, and Yuanzong Li*[a]


Introduction


Over the past decades, many scientists have investigated the
design and the construction of ™macromolecular∫ synthetic
receptors, in order to mimic the molecular recognition abili-
ty of biological molecules such as antibodies, enzymes, and
receptors.[1,2] Among the techniques applied, molecular im-
printing has come to be regarded as one of the most poten-
tially promising and convenient methods by which to create
a three-dimensional network with a ™memorized cavity∫
specific to the shape and functional group positions of the
template molecules.[3,4] However, intrinsic difficulties have
made recognition of polar molecules in water a challenging
subject, since, as is well known, polar functional groups are
better hydrated and hydrogen-bonding and electrostatic/salt
bridge interactions between polar functional groups are
weakened by hydration when compared with the interac-
tions in non-polar solvents. These disadvantages have great-
ly hindered the advancement of molecular imprinting tech-


nology in mimicking enzyme models where biocatalytic re-
actions proceed under aqueous conditions.
Metalloporphyrins and their analogues, known to recog-


nize both hydrophilic and hydrophobic guests with signifi-
cant selectivity and particular affinity in water,[5] may offer
resolution of the above problems if used as co-monomers in
the preparation of molecularly imprinted polymers (MIPs).
These receptors have Lewis acidic sites (metal ions), electro-
static recognition site/salt bridge sites (-COO� groups), and
hydrophobic binding pockets (the porphyrin frameworks
and hydrophobic groups such as alkyl chains and aryl
groups).[5] Taking advantage of such unique structures, some
groups have prepared optical sensor materials with metallo-
porphyrins or porphyrins.[6±9] Porphyrinosilica and metallo-
porphyrinosilica templates have also been obtained by
sol±gel processing in which functionalized porphyrin and
metalloporphyrin ™building blocks∫ were assembled into a
three-dimensional silicate network.[10±12] Nevertheless, no
work on the employment of metalloporphyrins as co-mono-
mers in the preparation of a catalytic MIP with typical
enzyme-like characteristics–such as Michaelis±Menten ki-
netics, substrate specificity and saturation, and competitive
inhibition–has yet been reported. In the current work, a
new type of MIP with considerable peroxidase-like activity
was prepared with hemin, a metalloporphyrin with two �C=
C groups, as a co-monomer and homovanillic acid (HVA, 1)
as a specific template/substrate. Batch catalysis demon-


[a] Dr. Z.-Y. Cheng, L.-W. Zhang, Prof. Dr. Y.-Z. Li
The Key Laboratory of Bioorganic Chemistry and Molecular Engi-
neering
College of Chemistry and Molecular Engineering, Peking University
Beijing 100871 (China)
Fax: (+86)10-6275-1708
E-mail : yli@chem.pku.edu.cn


Abstract: Transition state analogues
(TSAs) have long been regarded as
ideal templates for the preparation of
catalytically active synthetic imprinted
polymers. In the current work, howev-
er, a new type of molecularly imprinted
polymer (MIP) was synthesized with
the substrate (homovanillic acid, HVA)
as the template and hemin introduced
as the catalytic center, with the use of
plural functional monomers to prepare
the active sites. The MIP successfully
mimicked natural peroxidase, suggest-
ing that it may not be imperative to


employ a TSA as the template when
preparing enzyme-like imprinted poly-
mers and that the imprinted polymer
matrix provided an advantageous mi-
croenvironment around the catalytic
center (hemin), essentially similar to
that supplied by apo-proteins in natural
enzymes. Significantly, by taking ad-


vantage of the special structure of
hemin and multiple-site interactions
provided by several functional mono-
mers, the intrinsic difficulties for MIPs
in recognizing template molecules in
polar solutions were overcome. The
newly developed polymer showed con-
siderable recognizing ability toward
HVA, catalytic activity, substrate spe-
cificity and also stability, which are the
merits lacked by the natural perox-
idase. Meanwhile, the ease of recovery
and reuse the MIP implies the poten-
tial for industrial application.


Keywords: catalysts ¥ enzyme
models ¥ hemin ¥ homovanillic
acid ¥ peroxidase-like activity ¥
substrate-imprinted polymer
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strates that this type of MIP
can efficiently catalyze the oxi-
dation of HVA, and exhibits
typical Michaelis±Menten ki-
netics and substrate specificity
under mild aqueous conditions.
In addition, the imprinted poly-


mer host shows good stability and can be easily recovered
and reused, indicating the potential for applications in in-
dustry.[13]


Results and Discussion


Hemin content in the MIPs : Since imprinted polymer recog-
nition sites are heterogeneous in nature, not all the hemin
sites are active, nor are they all accessible to solvent and
substrate.[14,15] The concentration of hemin present in the
MIP samples was defined as the difference between the ini-
tial total hemin involved in the preparation of the MIP and
the hemin content in the eluents. It was found that the con-
centration of hemin was 38.2 mmolg�1 of HVA-imprinted
polymer and 39.5 mmolg�1 of blank polymer. These data
provide a theoretical maximum number of ™active∫ sites in
the assayed polymers (i.e., on the assumption that all availa-
ble hemin units present in the polymer are active). Since
hemin is the essential factor for the catalytic reaction, its
content is used here as an index of ™active∫ sites, and all fur-
ther experiments are carried out on the basis of equal hemin
content.


Optimization of the reaction conditions : To optimize the
conditions for the reaction, we investigated the effects of
the tris-HCl buffer solution and the reactant concentrations
on the reaction rate (n). Both the buffer solution pH and
concentration were, in their manner, shown to play key
roles in the HVA dimerization reaction (Figure 1). Signifi-
cantly, the neutral shift of optimum pH value (pH 8.3) was
obtained for the MIP-catalyzed HVA dimerization, where
the optimum pH value was ca. 11.0 in the case of hemin as
catalyst,[16] and pH 8.5 for natural horseradish peroxidase
(HRP).[17±19] This implied that, through molecular imprint-
ing, we had succeeded in mimicking the microenvironment
around hemin, which is essential to the catalytic activity of
natural HRP. The reaction rate initially increased with an in-
crease in buffer concentration, and then decreased after
passing through a maximum (15 mmolL�1). A similar result
was observed in the case of HVA concentration versus the
reaction rate, presumably due to the concentration-induced
decay effects. Hydrogen peroxide of extremely high concen-
tration led to an obvious decrease in reaction rate and in-
creasing noise. We attributed this to the fact that a large
excess of H2O2 can destroy the planar rings of the porphyr-
ins irreversibly.[20±22] Under the optimum experimental con-
ditions (7.35î10�2 molL�1 of H2O2, 3.66î10


�4 molL�1 of
HVA, and 0.13 mgmL�1 of MIP), we recorded the excitation
and emission spectra of the oxidation product (Figure 2),
and the related dynamic curve was also measured and illus-
trated in Figure 3.


Catalytic activities of the MIPs : On the basis of enzymologi-
cal theory and methods, the hemin-containing MIPs were in-
vestigated for their catalytic activities with HVA and its ana-
logues as substrates under the optimum conditions. A dy-
namic curve typical of a catalytic reaction was observed in
the HVA/H2O2/MIP system (Figure 3), in the initial phase of
which we obtained the characteristic parameters, such as
Michalis±Menten constants (Km), the maximum rate
(Vmax), and the transformation constant (Kcat) according
to Lineweaver±Burk theory.[23,24] Since it was corrected
that the concentration of hydrogen peroxide was saturated
in the test system, the Michalis±Menten constants were
expressed as K app


m , and the detailed results are presented in
Table 1.
According to the theory of enzymatic catalysis,[25] the Mi-


chaelis constant (Km) represents the affinity of a given
enzyme towards the substrate. The smaller the Km, the
stronger the affinity will be, and the ™favorite∫ substrate of
a given enzyme will show the lowest Km value. The distinct


Figure 1. The effects of a) pH and b) concentration of Tris-HCl buffer
solution on the catalytic activity of the HVA-imprinted polymer. Other
conditions are as specified in the Experimental Section.


Figure 2. Excitation (A) and emission (B) spectra of the dimer product of
catalysis by the peroxidase-like MIP.
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increase both in recognition
characteristics and in catalytic
activity can be observed from
Table 1, by comparing batch 1
and batch 4, in which the ex-
periments were carried out in
the presence of HVA-imprinted
MIP and of blank polymer, re-
spectively. The recognition abil-
ity of HVA-imprinted polymer
towards its template (HVA)
was about thirty times greater
than that of blank polymer toward HVA. Significantly, the
catalytic activity of the former polymer was nearly eight
times greater than that of the latter, suggesting that the mo-
lecular imprinting process had greatly contributed to the
high activity of the enzyme-like MIP,[15,26] presumably
through a proximity, and orientation, and strain effects.[27]


The lower selectivity for the alternative substrates, shown by
comparison of batch 1 with batches 2 and 3, also lends sup-
port to the shape-recognition effects observed previously.[28]


Substrate-specificity of the enzyme-like MIP : It is known
that natural peroxidases (e.g., HRP) show no substrate spe-
cificity toward hydrogen peroxide or toward reductant sub-
strates,[29] and that they can catalyze the oxidation of many
kinds of reductant compounds in the presence of H2O2.
Such a feature has been shown to cause decreasing efficien-
cy of enzymes, especially in the orientated synthetic reac-
tion.[27] Notably, the peroxidase-like MIP developed in this
work exhibited evident substrate specificity toward the tem-
plate molecule (HVA), as shown by comparing the results
of batch 1 in Table 1 with those of batch 4.
Further evidence for substrate specificity can be obtained


if we compare the catalytic activity of the peroxidase-like
MIP with that of blank polymer (N-MIP) in the presence of
(p-hydroxyphenyl)acetic acid (p-HPA) and (p-hydroxyphe-
nyl)propionic acid (p-HPPA) as substrates, because the oxi-
dation products of these two compounds in an HRP/H2O2
oxidant system also show fluorescent characteristics similar-
ly to HVA.[19] As expected, the HVA-imprinted MIP can
catalyze the oxidation of p-HPA and p-HPPA and produce
a fluorescence signal, but its behavior differed from that
seen in the case of HVA oxidation (see Table 1). The Mi-
chaelis±Menten constants suggested that HVA was the fa-
vorite substrate and that, although easily oxidized in the


same systems, p-HPA and p-HPPA had K app
m values much


higher than that of HVA. In contrast, the three reductant
substrates showed similar affinities to N-MIP, with K app


m


values of 9.89î10�2, 9.18î10�2, and 9.42î10�2m for HVA,
p-HPA, and p-HPPA, respectively. At the same fixed con-
centration, HVA was oxidized most rapidly of the three
compounds (kcat = 6.41î106 Lmol�1 s�1). Interestingly, when
1.30î10�4 mgL�1 of HVA-imprinted polymer (containing
4.97î10�6 molL�1 of hemin) was replaced by 4.97î
10�6 molL�1 of free hemin as the catalyst, the relative reac-
tion rates changed dramatically. The ratio of the reaction
rates for HVA/p-HPA/p-HPPA was 7.7:1.4:1.0 when the


HVA-imprinted polymer was employed as a catalyst, where-
as the ratio with free hemin solution as a catalyst was
1.4:0.95:1.0. Conceivably, when prosthetic groups alone
(metalloporphyrins such as hemin) served as catalysts, the
multiple-site interactions provided by apo-proteins would be
unavailable to the substrates. As a result, the essential
mechanistic contributors–such as condensing effects deriv-
ing from the hydrophobic properties of the apo-proteins, the
strain, orientation effects, and the substrate-specificity ef-
fects due to the multiple-site recognizing interactions, which
are known to be in favor of the binding of substrates–
would be absent from such a system,[27] , and so these three
substrates were not distinguished from each other in the
rates of the oxidation reaction catalyzed by the free hemin
solution. On the other hand, the HVA-imprinted polymer
can provide multiple-site interactions and specific three-di-
mensional cavities for the recognition and binding of tem-
plates (also substrates in the case of enzyme-like MIPs,
Scheme 1),[3,4,7] thus showing distinct catalytic activities in
the oxidation reactions of HVA, p-HPA, and p-HPPA
(Table 1).
Overall, the HVA-imprinted polymer exhibited promising


peroxidase-like activity with considerable substrate specifici-
ty. By comparing the K app


m values of the four batches in
Table 1–p-HPPA (5.05î10�2 molL�1)<p-HPA (1.09î
10�2 molL�1)<HVA (3.18î10�3 molL�1)–one can observe
distinct recognizing effects among the three substrates. This
suggested that the longer side chain of p-HPPA weakened
the recognizing forces,[30] whereas the absence of -OCH3
also reduced the affinity of MIP toward p-HPA. Notably,
HVA shows affinity toward the MIP 30 times greater than it
does toward non-imprinted polymer, indicating that the es-
sential recognizing sites and cavity shapes are formed during
the preparation of HVA-imprinted MIP. The recognizing ef-


Figure 3. Typical dynamic profile of the dimerization reaction of homova-
nillic acid catalyzed by the peroxidase-like MIP.


Table 1. Catalytic activities of the HVA-imprinted polymers in the oxidation of the substrates.


Batch Substrate K app
m [molL�1][a] u appmax [s


�1][a] kcat [Lmol
�1 s�1][a] uobs [s


�1][b] uobs [s
�1][c]


1 HVA 3.18î10�3 31.85 6.41î106 3.76 1.84
2 p-HPA 1.09î10�2 9.69 1.95î106 0.68 1.27
3 p-HPPA 5.05î10�2 5.37 1.08î106 0.48 1.33
4[d] N-MIP 9.89î10�2 4.18 8.42î105 0.51 ±


[a] The concentration of H2O2 was 7.35î10
�2 molL�1, and the HVA-imprinted polymer at 1.30î10�4 mgL�1


(hemin contained: 4.97î10�6 molL�1). [b] HVA, p-HPA, and p-HPPA were all fixed at 1.22î10�4 molL�1.
[c] Experimental conditions are the same as in [b], except that the MIP was replaced by 4.97î10�6 molL�1 of
free hemin. [d] HVA was used as the substrate.


Chem. Eur. J. 2004, 10, 3555 ± 3561 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3557


Enzyme-like Imprinted Polymers 3555 ± 3561



www.chemeurj.org





fects, in turn, made positive contributions in the catalytic re-
actions, yielding higher reaction rates.


Inhibiting effects of ferulic acid on the peroxidase-like activ-
ity : To confirm that the imprint recognition site had indeed
been formed, ferulic acid (FA, an analogue of homovanillic
acid; 2) was tested for its ability
to inhibit the polymer-catalyzed
reaction.
As can be seen from Fig-


ure 4a, the competitive inhibi-
tion of the catalytic reaction by
FA showed obvious concentra-


tion dependence with the following properties: 1) an in-
crease in the inhibitor concentration parallels an increase in
the Michaelis constant K app


m , which indicated a decrease in
the affinity of MIP towards the template molecules, and
2) Vmax, which ranges from 10.6 though 10.9, shows no signif-
icant variation with increasing inhibitor concentration from
10 to 30 mm. However, it should be noted that when the FA
concentration exceeded 60 mm and was increased continu-
ously, K app


m reached a plateau paralleling an increase in Vmax,
presumably because excess FA occupied the sixth axial coor-
dination site and led to the so-called non-competitive inhibi-
tion of the catalytic activity of MIP.[31] According to enzyme
inhibition theory,[32] an increase in the concentration of sub-
strate should recover the catalytic activity and attenuate or
even eliminate the competitive inhibition. Our results in this
current work demonstrated that HVA did reduce the inhibi-
tion caused by FA (K app


i = 3.47�0.18 mm), and that in-
creasing concentration of HVA invited an obvious weaken-
ing of affinity of MIP toward inhibitor. That is, the inhibi-
tion constant decreases with increasing HVA concentration
(varying from 3.5 to 18.9 mm when HVA concentration was
increased from 2.0 to 8.0 mm ; see Figure 4b). Interestingly,
when we investigated further by increasing the HVA con-
centration to 16 and 32 mm, the inhibition constant was
maintained around 18.9 mm, with the reaction rate increased
considerably. We ascribe this to the fact that FA may parti-
ally occupy the sixth axial sites of hemin. With an increase
in the HVA concentration to 64 mm, reduction in catalytic
activity was again observed, which confirmed the hypothesis
that both excessive substrate and specific inhibitors will
compete with hydrogen peroxide for the sixth proximal
ligand-binding site through coordination interaction, thus
hindering the formation of compounds I and II, which are
essential for hemin-catalyzed reactions.[33,34] As a result, in-
hibition of catalytic activity occurred. In contrast, when we
performed the inhibiting experiments with FA for N-MIP,
no obvious decrease was observed either in the reaction rate
or in the fluorescent product formation.
Notably, the peroxidase-like MIP did not exhibit absolute


substrate specificity. For example, although the substrate an-
alogue caused an obvious inhibiting effect on the catalytic
activity of MIP, the characteristics of the inhibition are not
completely consistent with those of competitive inhibition
according to enzyme inhibition theory.[32] That is to say, non-
specific binding of substrate and its analogues is also in exis-
tence. This kind of binding may produce some degree of
change in the micro-circumstances of the imprinted cavity
shape and the recognition ability of MIP, thus influencing
the properties associated with both catalytic activity and
enzyme inhibition by FA.
According to Wulff,[3] an imprinted polymer should show


competitive inhibition by the template analogue, and this is
a good indication of a molecular imprinting effect; competi-
tive inhibition should occur with an imprinted catalyst,
whereas it should either not occur or occur less strongly
with a non-imprinted control polymer. The concentration-
dependent inhibition of product formation by FA in this
work implies the presence of specific active sites in the poly-
mer matrix, including binding sites and reaction centers.


Scheme 1. Schematic representation of self assembly (A), polymeriza-
tion (B), and the highly specific recognition cavity generated after remov-
al of the template (C) in the preparation of HVA-imprinted polymers.
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This is in good agreement with the chromatographic data,
which demonstrated a higher affinity of the MIP toward
HVA than toward FA, p-HPA, and p-HPPA (see Figure 5).


Retaining of the catalytic activity of MIPs : One strategy in
developing catalytic systems capable of mimicking catalytic
oxidation has been the use of metalloporphyrins, which are
analogues of monoxygenase: iron protoporphyrins IX.[16,35,36]


However, the cost of these catalysts is such that methods to
endure maximum product output per gram of catalyst have
to be developed. If these metalloporphyrin-catalyzed oxida-
tions are to be applicable to synthetic procedures for labora-
tory-, medium-, and large-scale reactions, two important dif-
ficulties must be overcome: catalyst recovery and reuse.[37]


Iron porphyrins are known to react with hydrogen peroxide,
displaying both catalase- and peroxidase-like activities, and
have the advantage of forming intermediate species similar
to those formed during enzymatic processes.[38,39] However,
most of them tend to dimerize[40] and to suffer oxidative
degradation by the reactive intermediates formed during the
catalytic cycle.[20±22] Further evidence that hydrogen peroxide
can cause the polymerization and degradation of metallo-
porphyrins and natural hemin enzymes in an irreversible
way concomitant with H2O2 decomposition and loss of enzy-
matic activity has also been reported.[33,41,42]


In this work, we investigated the recovery of the catalytic
activity of HVA-imprinted MIP over several reaction runs,
and found that a number of polymer samples could be re-
covered from reaction mixtures, exhaustively re-extracted,
and reused for similar reactions. Notably, under the reaction


conditions and over the time course employed in these stud-
ies, negligible breakdown of MIP materials was observed in
the first several runs when sufficient reductant substrate was
present in the reaction system. Almost 95% of the previous
activity could be retained by addition of HVA immediately
after the completion of the reaction; the slight loss in activi-
ty may arise from the gradual decomposition of the poly-
meric matrix under such employed reaction conditions. If
the MIP was incubated with excessive H2O2 in the absence
of substrate for more than 15 min, or HVA was added
15 min after the completion of the reaction, no obvious fluo-
rescence signal was observed upon addition of HVA to the
mixture, whilst HVA would recover enzymatic activity by
about 45% if added 2 min after the completion of the reac-
tion. These observations suggest that the presence of reduc-
tant substrate in the reaction mixture plays an important
role in retaining the enzyme-like activity of MIP. An earlier
study indicated that ascorbic acid can inhibit the inactivation
of hemin enzyme by H2O2.


[43] Furthermore, microperoxidase
degradation was almost completely prevented when the as-
corbate concentration was greater than that of H2O2.


[33] We
ascribe this to a scheme in which a putative ™compound I∫
of the hemin with H2O2 is reduced by reductant substrate


Figure 5. Chromatographic study on the affinity of HVA-imprinted
MIP (A) and N-MIP (B) toward different substrates. The MIPs (32±
50 mm) were packed into stainless columns (50 mmî4.6 mm i.d.). The af-
finity of MIP toward substrate was analyzed in terms of their retention
times by HPLC assay, and methanol was used as mobile phase, at a flow
rate of 0.8 mLmin�1, the injection volume was 20 mL (1.5 mgmL�1), and
the detection was carried out at 280 nm. a) p-HPPA, b) p-HPA, c) FA,
d) HVA.


Figure 4. Plots for the production of fluorescent dimer product over a
rang of ferulic acid concentrations. a) Lineweaver±Burk plot for the pro-
duction of dimer over a range of inhibitor concentrations [Vmax =


(10.57�0.21) s�1, Michaelis constant K app
m = (0.98�0.03) mM.] ^ 0;


& 10 mm ; ~ 20 mm ; * 30 mm ; b) Dixon plot over a range of HVA concen-
trations [K app


i = (3.47�0.18) mM]. ^ 2 mm, * 4 mm, ~ 8 mm. Other con-
ditions are as specified in the Experimental Section.
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such as HVA and Vc into ™compound II∫ and then back to
their original redox state (ferric) in two one-electron steps;
in the absence of reductants, the ™compound I∫ reacts fur-
ther with the hydrogen peroxide causing hemin degradation
and evolution of O2.


[33,34]


Conclusion


Transition state analogues (TSAs) have long been regarded
as ideal templates with which to prepare catalytically active
synthetic imprinted polymers or catalytic antibodies,[44,45] ac-
cording to the fact that transition state stabilization is the
mechanism driving catalytic reaction forward.[3,46] In this
work, we have used the substrate (HVA) as a template to
prepare molecularly imprinted polymers and have success-
fully mimicked the natural peroxidase, suggesting that it
may not be imperative to employ a TSA as the template
when preparing enzyme-like imprinted polymers. Moreover,
the imprinted polymer matrix provided an advantageous mi-
croenvironment around the catalytic center (hemin), as is
done by apo-proteins in natural enzymes. As is known,
when the substrate is efficiently bound into a binding pocket
containing a metalloporphyrin, the enzymatic reactions se-
lectively depend on the primary and higher-order structures
of the surrounding environment, such as the protein or–in
our studies–the polymeric matrix.[8] Therefore, the enzyme
models derived here with the metalloporphyrins fixed in the
imprinted polymer matrix should mimic the in vivo behavior
of the metalloporphyrin residues more closely.
Notably, by taking advantage of the particular structures


of hemin and the multiple-site interactions provided by
plural co-monomers, the intrinsic difficulties inherent for
MIPs in recognizing template molecules in polar solutions
were overcome and a new type of polymer with considera-
ble recognizing ability and catalytic activity was prepared by
molecular imprinting. In addition, the MIP can efficiently
catalyze oxidation of the template in a similar fashion to
peroxidase under mild aqueous conditions, and showed con-
siderable substrate specificity as well as stability, the merit
that natural peroxidase lacks. Meanwhile, the ease of recov-
ery and reuse of the MIP implies it has potential for indus-
trial application.


Experimental Section


Chemicals : Ethylene glycol dimethacrylate (EGDMA) was purchased
from Tokyo Kasei Kogyo Co., Ltd. (Toshima, Kita-ku, Tokyo). Acrylam-
ide (ACM) was from Sangon Co., Ltd., and 4-vinylpyridine (4-Vpy) from
E. Merck (Darmstadt, Germany). Azo-bisisobutyronitrile (AIBN) was
obtained from Nankai Chemical Plant (Tianjing, China). Hemin, (p-hy-
droxyphenyl)acetic acid, and (p-hydroxyphenyl)propionic acid were from
Sigma Chemical Co. (St. Louis, MO, USA), and homovanillic acid ((4-hy-
droxy-3-methoxyphenyl)acetic acid) from Kanto Chemical Co., Inc.
(Chuo-Ku, Tokyo). Ferulic acid (4-hydroxy-3-methoxycinnamic acid) was
from Shanghai Chemical Plant (Shanghai, China). Monomers and cross-
linker were distilled immediately prior to use, and initiator AIBN was re-
crystallized from ethanol. All solvents and other chemicals were of ana-
lytical grade.


Preparation of molecularly imprinted polymers : The polymer preparation
was carried out as reported by Matsui et al. ,[6,8,9] with a slight modifica-
tion. HVA (1 mmol), ACM (2 mmol), 4-Vpy (2 mmol), EGDMA
(20 mmol), and AIBN (48 mg) were added to a solution of hemin
(1 mmol) in chloroform/DMSO (1:4, 10 mL). The mixture was purged
with nitrogen in a glass tube for 10 min. This was then connected to a
vacuum line, and the tube was sealed at liquid nitrogen temperature. The
reaction was carried out in a 60 8C water bath over 24 h. The non-im-
printed control polymer was generated in the same way, without the
HVA template. Polymers were ground in a ball mill (Retsch, type S 100),
and sieved to collect the 32±50 mm portions. The collected particles were
extracted with methanol/acetic acid (7:1),[47] washed with methanol to
remove the acid, dried under vacuum (60 8C), and used as catalysts in
the batch experiments.


MIP Assay


Determination of the hemin content present in the polymers : The hemin
present in the polymers was measured by quantitative spectrophotomet-
ric (398 nm) analysis based on subtraction of the extractable hemin from
the hemin added for the reaction.


Catalytic reaction with MIP as catalyst : HVA can be oxidized to a dimer
by hydrogen peroxide with HRP as catalyst, and this dimer shows strong
fluorescent emission under alkaline conditions (Ex/Em = 315/425 nm)
(Scheme 2).[17,18, 48] In this work, the catalytic reactions were carried out in


Tris-HCl buffer (15 mmolL�1, pH 8.3), stirred with the suspended solu-
tion of the polymers at 25 8C. The final concentrations were fixed at
1.30î10�4 mgL�1 (i.e., hemin concentration is 4.97î10�6 molL�1) for the
polymer and 7.35î10�2 molL�1 for H2O2, with varying HVA concentra-
tions. The dynamic curve of the dimerization reaction of HVA catalyzed
by the MIP was recorded with a luminescence spectrometer (LS-50B,
Perkin Elmer, USA) and the pseudo-first-order rate constants were ob-
tained from linear plotting of fluorescence intensity vs. time. Triplicate
runs showed a measurement error of less than 5%. Meanwhile, another
two substrates–(p-hydroxyphenyl)acetic acid (p-HPA) and (p-hydroxy-
phenyl)propionic acid (p-HPPA)–were employed to study the substrate
selectivity because they exhibit reactivity similar to HVA oxidation by
H2O2 in the presence of peroxidase and yield fluorescent products.


[19] To
examine the potential inhibiting effects of HVA analogues on the
enzyme-like MIP, the similar kinetic studies were carried out in the pres-
ence of an appropriate aliquot of ferulic acid solution.
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A Photoswitchable Rotaxane with a Folded Molecular Thread
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Dedicated to Professor Fritz Vˆgtle on the occasion of his 65th birthday


Introduction


The synthesis of mechanically linked supramolecules, such
as catenanes and rotaxanes, has been developed as a stan-
dard method within the field of supramolecular chemis-
try;[1±4] today, research is focused on the function of supra-
molecules. Nature provides chemists with good examples of
supramolecules, such as catalysts,[5] and molecular rotors[6]


and machines,[7] and catenanes and rotaxanes have been suc-
cessfully tested as components of molecular electronics.[8]


The functionality is often based on a part within the supra-
molecule that is able to react to an outer stimulus such as
chemical, light, or electrochemical energy;[7] the system re-


sponse includes the change of the so-called co-conforma-
tion.[9]


Any stimulus usually causes a shuttling process of a ring
component between two different subunits of a rather long
chain, known as the molecular thread. These stations are
characterized by different noncovalent interactions with the
ring component; the outer stimulus alters the strength of
this interaction.[10]


We have recently reported on the synthesis of rotaxanes
with diarylcycloheptatrienes as stations within the molecular
thread[11] and a tetracationic ring often used by Stoddart
et al.[3] Charge-transfer interactions occur between the aryl
cycloheptatriene electron donor and the bipyridinium elec-
tron acceptor of the ring component. Aryl cycloheptatrienes
are interesting subunits of the molecular thread, because
these seven-membered rings can be photochemically con-
verted into the related tropylium ions.[12] The positive charge
of the tropylium station should repulse the tetracationic ring
resulting in a drastic change of the co-conformation of the
rotaxane.


We report in this paper on the synthesis of rotaxanes with
a photoactive diarylcycloheptatriene station and a second
photoinactive anisole station; we also discuss the electro-
chemical and photochemical transformation into the corre-
sponding tropylium rotaxane.
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Abstract: Novel [2]rotaxanes contain-
ing the tetracationic cyclophane cyclo-
bis(paraquat-4,4-biphenylene) and a
dumbbell-shaped molecular thread in-
corporating a photoactive diarylcyclo-
heptatriene station as well as a photo-
inactive anisol station have been syn-
thesized with yields of nearly 50 % by
the alkylative endcapping method. The
rotaxane was transformed into the re-
lated rotaxane incorporating a diaryl
tropylium unit by electrochemical oxi-
dation. The precursor of the cyclohep-
tatrienyl rotaxane, the related pseudo-
rotaxane, and the rotaxanes incorporat-
ing the diarylcycloheptatriene and the


corresponding tropylium unit were
characterized by 1HNMR spectroscopy
and UV/Vis spectroscopy. According to
the NMR spectra, both the cyclohepta-
triene and the tropylium rotaxane pos-
sess a folded conformation enabling
the tetracationic cyclophane to interact
with two stations. The diarylcyclohep-
tatriene station is incorporated inside
the cavity of the cyclophane and the
anisol station resides alongside the bi-


pyridinium unit of the cyclophane. In
contrast, the anisol station is inside the
cyclophane in the tropylium rotaxane.
The exchange between both conforma-
tions can be achieved by introducing
the methoxy leaving group into the cy-
cloheptatriene ring; the tropylium ro-
taxane is generated by photoheterolysis
of this methoxy-substituted rotaxane,
which reacts thermally back to the cy-
cloheptatriene rotaxane, thus closing
the switching cycle. These induced con-
formational changes achieve a so-
called molecular machine.


Keywords: carbocations ¥ cyclohep-
tatrienes ¥ photochemistry ¥ rotax-
anes ¥ supramolecular chemistry
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Results and Discussion


Syntheses : 7-(4-Hydroxyphenyl)-1,3,5-cycloheptatriene (1) is
the building unit that allows the incorporation of the aryl cy-
cloheptatriene (CHT) subunit into the molecular thread.
The connection between the two different stations (CHT
and anisole) was achieved directly to produce compound 2
with a 50 % yield. The molecular thread was accomplished
by the reaction of the tropylium salt 4 with aniline yielding
the two isomeric compounds 5 and 6 in a ratio of approxi-
mately 2:1 (see Scheme 1); these can be separated by


column chromatography. Only isomer 5 was used to synthe-
size rotaxanes. A second type of rotaxane, not considered
here, is available by using isomer 6.


The molecular thread 5 was transformed into the isomeric
compound 7 by a thermal hydrogen shift reaction; the alter-
native isomer 8 was not observed (Scheme 2).


The pseudorotaxane 10 is formed by mixing 5 with the
tetracationic ring 9 in acetonitrile solution (see Scheme 3).


Besides the typical shifts of the
proton signals, which will be
discussed below, the pseudoro-
taxane can be detected by its
weak charge-transfer absorp-
tion at 580 nm.


The amino group of 5 was al-
kylated giving the rotaxane 11
with a good yield of 50 %. The
second half of 5 was also alky-
lated; however, the product ob-
tained was the uncomplexed
free molecular thread 12
(Scheme 4).


Electrochemical oxidation of
rotaxane 11 yields rotaxane 13
on an almost quantitative basis
(Scheme 5).


In the same way, the molecu-
lar thread 12 can be trans-
formed to the tropylium salt 14 ;
this is needed in order to deter-
mine the chemical-induced shift
(CIS) values by comparing 13
and 14.


Co-conformation : There are
two subunits (stations) in the molecular threads 5 and 12
that are able to bind the electron acceptor 9 by charge-
transfer and electrostatic interactions; these are the aromat-
ic ring A and the cycloheptatriene station, involving the two
aromatic rings B and C, and the seven-membered ring
(CHT) itself (see Scheme 4). However, the diaryl cyclohep-
tatriene station has an oxidation potential of 0.5 V and the


anisole station a potential of
1.5 V;[13] therefore, it can be ex-
pected that the tetracationic
ring will reside exclusively on
the diaryl cycloheptatriene sta-
tion. 1HNMR spectroscopy is
the best method to explore the
position of the ring 9 within the
pseudorotaxane 10 and the ro-
taxanes 11 and 13 ; the differ-
ences of the proton signals of
the uncomplexed and complexed


Scheme 1. Synthesis of the molecular thread 5.


Scheme 2. Thermal isomerization of 5.


Scheme 3. Formation of the pseudorotaxane 10.
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molecular threads within the pseudorotaxane and the rotax-
anes indicates the strength of the interaction between the
stations and the ring by the
chemical-induced shift (Dd, CIS
values). The assignment of the
proton signals to the different
aromatic rings of the two
stations is possible with the
help of NOE effects (ROESY
spectra).


The results obtained with the
pseudorotaxane 10 are summar-
ized in Scheme 6. Only one set
of signals can be observed for
all protons, indicating a fast ex-
change between the pseudoro-
taxane and its free components.
The negative CIS values (down-
field shift) observed for the
protons of the aromatics of the
benzylic spacers within 9 and
the positive CIS values (upfield
shift) of the b-protons of the
pyridinium units of 9 are typical
of pseudorotaxanes.[3] It is
worthwhile noting that apart


from the bridging aromatic
benzyl signals, all signals of 9
are rather broad in the
300 MHz NMR spectrum; ac-
cordingly, there must be a slow
dynamic process relative to the
300 MHz timescale. Our inter-
pretation of this finding is that
there is restricted internal rota-
tion of the bipyridinium rings
of 9.


The signals of the two aro-
matics of the cycloheptatriene
station are also broadened.
Considering the CIS values of
the protons of the two stations,


the ring resides on this station as expected. The strongest
electron donor, aniline, interacts most strongly with the ring.
The protons of the seven-membered ring (CHT) are mod-
estly shifted, and the resonances of the protons of the
second station are only marginally influenced. It is worth-
while noting that the absorption wavelength of the molecu-
lar thread is not altered under the influence of the complex-
ation.


The findings with the rotaxane 11 are rather different (see
Scheme 7). The strongest interaction is observed for ring B,
whereas the proton resonances of C are only modestly shift-
ed. According to the CIS values, the ring 9 mainly resides
on B and the adjacent part of CHT. Surprisingly, a rather
strong interaction of the station A is deduced from the CIS
values. The proton resonances of both A and B are only visi-
ble at increased temperatures (see Supporting Information),
because these signals merge with the base line between d=


6 and 4 ppm at room temperature. In addition, the assign-
ment of the proton signals to A and B was in this case only


Scheme 4. Synthesis of the rotaxane 11.


Scheme 5. Electrochemical oxidation of 11.


Scheme 6. Proton resonances (in ppm) of the components of the pseudorotaxane and CIS values (in parenthe-
sis).
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possible with the help of ROESY spectra at increased tem-
perature. The temperature influence is attributable to the
hindered rotation of the aromatic rings that are located in
the vicinity of the tetracationic ring 9. Upon warming up the
solution of 11 and 9 in CD3CN, a sharpening of the resonan-
ces of the bipyridinium protons of 9 is observed, indicating
that the internal rotation of these subunits is restricted at
room temperature.


The surprising finding of the interaction of 9 with both A
and B is most likely to relate to a folding of the glycol chain
between the two stations thus bringing the two stations
within the vicinity of the tetracationic ring. However, where-
as station B is situated within the cavity of ring 9, station A
interacts with 9 from the outer sphere. The methylene pro-
tons adjacent to the phenol units resonate with a significant
upfield shift, implying that on a time-averaged basis, these
protons are oriented directly
above and below the bipyridini-
um units of 9. In contrast, the
methylene proton resonances of
the central portion of the chain
experience downfield shifts by
virtue of their lying in the plane
of the bipyridinium rings. NOE
effects between the pyridinium
protons of 9 and the central
methylene protons of the glycol
chain, seen in the ROESY
spectra recorded for rotaxane
11 in CD3CN and in [D6]ace-
tone, reveal that these parts of
the ring and the molecular
thread are situated close to-
gether.


Due to the folded conforma-
tion, there are two different bi-
pyridinium units in the cyclo-


phane 9, one interacts both with the cycloheptatriene station
and station A, the other only interacts with the cyclohepta-
triene station. This results in the additional splitting of the
signals of the b-protons of the bipyridinium units and of the
benzylic protons of 9 (for the spectrum see Supporting In-
formation).


The residence of the cyclophane 9 around the cyclohepta-
triene station leads to a bathochromic shift of the longest
wavelength absorption of the diaryl cycloheptatriene chro-
mophore by 19 nm compared with the uncomplexed molec-
ular thread. We explain this effect by the very high polarity
induced by the tetracationic ring around the chromophore.
It is worthwhile noting that the same co-conformation of the
rotaxane 11 is formed in aprotic solvents, such as CD3CN,
and protic solvents, such as the mixture CD3OD/CD3CN
(5:1). The NMR spectra are identical in these solvents.


Due to the repulsion of the positive charges of the tropyli-
um ion and the tetracationic ring, the latter should reside on
the anisol station (A) in the tropylium rotaxane 13. Indeed,
the highest CIS values are found for this station (see
Scheme 8); in addition, the assignment of the proton reso-
nances is possible in this case with the help of ROESY spec-
tra.


However, despite the charged tropylium ring, a significant
interaction between ring B of the tropylium station and 9 is
deduced from the CIS values determined for this subunit.
Therefore, the folded conformation must also be assumed
for the rotaxane 13, enabling the interaction with ring A
inside the cyclophane 9 and the interaction with ring B and
one bipyridinium unit of 9. Accordingly, and in keeping with
the findings with rotaxane 11, contacts between 9 and the
central methylene protons of the glycol chain are observed
in the ROESY spectra of 13. In contrast to 11, station A is
in the inner of the cyclophane and ring B of the tropylium
station interacts with 9 from one side only (see Scheme 5).
Accordingly, the signals of both the a- and b-protons of the
cyclophane are much broadened, and the resonance of the
benzylic methylene protons of 9 appears as four signals.


Scheme 7. Proton CIS values (dfree component�drotaxane) of the components of
11.


Scheme 8. Proton CIS values (dfree component � drotaxane) of the components of 13.
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As result, the positive charge of the tropylium ring does
not hinder the interaction of the positively charged cyclo-
phane with the adjacent aryl group B. Only the tropylium
ring itself together with the adjacent ring C is uninfluenced
by 9.


Switching process : We have recently found that the alkoxy
substituent is a suitable leaving group with which to photo-
chemically generate aryl tropylium ions from their related
cycloheptatrienes.[12]


This method can be used to transform rotaxanes of type
11 to the tropylium rotaxane 13. By simply dissolving the ro-
taxane 13 in methanol in the presence of NaHCO3, methoxy
derivatives of the rotaxane 11 are formed by nucleophilic
attack on the tropylium ring, accompanied by the slow de-
crease of the tropylium salt absorption band at 680 nm and
the appearance of the UV-absorption band at 380 nm. In
principle, all the carbon atoms of the seven-membered ring
may be attacked by the methoxy group; however, those po-
sitions that allow a conjugative interaction of the two aryl
substituents across the cycloheptatriene ring are thermody-
namically preferred. In fact, there are at least three isomeric
rotaxane derivatives. According to 1HNMR and ROESY
spectra of the mixture of the methoxy derivatives of 11, the
preferred formation of compound 15a is revealed (see
Scheme 9). The longest wavelength of 15 corresponds to a


coupling of the two aryl substituents across the p-system of
the seven-membered ring.[14] Both the CIS values of the
proton resonances of the cycloheptatriene ring and ring C,
as well as the lack of the proton signals of A and B at room
temperature that appear at higher temperatures, indicate
the similarity between the rotaxanes 11 and 15. Neither the
arrangement of the p-bonds within the seven-membered
ring, the presence of the methoxy group, nor changing the
solvent acetonitrile to methanol affects the interaction of
the cyclophane 9 with the cycloheptatriene station.


Apart from the NMR spectra, two findings reveal that 9
resides on the CHT station: 1) the UV-absorption band of
the methoxycycloheptatriene station of 15 is bathochromi-
cally shifted by 20 nm relative to the related absorption


band of the uncomplexed molecular thread, and 2) even in
methanol a weak charge-transfer absorption of around
600 nm is recorded.


By excitation of the weakly yellowish solution of 15 in
methanol under the conditions of a conventional flash pho-
tolysis at 360 nm, a transient absorption around 590 nm is
observed. The spectral properties of this transient absorp-
tion correspond to the tropylium rotaxane 13 with a methox-
ide counterion (see Scheme 9 and Supporting Information).
We were unable to generate the tropylium rotaxane from 15
by excitation of the charge-transfer transition (600 nm).


The lifetime of the ionic state is 15 s, this is significantly
higher than that of the model compound 3-(4-dimethylami-
no)-7-methoxycycloheptatriene.[12] The efficiency of the pho-
toheterolysis of the rotaxane is reduced by one order of
magnitude relative to that of the uncomplexed molecular
tropylium thread; however, the number of possible heteroly-
sis cycles without fading is much higher than that of the
comparable compound. Both effects are due to the charge-
transfer interaction. The low-energy charge-transfer level
causes additional nonradiative deactivation of the excited
state of the rotaxane 15. Surprisingly, the competing photo-
reactions, such as the sigmatropic hydrogen shift and elec-
trocyclization of diaryl cycloheptatrienes,[14] are quenched
much more than the photoheterolysis reaction, resulting in a
much higher photostability of the rotaxane 15. Preliminary
studies have shown that after ten cycles of photoheterolysis
and the following thermal back reaction, no fading of the
system could be detected.


Conclusion


For the first time the principle of photoheterolysis has been
successfully used to switch the position of the tetracationic
ring 9 within a rotaxane. By creating the positive charge in
the molecular thread, a drastic change of the co-conforma-
tion of the rotaxane is induced that is reversible by a ther-
mal reaction. Thus, this is in principle, a simple approach to
a so called molecular machine that is driven by light and
thermal energy.[7]


Experimental Section


General methods : MeCN was distilled over CaH2. Silica gel 60 (0.040±
0.063 mm) (Fluka) was used for column chromatography (CC). Melting
points (m.p.) were determined with a Boetius heating microscope. NMR
spectra were recorded on a Bruker DPX 300 (300 MHz), Bruker Ad-
vance 400 (400 MHz) or a Bruker AMX 600 (600 MHz) spectrometers.
UV/Vis spectra were recorded with a Shimadzu UV 2101 PC spectrome-
ter. The flash photolysis equipment was described in reference [15].
Rapid scan (1 to 50 Vs�1) cyclic voltammetry was performed using a PG
285 IEV potentiostat (HEKA Elektronik).


Synthesis of 7: A solution of compound 1 (3.9 g, 21.6 mmol), 3-(4-hy-
droxyphenyl)propanol (3.28 g, 21.6 mmol), und NaOEt (4.4 g, 64.8 mmol)
in MeCN (250 mL) was stirred for 30 min at room temperature. After
that time the solution was heated under reflux and triethylenglykolbisto-
sylate (9.8 g, 21.8 mmol) in MeCN (50 mL) was added dropwise into the
solution. Refluxing was continued for 6 h. The solvent was removed
under reduced pressure and the remaining mixture was worked up by CC


Scheme 9. The switching process.
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(silica gel, cyclohexane/acetone 3:1) thus separating 2 from the symmet-
ric substitution products; oil, 4.45 g (50 %).


Without further purification 2 (3.76 g, 8.34 mmol) was treated with ada-
mantane-1-carbonyl chloride (1.82 g, 9.17 mmol) in pyridine (9 mL) for
4 h at 75 8C. The reaction mixture was poured to dilute HCl (15 mL). The
aqueous solution was extracted several times using dichloromethane as
solvent, and the organic phases were washed with a saturated aqueous
solution of NaCl, dried (Na2SO4), and evaporated. The ester 3 (4.64 g,
91%) was oxidized without further purification by using trityl tetra-
fluoroborate (2.51 g, 7.57 mmol) in dichloromethane affording 4, which
was purified by treating the solid with a mixture of ethyl acetate (10 mL)
und methyl-tert-butylester (MTBE) (40 mL). The tropylium salt 4 (3.7 g,
5.3 mmol) dissolved in dichloromethane (30 mL) was added to aniline
(1.79 g, 19.2 mmol). After stirring for 5 h at room temperature the solu-
tion was washed with an aqueous solution of NaHCO3, the organic phase
was dried (Na2SO4), and the solvent was removed under reduced pres-
sure. The isomer 5 was separated from 6 by CC (silica gel, toluene/ethyl
acetate 8:1, oil, 940 mg (25 %). 1H NMR (300 MHz, CD3CN, TMS): d=
1.71, 1.85, 1.93 (br m, 17H; adamantane, 1-H), 2.60 (t, J(H,H)=8 Hz,
2H; 3-H), 2.69 (t, J(H,H)=6 Hz, 1 H; CHT, 7-H), 3.64 (s, 4 H; 6-H, 7-H),
3.77 (m, 4H; 5-H, 8-H), 3.96 (t, J(H,H)=6 Hz, 2H; 1-H), 4.1, 4.05 (m,
4H; 4-H, 9-H), 5.43 (m, 1 H; CHT, 6-H), 5.52 (m, 1 H; CHT, 1-H), 6.29
(m, 1 H; CHT, 5-H), 6.34 (d, J(H,H)=10 Hz, 1H; CHT, 2-H), 6.66 (d,
J(H,H)=8 Hz, 2H; ring C), 6.83 (d, J(H,H)=9 Hz, 2H; A), 6.94 (d,
J(H,H)=9 Hz; ring B), 7.04 (d, J(H,H)=6 Hz, 1 H; CHT, 4-H), 7.09 (d,
J(H,H)=9 Hz, 2 H; ring A), 7.11 (d, J(H,H)=8 Hz, 2H; ring C),
7.45 ppm (d, J(H,H)=9 Hz, 2H; ring B).


The solution of 5 (1 g, 1.4 mmol) in toluene (150 mL) was heated under
reflux for 11 h. After removing the solvent the isomer 7 resulted as an
oil, which was used for the synthesis of the rotaxane without further puri-
fication. 1H NMR (300 MHz, CD3CN, TMS): d=1.71, 1.85, 1.93 (br m,
17H; adamantane), 2.60 (t, J(H,H)=8 Hz, 2H; 3-H), 2.76 (d, J(H,H)=
8 Hz, 2H; CHT, 7-H), 3.64 (s, 4H; 6-H, 7-H), 3.76 (m, 4 H; 5-H, 8-H),
3.96 (t, J(H,H)=6 Hz, 2H; 1-H), 4.04, 4.1 (m, 4H; 4-H, 9-H), 5.6 (m,
1H; CHT, 6-H), 6.39 (d, J(H,H)=10 Hz,1 H; CHT, 5-H), 6.34 (d,
J(H,H)=10 Hz, 1H; CHT, 2-H), 6,65 (d, J(H,H)=9 Hz, 2 H; ring C),
6.80 (d, J(H,H)=9 Hz, 2H; ring A), 6.89 (d, J(H,H)=9 Hz; ring B), 6.97
(d, J(H,H)=6 Hz, 1H; CHT, 3-H), 7.07 (d, J(H,H)=9 Hz, 2H; ring A),
7.27 (d, J(H,H)=9 Hz, 2H; ring C), 7.44 ppm (d, J(H,H)=9 Hz, 2H;
ring B).


Pseudorotaxane 10 : Compound 7 (0.007 g, 0.0098 mmol) together with 9
(0.011 g, 0.010 mmol) was dissolved in CD3CN (1.5 mL) in order to meas-
ure 1HNMR spectra (see Supporting material).


Rotaxane 11: Compound 7 (0.39 g, 0.55 mmol) dissolved in dichloro-
methane (1.5 mL) was added to a solution of 9 (0.73 g, 0.66 mmol) in ace-
tonitrile (6 mL). Dichloromethane was then removed under reduced
pressure. 2,4,6-Tris(isopropyl)benzyl bromide (0.163 g, 0.55 mmol) togeth-
er with 2,6-di-tert-butyl-4-methylpyridine (0.113 g, 0.55 mmol) dissolved
in acetonitrile (2 mL) was added to the green solution of the pseudoro-
taxane. The reaction solution was stirred under an argon atmosphere for
48 h at room temperature, the solution was evaporated, and the residue
was extracted with MTBE (75 mL). From the filtrate compound 12
formed as oil (0.23 g. 45%). 1H NMR (300 MHz, CD3CN, 303 K, TMS):
d=1.23 (d, J(H,H)=7 Hz, 18 H; iPr), 1.71, 1.85, 1.95 (br m, 17H; ada-
mantane, 2-H), 2.61 (t, J(H,H)=8 Hz, 2H; 3-H), 2.79 (d, J(H,H)=7 Hz,
2H; CHT, 7-H), 2.90 (sep, J(H,H)=7 Hz, 1H; iPr), 3.21 (sep, J(H,H)=
7 Hz, 2 H; iPr), 3.65 (m, 4H; 6-H, 7-H), 3.80 (m, 4H; 5-H, 8-H), 3.97 (t,
J(H,H)=6 Hz, 2H; 1-H), 4.06 (m, 2 H; 8-H), 4.10 (m, 2H; 5-H), 4.23 (s,
2H; N-benzyl), 5.61 (m, 1 H; CHT, 6-H), 6.43 (d, J(H,H)=9 Hz,1 H;
CHT, 5-H), 6.54 (d, J(H,H)=9 Hz,1 H; CHT, 2-H), 6.73 (d, J(H,H)=
9 Hz, 2 H; ring C), 6.83 (d, J(H,H)=9 Hz, 2H; ring A), 6.91 (d, J(H,H)=
9 Hz, 2H; ring B), 6.99 (m, 1H; 3-CHT) 7.08 (d, J(H,H)=9 Hz, 2H; ring
A), 7,10 (s, 2 H; iPr-Ph), 7.38 (d, J(H,H)=9 Hz, 2H; ring C), 7.50 ppm
(d, J(H,H)=9 Hz, 2H; ring B).


The solid insoluble in MTBE was purified by column chromatography on
neutral Al2O3 (Fluka) by using a solvent mixture of acetonitrile
(400 mL), ethyl acetate (200 mL), and cyclohexane (100 mL) containing
ammonium hexafluorophosphate (7 g). The green fraction was concen-
trated under reduced pressure and the resulting solid was washed with
water (350 mL) and MTBE (75 mL). Rotaxane 11 was formed as a yel-


lowish-green solid (mp 199±201 8C, 0.53 g, 47 %). 1H NMR (600 MHz,
CD3CN, 333 K, TMS): d=1.27 (d, J(H,H)=7 Hz, 6 H; iPr), 1.29 (d,
J(H,H)=7 Hz, 12 H; iPr), 1.71, 1.91, 2.03 (br m, 17 H; adamantane, 2-H),
2.43 (t, J(H,H)=8 Hz, 2H; 3-H), 2.54 (d, J(H,H)=7 Hz, 2H; CHT, 7-H),
2.92 (sep, J(H,H)=7 Hz, 1 H; iPr), 3.27 (sep, J(H,H)=7 Hz, 2 H; iPr),
3.67 (m, 2 H; 4-H), 3.73 (m, 2 H; 9-H), 3.9 (m, 8H; 5-H, 6-H, 7-H, 8-H),
3.99 (t, J(H,H)=6 Hz, 2H; 1-H), 4.31 (br s, 2 H; N-Benzyl), 4.60 (br d,
2H; ring B), 5.4 (br d, 2H; ring A), 5.52 (br d, 2 H; ring B), 5.68 (d,
J(H,H)=7 Hz, 1H; CHT, 2-H), 5.79, 5.76, 5.75, 5.74, 5.73 (m, 9H; cyclo-
phane, CHT, H-6) 6.3 (br d, 2 H; ring A), 6.43 (d, J(H,H)=9 Hz,1H;
CHT, 5-H), 6,68 (d, J(H,H)=8 Hz, 2 H; ring C), 6.90 (d, J(H,H)=7 Hz,
1H; CHT, 3-H), 7.14 (s, 2H; iPr-Ph), 7.36 (d, J(H,H)=8 Hz, 2H; ring C),
7.82 (d, J(H,H)=7 Hz, 8H; cyclophane), 7.86 (s, 8 H; cyclophane),
8.87 ppm (d, J(H,H)=7 Hz, 8 H; cyclophane); MS (ESI): m/z : 864.8815
[M�2PF6]


+ (calcd for [C97H109F12N5O6P2]: 864.8831), 526.2268
[M�3PF6]


+ (calcd for [C97H109F6N5O6P]: 528.2673), 359.9592 [M�4 PF6]
+


(calcd for [C97H109N5O6]: 359.9594).


Rotaxane 13 : A solution of rotaxane 11 (0.10 g, 0.05 mmol) in MeCN
containing Et4NPF6 (0.1m, 50 mL) was oxidized by a controlled potential
electrolysis (EA=0.9±1.2 V [SCE], HEKA PG285) at a Pt electrode in
the anode region of an H cell until a charge output of 2 Fmol�1 was con-
sumed. After evaporating and washing with water, the remaining blue
solid was purified by column chromatography (silica gel, acetonitrile
(400 mL), ethyl acetate (200 mL), cyclohexane (100 mL) containing am-
monium hexafluorophosphate (7 g)). Rotaxane 13 (0.10 g, 94%) was ob-
tained as a blue solid. M.p. 208 8C (decomp); 1H NMR (600 MHz,
CD3CN, TMS): d=1.25 (d, J(H,H)=7 Hz, 18 H; iPr), 1.7 (m, 2 H; 2-H),
1.8, 2.0, 2.1 (br m, 17 H; adamantane, 3-H), 2.43 (t, J(H,H)=8 Hz, 2 H; 3-
H), 2.91 (sep, J(H,H)=7 Hz, 1 H; iPr), 2.99 (br m, 2 H; 4-H), 3.1 (br s,
2H; ring A), 3.16 (sep, J(H,H)=7 Hz, 2H; iPr), 3.95 (br m, 2 H; 9-H), 4.0
(br m, 6 H; 5-H, 6-H, 7-H, 8-H), 4.05 (t, J(H,H)=7 Hz, 2H; 1-H), 4.48 (d,
J(H,H)=4 Hz, 2H; N-benzyl), 4.80 (br d, 2H; ring A), 5.70, 5.72, 5.75,
5.77 (m, 8H; cyclophane), 5.99 (t, J(H,H)=4 Hz, 1 H; NH), 6.31 (br, 2 H;
ring B), 6.97 (d, J(H,H)=9 Hz, 2H; ring C), 7.14 (s, 2 H; aromatic), 7.4
(br d, 2H; ring B), 7.82 (s, 8H; cyclophane), 7.9 (br s, 8H; cyclophane),
8.00 (d, J(H,H)=9 Hz, 2H; ring C), 8.27 (m, 1H; tropylium, 7-H), 8.31
(t, J(H,H)=10 Hz, 1 H; tropylium, 6-H), 8.42 (dd, J(H,H)=12; 2 Hz,
1H; tropylium, 2-H), 8.72 (br m, 1 H; tropylium, 5-H), 8.81 (dd, J(H,H)=
12; 2 Hz, 1 H; tropylium, 3-H), 8.89 ppm (d, J(H,H)=7 Hz, 8H; cyclo-
phane); UV/Vis (MeCN): lmax (e)=583 (50 000), 387 (10 800), 262.5 nm
(66 720 mol�1dm3 cm�1); elemental analysis calcd (%) for
C97H108F30N5O6P5 (2163.6509): C 53.80, H 5.03, N 3.24; found: C 53.86, H
5.12, N 3.34.


Molecular thread 14 : A soultion of compound 12 (0.14 g, 0.15 mmol) in
MeCN containing Et4NPF6 (0.1m, 50 mL) was oxidized by a controlled
potential electrolysis (EA=0.9±1.2 V [SCE], HEKA PG285) at a Pt elec-
trode in the anode region of a H cell until a charge output of 2 Fmol�1


was consumed. After evaporating and washing with water, the remaining
blue solid was purified by column chromatography (silica gel, acetonitrile
(400 mL), ethyl acetate (200 mL), cyclohexane (100 mL) containing am-
monium hexafluorophosphate (7 g)). Compound 14 (0.13 g, 79%) was
obtained, as it was necessary to record its NMR spectrum in order to cal-
culate the CIS values of 13. M.p. 80 8C (decomp); 1H NMR (600 MHz,
CD3CN, TMS): d=1.24 (d, J(H,H)=7 Hz, 18 H; iPr), 1.7 (m, 2 H; 2-H),
1.8, 2.0, 2.1 (br m, 15 H; adamantane), 2.58 (t, J(H,H)=8 Hz, 2H; 3-H),
2.91 (sep, J(H,H)=7 Hz, 1 H; iPr), 3.16 (sep, J(H,H)=7 Hz, 2 H; iPr),
3.66 (m, 4H; 6-H, 7-H), 3.76 (m, 2 H; 5-H), 3.83 (m, 2H; 8-H), 3.95 (t,
J(H,H)=7 Hz, 2 H; 1-H), 4.03 (m, 2 H; 4-H), 4.48 (d, J(H,H)=4 Hz, 2 H;
N-benzyl), 5.91 (t, J(H,H)=4 Hz, 1 H; NH), 6.81 (d, J(H,H)=9 Hz, 2 H;
ring A), 6.95 (d, J(H,H)=9 Hz, 2H; ring C), 7.14 (s, 2H; iPr-Ph), 7.16 (d,
J(H,H)=9 Hz, 2H; ring B), 7.79 (d, J(H,H)=9 Hz, 2 H; ring B), 7.96 (d,
J(H,H)=9 Hz, 2 H; ring C), 8.28 (t, J(H,H)=12; 1 H; tropylium, 6-H),
8.39 (dd, J(H,H)=12; 2 Hz, 1 H; tropylium, 7-H), 8.56 (dd, J(H,H)=12;
2 Hz, 1H; tropylium, 2-H), 8.67 (dd, J(H,H)=12; 2 Hz, 1 H; tropylium,
5-H), 8.78 ppm (dd, J(H,H)=12; 2 Hz, tropylium 3-H); UV/Vis (acetoni-
trile): lmax (e)=583 (50 000), 387 (10 800), 262.5 nm
(66 720 mol�1dm3 cm�1); MS (ESI): m/z : 918.5673 [C61H76NO6]


+ (calcd:
918.5673).


Methoxy-substituted rotaxanes 15 : The isomeric mixture of the methoxy
derivatives 15 was obtained by addition of methanol (0.1 mL) to a solu-
tion of 13 (20 mg) in MeCN (2 mL) that contained NaHCO3 (20 mg).
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After stirring for 4 h the blue color disappeared. After filtration the sol-
vent was removed under reduced pressure. In order to record the NMR
spectra the solid was dissolved with CD3CN (0.1 mL) and diluted with
CD3OD to 0.6 mL. The spectra [1HNMR (see Supporting Information),
H-H-COSY und ROESY] show the presence of the main isomer 15a.
MS (ESI): 1904.76 [M+�PF6], 879.89 [M�2PF6]


2+ , 538.27 [M�3PF6]
3+ ,


367.46 [M�4PF6]
4+ .
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Cytotoxic trans-Oriented Platinum Complexes only Form Adducts with
Single-Stranded Oligodeoxynucleotides


Jo Vinje,[a] Francesco P. Intini,[b] Giovanni Natile,[b] and Einar Sletten*[a]


Introduction


The well-known anticancer drug cis-diamminedichloroplati-
num(ii) (cis-DDP) can form a variety of covalent DNA ad-
ducts. Although the structure±activity relationship underpin-
ning the high efficacy of cis-DDP in the treatment of can-
cers is not fully understood, it is generally believed that the
cytotoxic properties are a consequence of its bifunctional
binding to DNA.[1] In the major adduct, cis-DDP forms 1,2-
cross-links between adjacent purines in d(GpG) or d(ApG)
sequences.[2] These lesions result in a bending of the helical
axis of DNA by 25±508 in the direction of the major
groove.[3±6] The clinically ineffective trans-DDP isomer
cannot form these types of 1,2-N7,N7 adducts.


Recently it has been shown that several analogues of
trans-DDP exhibit antitumor properties.[6] Early examples of
active trans-PtII complexes were the trans-[PtCl2(pyridine)2]
and the trans-[PtCl2(imino ether)2] species.[7±9]


Farell and co-workers found that trans-platinum com-
plexes with planar ligands may be as cytotoxic as cis-DDP
and dramatically more cytotoxic than trans-DDP.[10] In cellu-
lar systems this type of compound, for example, trans-
[PtCl2(pyridine)2], was found to accumulate more rapidly
than the DDP complexes. However, in cell-free systems,
trans-[PtCl2(pyridine)2] was shown to bind to DNA signifi-
cantly less (approximately 5±10-fold) than cis- or trans-
DDP.[10]


Of particular interest were the compounds with imino
ether ligands, such as trans-[PtCl2{(E)-HN=C(OMe)Me}2]
(trans-EE, see below), which have shown an activity compa-
rable to that of cis-DDP in the P338 leukaemia system and
exert antitumor effects on Lewis lung carcinoma.[7,11] Imino
ether ligands share some features with both amines and pyr-
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Abstract: The reactions of the anti-
cancer complex trans-[PtCl2{(E)-HN=


C(OMe)Me}2] (trans-EE) with both
single-stranded and double-stranded
deoxyribonucleotides have been
studied by HPLC and 2D [1H,15N]
HMQC NMR spectroscopy and
compared with those of cis-
[PtCl2(NH3)2] (cis-DDP). Reactions of
trans-EE with the single-stranded
oligonucleotides d(CCTCGCTCTC)
and d(CCTGGTCC) proceed rapidly
through solvolysis of the starting sub-
strate and subsequent formation of G-


N7/monochloro trans-EE adducts. The
rate of reaction is comparable to that
of formation of an adduct from trans-
EE and the dinuclotide d(ApG). Quite
unexpectedly, the double-helical du-
plexes, d(TATGGTACCATA)2 and
d(TATGGCCATA)2, with no terminal
G residues, are practically inert to-
wards trans-EE, and only minor species


(<5% as estimated from HPLC traces)
appear during 24 h reaction time. How-
ever, the duplexes d[(CCTCGCTCTC)¥
(GAGAGCGAGG)] and d(GATAGG-
CCTATC)2, which contain both termi-
nal and central G residues, undergo
platination only at the terminal, sol-
vent-exposed, G residues, thereby
confirming that the interior of the
duplex is not accessible to trans-EE
due to steric hindrance. In contrast,
cis-DDP was found to bind exclu-
sively to the central GG pair in
d(GATAGGCCTATC)2.


Keywords: antitumor agents ¥
DNA ¥ kinetics ¥ oligonucleotides ¥
platinum complexes
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idine-like ligands. Like pyridine, imino ethers are planar
(sp2-hybridized nitrogen atom); however, like amines, they
have one hydrogen atom that is linked to the nitrogen atom
and is suitable for hydrogen-bond formation. Moreover,
imino ether ligands are nonsymmetrical, with the steric hin-
drance concentrated on the side of the nitrogen atom oppo-
site to that of the proton.


The trans-EE/DNA binding mode in cell-free media has
been investigated by several biophysical methods. The
major DNA lesion formed by trans-EE appears to be a
monofunctional Pt binding to the N7 nitrogen atom of a
purine base.[12] Recently we have published a structural anal-
ysis of a trans-EE platinated duplex formed by platination
at G-N7 of the single-stranded 5’-d(CCTCG*CTCTC) se-
quence and subsequent hybridization with its complement
5’-d(GAGAGCGAGG) (G* indicates a platinated gua-
nine).[13] Interestingly, trans-EE platination was found to
induce a bending of the helix axis towards the minor groove
by 458. The magnitude of this bending angle is comparable
to that observed in 1,2-bifunctional adducts of cis-DDP, al-
though in the latter case the bending is directed towards the
major groove. Subsequent gel-electrophoretic studies by
Brabec and co-workers[14] showed that trans-EE induces
DNA bending of approximately 218 towards the minor
groove at the guanine residues.


The cellular accumulation of trans-EE is greatly enhanced
(>50-fold) with respect to that of cisplatin.[6] A possible ex-
planation for the marked accumulation of this compound
can be found in the enhanced lipophilicity of the carrier li-
gands.


It is also to be noted that, apart from the disubstituted
compounds described above, the replacement of only one
ammine group in trans-DDP by a bulky, rather planar,
ligand is sufficient for activation of the trans geometry.[6,8,15]


In most reported studies on the kinetics of monofunction-
al platination of single- and double-stranded oligonucleoti-
des, NMR spectroscopic and chromatographic methods have
been used to determine kinetic parameters. Recently, we
have published a comprehensive study of the kinetics of
monofunctional binding of [Pt(dien)Cl]+ to a series of self-
complementary deoxyribonucleotides,[16] with results show-
ing that the affinity for the nitrogen atom of the G residue
on the 5’-side follows the order: 5’-GG>GA>GT@GC. In
this paper we wish to address both the question of selectivi-
ty and the differences in kinetics between single- and
double-stranded oligodeoxyribonucleotides for the binding
of trans-EE.


Results


The following experiments were performed:


1) trans-EE versus single-stranded d(CCTCGCTCTC) (V)
and d(CCTGGTCC) (VI). The reactions were carried
out with an equimolar ratio of reactants, T=298 K.


2) trans-EE versus duplexes d(TATGGTACCATA)2 (I) and
d(TATGGCCATA)2 (II) with substoichiometric, equi-


molar, and excess platinum conditions, T=298 and
310 K.


3) trans-EE versus duplex d[(CCTCGCTCTC)¥(GAGAGC-
GAGG)] (III), first with an equimolar ratio and then
with threefold excess of platinum, T=298 K.


4) trans-EE versus duplex d(GATAGGCCTATC)2 (IV)
with 1:2 and 1:1 Pt/duplex ratios, T=285 and 298 K.


5) Control experiments of cis-DDP versus V and IV with
equimolar concentrations of reactants, T=298 K.


The NMR proton signals of all double-stranded oligonucleo-
tides except IV (I±III) were already assigned.[13,16] The
proton resonances of IV were assigned by using the well-
known method of sequential connectivity of 2D [1H,1H]
NOESY cross-peaks for right-handed double-helical DNA.
The magnitude of the cross-peaks in the 2D [1H,1H]
NOESY maps for the duplex indicated normal B-form ge-
ometry. The spectra of the imino region exhibited all the ex-
pected Watson±Crick thymine and guanine imino signals up
to 298 K; at higher temperatures the terminal guanine imino
signal disappears. The signals for single-stranded V were as-
signed from long-mixing-time 2D [1H,1H] NOESY spectra.
The 1D 1H spectrum was well resolved, which indicates that
V has an ordered conformation. From the 2D [1H,1H]
NOESY spectra the cytosines were determined from the
strong H6±H5 cross-peaks. The thymines were assigned
from the methyl±H6 cross-peaks. The guanine H8 signal was
found to be the most downfield-shifted signal. The signal as-
signments for VI were done in the same way. The number-
ing of the nucleobases in the oligonucleotides is from 5’ to
3’, for example, duplex III is 5’-d(C1C2T3C4G5C6T7C8T9C10)¥
(G11A12G13A14G15C16G17A18G19G20).


Reaction of d(CCTCGCTCTC) (V) with trans-EE : The re-
action between trans-EE and V was carried out with a Pt/V
ratio of 4:3 and at pH 3.5. The 1D 1H NMR spectrum
(region of nucleotide aromatic protons) showed a new
downfield-shifted G5-H8 signal at 0.37 ppm and also a down-
field shift of the C6-H6 signal by approximately 0.15 ppm
into the group of peaks at 7.98±8.09 ppm (Figure 1 a). In a
previous NMR spectroscopy study of G5-platinated duplex
III (V is coincident with the pyrimidine-rich strand of III
and it was G5-platinated and subsequently annealed with its
complementary strand) similar downfield shifts were ob-
served for the G5-H8 and C6-H6 signals.[13]


The 2D [1H,15N] HMQC spectra (imino ether protons) ini-
tially show three peaks at 7.40/86.92, 7.57/86.39, and 7.69/
89.27 ppm (Figure 2 a). The first peak corresponds to di-
chloro trans-EE, the second to monoaqua monochloro trans-
EE, and the third to G-N7/monochloro trans-EE. The as-
signment of dichloro trans-EE and monoaqua monochloro
trans-EE in Figure 2 is based on 2D [1H,15N] HMQC spectra
recorded for an aqueous solution of pure dichloro trans-EE
at the same pH value and salt concentration as used in the
experiment of Figure 2. The monoaqua monochloro trans-
EE signal has a lower 15N shift than that published earlier
by Liu et al. (d=7.52/90.5 ppm)[17] because of the lower pH
value in the present experiment. The G-N7/monochloro
trans-EE peak is assigned based on the simultaneous ap-
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pearance in the 1D 1H NMR spectra of a downfield-shifted
G5-H8 signal that is indicative of guanine platination.


After 1.5 h, two new signals appear at 7.34/84.71 and 7.90/
89.03 ppm (Figure 2 b). These signals may represent binding
to cytosine or thymine residues since the absence of a new
downfield-shifted G5-H8 signal in the 1D 1H NMR spectra
indicates that no new trans-EE/G-N7 species have been
formed. Therefore, the binding must involve cytosine or thy-
mine for which platination at N3 induces only a minor shift
of the signals of the aromatic protons H6 and H5.


After 9.5 h, a peak emerges at 8.10/91.87 ppm in the 2D
[1H,15N] HMQC spectra (Figure 2 c). At the same time the
1D 1H NMR spectra show a new G5-H8 peak 0.03 ppm
downfield of the G-N7/monochloro trans-EE signal. The in-
tensity of the new peak in the 1D 1H NMR spectra is corre-
lated with the intensity of the signal at 8.10/91.87 ppm in the
HMQC spectra. In previous studies the G5-H8 signal of G-
N7/monoaqua trans-EE was found to appear slightly down-
field of the peak of G-N7/monochloro trans-EE ;[17, 18] there-
fore, the peak at 8.10/91.87 ppm is assigned to G-N7/mono-
aqua trans-EE.


Experimental concentrations evaluated from NMR spec-
troscopic data and theoretically fitted curves for this reac-
tion are reported in Figure 3 a. Evaluated rate constants are
reported in Table 1.


Reaction of d(CCTGGTCC) (VI) with trans-EE : Dichloro
trans-EE and VI were reacted at equimolar amounts in
20 mm NaClO4 (pH 3.0). The 1D 1H spectra show two new
G-H8 peaks shifted 0.53 ppm and 0.40 ppm downfield and
representing G4- and G5-platinated residues, respectively.
The two signals have similar intensities (Figure 1 b). The 2D
[1H,15N] HMQC spectra initially show three peaks at 7.40/
87.59, 7.57/86.33 and 7.71/89.29 ppm; these correspond to di-
chloro trans-EE, monoaqua monochloro trans-EE, and G-


Figure 1. Aromatic region of 1D 1H NMR spectra for the reaction of
a) 1.2 mm trans-EE and 0.90 mm V (pH 3.5, 20 mm NaClO4, 20 mm phos-
phate buffer) and b) 1.5 mm trans-EE and 1.5 mm VI (pH 3.0, 20 mm


NaClO4). The platinated G residues are marked with an asterisk (*).


Figure 2. 2D [1H,15N] NMR spectra of 1.2 mm trans-EE and 0.90 mm V
(pH 3.5, 20 mm NaClO4, 20 mm phosphate buffer).
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N7/monochloro trans-EE species, respectively. Evidently, the
G4 and G5 adducts are represented by a single cross-peak. A
fourth peak (d=7.94/89.18 ppm), which appears after 2 h of


reaction time, is tentatively assigned to C-N3/monochloro
trans-EE or T-N3/monochloro trans-EE. After about 8 h, a
fifth peak occurs at 8.16/92.16 ppm; this corresponds to G-
N7/monoaqua trans-EE (as for V).


Experimental concentrations evaluated from NMR spec-
trosopic data and theoretically fitted curves for this reaction
are reported in Figure 3 b. Evaluated rate constants are re-
ported in Table 1.


Reaction of d(CCTCGCTCTC) (V) with cis-DDP : In a
control experiment, cis-DDP was allowed to react with V at
equimolar concentration. The reaction was performed at
pH 6.0 to avoid the overlap observed when performing the
same experiment at lower pH values. The 1D 1H spectrum
exhibits a G-H8 signal shifted 0.35 ppm downfield, a result
characteristic of N7 platination. Initially, the 2D [1H,15N]
HMQC spectra only show the peaks from dichloro cis-DDP
(4.04/�69.14 ppm) and monoaqua monochloro cis-DDP
(4.23/�67.38 and 4.07/�88.54 ppm). The peaks correspond-
ing to G-N7/monochloro cis-DDP (4.09/�69.48 and 4.37/
�66.08 ppm) appear after 1 h. After 9 h, two new peaks
occur at 4.07/�67.44 and 4.40/�65.87 ppm. After 14 h, three
other peaks occur at 4.20/�70.44, 4.30/�70.70, and 4.35/
�71.79 ppm. The sample was checked again after one week
to see which of these new peaks correspond to GC cross-
links and which represent monofunctional cytosine or thy-
mine adducts. The spectrum after 1 week showed five peaks
at 4.26/�68.80, 4.30/�70.61, 4.35/�71.79, 4.38/�64.90, and
4.40/�65.91 ppm. Therefore, the peaks at 4.30/70.70, 4.35/
�71.79, and 4.40/�65.87 (present in the spectra taken after 9
and/or 14 h and also in that taken after one week) represent
cross-linked GC adducts while the peaks at 4.07/�67.44 and
4.20/�70.44 ppm (present in the spectra taken after 9 and/or
14 h but absent in that taken after one week) represent
monofunctional cytosine or thymine adducts. The two peaks
at 4.30/70.70 and 4.35/�71.79 ppm occurred at the same
time and are of equal intensity and were therefore assigned
to the same GC cross-linked adduct. The signal at 4.40/
�65.87 ppm does not have a corresponding peak. (The fact
that the peak at 4.07/�67.44 has disappeared after one week
rules out the possibility that this peak corresponds to a peak
of a cross-linked adduct.) Therefore, for this GC cross-
linked adduct the second peak must be hidden underneath
the water signal. Thus, the intensity of the peak at 4.40/


Figure 3. Experimental concentrations (NMR data) and theoretically
fitted curves for the reactions between a) 1.2 mm trans-EE and 0.90 mm


V (pH 3.5, 20 mm NaClO4, 20 mm phosphate buffer), b) 1.5 mm trans-EE
and 1.5 mm VI (pH 3.0, 20 mm NaClO4), and c) 0.48 mm cis-DDP and
0.50 mm V (pH 6.0, 20 mm NaClO4). All experiments were performed at
298 K. Symbols for a) and b): (&) dichloro trans-EE, (~) monoaqua mono-
chloro trans-EE, (*) G-N7/monochloro trans-EE, (^) and (î ) C-N3/
monochloro trans-EE or T-N3/monochloro trans-EE, (+) G-N7/mono-
aqua trans-EE. Symbols for c): (&) dichloro cis-DDP, (~) monoaqua
monochloro cis-DDP, (*) G-N7/monochloro cis-DDP, (^) and (*) cis-
DDP/[(G-N7)(C-N3)], (+) and (î ) C-N3/monochloro cis-DDP or T-N3/
monochloro cis-DDP.


Table 1. Platination rate constants (standard deviation in parentheses)
for the reaction of trans-EE with single-stranded V and VI and duplexes
III and IV.[a]


kPt±G [m�1 s�1] kPt±C/T î 10�5 [s�1]


V[b] 0.79 (3) 4.2 (3), 4.2 (3)
VI[c] 1.47 (9) 8 (1)
III[d] 1.9 (4), 1.0 (2), 0.38 (9)
IV[e] 1.0 (2)
IV[f] 0.107 (3)


[a] Kinetic equations and defining rate constants are given in the Sup-
porting Information. [b] 298 K, 20 mm NaClO4, 20 mm phosphate buffer,
pH 3.5. [c] 298 K, 20 mm NaClO4, pH 3.0. [d] 298 K, 20 mm NaClO4,
20 mm phosphate buffer, pH 5.7. The three values represent binding to
5’-G1, G9, and G10 on the lower strand. [e] 298 K, 100 mm NaClO4,
pH 5.8. [f] 285 K, 100 mm NaClO4, pH 6.0, kinetic fit shown in Figure S1.
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�65.87 ppm was multiplied by two in order to have the cor-
rect concentration of the second GC adduct.


Experimental concentrations evaluated from NMR spec-
troscopic data and theoretically fitted curves for this reac-
tion are reported in Figure 3 c. Evaluated rate constants are
reported in Table 2.


Reaction of d(TATGGCCATA)2 (I) with trans-EE : No ap-
parent interaction was observed in a mixture of equimolar
amounts of I and trans-EE (100 mm NaClO4 and pH 6.8)
monitored by NMR spectroscopy for 24 h at 298 K. The ex-
periment was repeated at a lower pH value (4.1) and higher
temperature (310 K) in order to increase the rate of opening
of Watson±Crick base pairs and thus facilitate platination.
In the 1D 1H NMR spectrum the imino signals are absent,
as expected, while the aromatic and methyl signals are still
visible at similar shifts (to those seen when I was in a de-
fined duplex conformation) but the peaks are broader.
Therefore, it is possible to conclude that duplex I is not con-
verted into single strands since, if this was the case, a com-
pletely new set of signals would appear at considerably dif-
ferent chemical shifts. Moreover, in single-stranded oligonu-
cleotides the NMR signals are less separated, due to loss of
stacking interactions and therefore loss of the ring-current
chemical-shift effects seen in duplexes. Increasing the pH
value to 6.6 restores the original spectrum of the unplatinat-
ed duplex, a result confirming that, even when the reaction
is performed at lower pH value and higher temperature, the
duplex is relatively inert and does not react with trans-EE.


In order to increase the reactivity of the platinum sub-
strate, an analogous experiment was performed with the
monochloro mononitrato trans-EE instead of the dichloro
species. (The nitrato ligand undergoes fast solvolysis in
water.) The reactants were mixed in a Pt/duplex ratio of 2:5
in 100 mm NaClO4, at pH 5 and 298 K. As the reaction pro-
ceeds, several small new peaks appear in the NMR spectra
and, after 24 h, the sum of these peaks is equivalent to 5±
10 % of the native duplex. In the 2D [1H,15N] HMQC spec-
tra the initial monochloro monoaqua signal is slowly shifted
to a new position. Further addition of platinum substrate (so
as to bring the Pt/duplex ratio to slightly above 1:1) results
in an increase of the reaction products, which then add up
to 10±15 % of the native duplex. After a total reaction time
of 32 h, 1D 31P NMR spectra were recorded in order to
check if the platinum substrate was associated with the
phosphate oxygen atoms of I. In a previous investigation it
was shown that trans-EE can react with a phosphate buffer,
thereby giving a 31P signal that is shifted 6 ppm downfield;[19]


however, in the present case no such a resonance was ob-
served. The reaction products gave a set of cross-peaks in
the 2D [1H,1H] NOESY map; however, the intensities were
too low to allow a full sequential walk assignment.


Reaction of d(TATGGTACCATA)2 (II) with trans-EE :
Under different conditions from the previous case, this reac-
tion was carried on in the presence of 20 mm phosphate
buffer (1:1 Pt/duplex ratio, 100 mm NaClO4, pH 2, and
310 K). The 2D [1H,15N] HMQC spectra were similar to
those of I except for the presence of a monophosphato mono-
chloro trans-EE adduct formed by interaction of the plati-
num substrate with the phosphate buffer. The 1D 1H NMR
spectra reveal the presence of a small amount of reaction
products. The reaction mixture analyzed by HPLC exhibits
one major peak and one broad minor peak (<5 % of the
major peak) that is assumed to be a platinated species (Fig-
ure 4 a).


The reaction was repeated with a large excess of trans-EE
and with heating of the sample to approximately 330 K for
about 5 h. The HPLC trace showed two signals of similar in-
tensities with retention times similar to those of the two
peaks observed in the previous experiment (Figure 4 b). The
platinated fraction was analyzed by 1D 1H and 2D [1H,15N]
HMQC spectroscopy. The 1D 1H NMR spectrum clearly
showed that the platinated oligonucleotide was not in
duplex form. An attempt was made to anneal the platinated
single strands by heating above the melting temperature and


Table 2. Platination rate constants (standard deviation in parentheses)
for the reaction of dichloro cis-DDP with single-stranded V and duplex
IV at 298 K.[a]


kPt±G [m�1 s�1] kchelate î 10�5 [s�1]


V[b] 0.126 (4) 1.15 (5), 0.99 (6)
IV[c] 0.6 (1) 4.09 (7)


[a] Kinetic equations defining rate constants are given in the Supporting
Information. [b] 20 mm NaClO4, 20 mm phosphate buffer, pH 6.0.
[c] 100 mm NaClO4, pH 5.7.


Figure 4. HPLC chromatograms of trans-EE and duplex II (100 mm


NaClO4, 20 mm phosphate buffer, pH 6.2) at: a) equimolar Pt/duplex
ratio, 310 K, and 24 h reaction time and b) large excess of trans-EE,
330 K, and 5 h reaction time.
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then slowly cooling the samples. This procedure did not
yield a duplex, probably because the self-complementary se-
quence is hindered in forming a double-stranded adduct in
which both the upper and lower strands would be platinat-
ed.


Reaction of d[(CCTCGCTCTC)¥(GAGAGCGAGG)] (III)
with trans-EE : The reaction was first performed by mixing
equimolar amounts of duplex and trans-EE in 10 mm phos-
phate buffer and 15 mm NaClO4 at pH 7 and 298 K. Initially,
the 2D [1H,15N] HMQC spectra showed the presence of
three peaks at 7.41/89.90, 7.55/89.00, and 7.67/89.72 ppm.
The first two peaks correspond to dichloro trans-EE and
monoaqua monochloro trans-EE species while the third
peak corresponds to a trans-EE/III adduct. As the reaction
proceeds the third peak increases, the dichloro trans-EE
signal decreases, and a fourth peak becomes visible at 7.74/
89.61 ppm; this probably corresponds to a second trans-EE/
III adduct. After 4 h, 2 more peaks (5 and 6) appear at 7.99/
91.33 and 8.38/92.26 ppm while the peaks of unreacted
trans-EE (either dichloro or monoaqua monochloro) have
disappeared. The two new peaks (5 and 6) probably corre-
spond to the aquation products of the initially formed mon-
ofunctional platinum/G-N7 adducts (3 and 4). This conclu-
sion is supported by the observation that peaks 3 and 4 de-
crease as peaks 5 and 6 increase; moreover, the chemical
shifts of peaks 5 and 6 agree with the shifts observed for
guanosine monophosphate (GMP)/monoaqua trans-EE.[17]


The 1D 1H NMR spectra reveal that a signal downfield of
the T9 methyl signal has increased while the methyl signal of
T9 has decreased; also, the methyl signal of T7 has decreased
while two new signals, 0.033 and 0.022 ppm downfield of T7,
have arisen. (The decrease in intensity of the T methyl
signal accompanied by the increase in intensity of the new
signal(s) downfield is less pronounced in T7 than T9.) In the
aromatic region two new signals (8.183 and 8.126 ppm) in-
crease while the H8 signals of A12 and A14 decrease and no
change in intensity is observed for the A18-H8 signal. In the
imino region all the signals broaden and three new small sig-
nals become visible. The most likely interpretation of the
above results is that one of the two products that formed in-
itially is duplex III platinated at the terminal G11. This ex-
plains the downfield-shifted T9 methyl signal which is indica-
tive of platination to a neighboring G base (either G11 or
G13). At the other end of the duplex, the signals from G19-
H8 and G20-H8 decreased. This indicates platination at the
two terminal G residues (G19 and G20) as well. None of the
interior G residues (G5, G15, and G17) was found to be at-
tacked by platinum. Experimental concentrations and theo-
retically fitted curves for the reaction between trans-EE and
III (1:1.2 molar ratio) are reported in Figure 5 a.


Reaction of d(GATAGGCCTATC)2 (IV) with trans-EE :
This duplex was designed with a ™hot∫ central GG region
and a terminal G residue. The reaction with trans-EE was
carried out at 285 K, with a 2:5 Pt/duplex ratio and 100 mm


NaClO4 at pH 0. Initially the 2D [1H,15N] HMQC spectra
show the presence of only one product (7.86/90.26 ppm) in
addition to the dichloro and monoaqua monochloro trans-


Figure 5. Experimental concentrations (NMR data) and theoretically
fitted curves for the reaction between a) 0.72 mm trans-EE and 0.92 mm


duplex III (pH 5.7, 20 mm NaClO4, 20 mm phosphate buffer), b) 0.80 mm


trans-EE and 1.6 mm duplex IV (pH 5.8, 100 mm NaClO4), and
c) 0.90 mm dichloro cis-DDP and 0.95 mm duplex IV (pH 5.7, 100 mm


NaClO4). All experiments were performed at 298 K. Symbols for a) and
b): (&) dichloro trans-EE, (~) monoaqua monochloro trans-EE, (*), (^),
and (î ) G-N7/monochloro trans-EE, (+) G-N7/monoaqua trans-EE.
Symbols for c): (&) dichloro cis-DDP, (~) monoaqua monochloro cis-
DDP, (*) G-N7/monochloro cis-DDP, (+) cis-DDP/[(G-N7)(G-N7)].
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EE species (7.50/87.26 and 7.60/90.38 ppm, respectively).
After 15 h, when almost all free trans-EE has disappeared, a
second product starts to appear (8.13/94.31 ppm) and reach-
es about 10 % of the total intensity after 21 h. The sample
was left to stand for one week before a second 2D [1H,15N]
HMQC NMR spectrum was recorded; this spectrum showed
that the second product had now reached 30 % of the total.
This second product was assumed to be the aquated trans-
EE/G-N7 adduct based on comparison with chemical shifts
of the GMP/monoaqua trans-EE adduct.[17]


The same reaction was repeated twice at higher tempera-
ture (298 K), with a Pt/duplex ratio of 1:2 and a pH value of
5.8 (Figure 5 b) and with a Pt/duplex ratio of 1:1 and a pH
value of 6.7 (Figure 6), respectively. The proton assignments
unambiguously determine the terminal G1 residue to be the
reaction site of trans-EE in duplex IV.


The rate constants for the reactions between trans-EE
and IV (1:2 Pt/duplex ratio) performed at 285 K and 298 K
are listed in Table 1.


Reaction of d(GATAGGCCTATC)2 (IV) with cis-DDP :
The reaction was carried out with equimolar amounts of re-
actants in 100 mm NaClO4 and at pH 5.7 and 298 K. The first
2D [1H,15N] HMQC NMR spectrum, recorded after 15 min,
shows three peaks at 4.04/�69.08, 4.06/�88.13, and 4.24/
�67.34 ppm. The first one corresponds to dichloro cis-DDP
and the other two to monoaqua monochloro cis-DDP. The
spectrum recorded 50 min after the reaction was started ex-
hibits two new signals, which represent the platinated prod-
uct (NH3 cross-peaks at 4.02/�69.97 ppm for trans Cl and
4.09/�65.33 ppm for trans N7). This product is assumed to
be the monofunctional adduct of either G5 or G6. It was not
possible from the 1D 1H NMR spectra to unambiguously de-


termine which of the two guanine residues was platinated
first. In the imino region, the signal of G5-N1 decreases and
a new signal appears downfield of the imino signals of the
three guanines. Previous studies have shown that the 5’-G of
a GGCC sequence is more readily platinated than the 3’-
G.[16] Therefore, the first product is most probably the mono-
functional adduct at G5. Shortly after the appearance of this
first product, a second product appears (4.42/�69.34 and
4.29/�68.50 ppm) and, from the shift in the 2D [1H,15N]
HMQC spectrum, this product is assigned as the G5±Pt±G6


chelate. No other products were detected within the follow-
ing two days; thus, the terminal G residue appears to have a
much lower affinity for cis-DDP than the central GG site.
The presence of a G5/G6 cross-link was confirmed by
NOESY spectra (one in H2O and one in D2O) which show
two G5/G6-H8 signals shifted downfield by 0.68 ppm and
0.62 ppm, respectively. A corresponding downfield shift was
not observed for the G1-H8 signal. The formation of a A4±
Pt±G5 chelate is less likely since no downfield-shifted A4-H8
signal was observed. (For example, in an AG cis-DDP cross-
linked nonanucleotide duplex the A-H8 resonance was
found to be shifted 0.85 ppm downfield.[19]) Experimental
concentrations (NMR spectroscopy data) and theoretically
fitted curves for the reaction are reported in Figure 5 c. The
rate constants for G5 platination and chelate formation are
reported in Table 2.


Discussion


The differences in antitumor activity between cis- and trans-
platinum(ii) species have been related to three central fac-
tors: 1) the structural perturbation of DNA induced by plati-
nation, 2) the kinetics of adduct formation, and 3) the se-
quence selectivity of binding to DNA. We have already elu-
cidated the kinetics of trans-EE binding to a mononucleo-
tide (GMP)[17,20] and to a series of dinucleotides (rApG,
dApG, and dGpA).[18] Therefore, in this work we wanted to
investigate the interaction of trans-EE with single- and
double-stranded oligonucleotides.


Reaction with single-stranded oligonucleotides : The platina-
tion sites in the two sequences investigated are clearly iden-
tified as being residues G5 and G5,G6 for d(CCTCGCTCTC)
(V) and d(CCTGGTCC) (VI), respectively. One may notice
that G5 and G6 of VI have approximately equal affinity to-
wards trans-EE. This is in agreement with our earlier data
showing that sequence selectivity is absent in single-stranded
metallation, but occurs in duplex DNA as a consequence of
the variation in p-stacking interactions between base resi-
dues along the duplex.[16] The rate constants (Table 1) are
comparable to those observed for adduct formation between
trans-EE and dinucleotides.[18] No bifunctional adducts were
observed within 24 h after mixing. In a control experiment,
when V was treated with cis-DDP, the monofunctional G
adduct formed initially slowly evolved into intrastrand G±
Pt±C cross-links with neighboring cytosines. The rate con-
stants for monofunctional and bifunctional adduct formation
are listed in Table 2.


Figure 6. 2D [1H,1H] NOESY spectrum of 0.94 mm duplex IV and 1.0 mm


dichloro trans-EE (100 mm NaClO4, 5 mm phosphate buffer, pH 6.7) at
298 K. The peak labeled G1* is the platinated residue. All signals, except
those from the central GC region and A4-H2, are split into two peaks. In
the peak group labeled A10-H2 and T9, the two smallest peaks are from
T9. The assignment was also carried on for the aromatic H2’/H2’’ region,
thereby confirming the assignment given here. In the aromatic H5’/H5’’
region the terminal 5’ residue gives the most upfield-shifted signal which
can help very much in the assignment of the G1 and G1* signals.
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Bifunctional adducts with single-stranded oligonucleotides
are formed not only by cis-DDP, as shown above, but also
by trans-DDP. Therefore, the bulkiness of the carrier ligands
must be responsible for the lack of formation of such cross-
links in the case of trans-EE. Moreover, in a structural anal-
ysis of a trans-EE platinated duplex (formed by platination
at G-N7 of V and subsequent hybridization with its comple-
ment 5’-d(GAGAGCGAGG)),[13] it was shown that the
monofunctionally platinated duplex did not evolve to form
an interstrand cross-link, but underwent a deplatination re-
action over time (months). Thus, the intrastrand and inter-
strand DNA cross-links induced by cis-DDP and assumed to
be important for its antitumor efficacy are not the critical le-
sions for trans-EE.


Reaction with double-stranded oligonucleotides lacking ter-
minal G residues : Quite unexpectedly, the double-helical se-
quences d(TATGGCCATA)2 (I) and d(TATGGTACCA-
TA)2 (II), with no terminal G residues, form only minor ad-
ducts with trans-EE (<5 %) as determined by HPLC and
2D proton NMR spectroscopy. The amount of reaction
products was not large enough to allow their characteriza-
tion by 2D [1H,1H] NOESY spectra and thus it could not be
determined if trans-EE platination follows the proposed rule
for sequence-selective metallation.[16] In contrast, several
platinated species were formed by using a large excess of
trans-EE and prolonged heating (duplex II). The greater
steric demand of imino ether ligands, as compared to NH3,
can account for the lack of affinity of trans-EE for G resi-
dues in the central parts of the duplexes, GGCC (I) and
GGTA (II). This result is in line with the large conforma-
tional change induced by trans-EE platination of duplex III.
(Such a monofunctional adduct was obtained by platination
at G-N7 of the single-stranded 5’-d(CCTCG*CTCTC) (V)
and subsequent hybridization with its complementary
strand.[13]) Interestingly, the monofunctional platination by
trans-EE was found to induce a bending of the helix axis to-
wards the minor groove of approximately 408, a bend com-
parable to that given by bifunctional adducts of cis- DDP
which, however, is directed towards the major groove.


Reaction with double-stranded oligonucleotides containing
terminal G residues : Duplexes III and IV contain both ter-
minal and interior G residues. Both III and IV form adducts
with trans-EE through the terminal G residues while the
central G residues show no affinity. In the control experi-
ment between IV and cis-DDP the central G residues were
attacked by platinum to form a monofunctional adduct
which was subsequently involved in forming an intrastrand
G±Pt±G chelate. The terminal G residues, which were the
only residues with affinity towards trans-EE, did not bind at
all to cis-DDP (at least in a 1:1 cis-DDP/duplex ratio).


The rate constant for the formation of a monofunctional
trans-EE/III adduct was found to be appreciably lower than
the value obtained for monofunctional adduct formation be-
tween [Pt(dien)Cl]+ and G residues of an analogous double-
helical oligonucleotide.[16]


Conclusion


In a cell-free system (310 K, 10 mm NaClO4), the mono-
chloro mononitrato trans-EE complex has been found to in-
teract with nondenatured calf thymus DNA (ctDNA) with
t1=2


=294 min as compared to 141 min for trans-DDP.[12, 21]


After approximately 48 h, the imino ether compound was
bound quantitatively. Similar results were found by Coluccia
et al. using a sample of ctDNA in 2 mm tris(hydroxymethy-
l)aminomethane (Tris)/HCl at pH 7.4.[22] The apparent dis-
crepancy between these ctDNA results and the present
study of double-stranded oligonucleotides may be rational-
ized by invoking a possible difference in the relative amount
of unpaired nucleotides present in solution. The low amount
of salt used in the ctDNA studies (10 mm NaClO4 and 2 mm


Tris/HCl, respectively) could have favored the presence of a
large fraction of single-stranded DNA in the samples kept
at 310 K. By contrast, in model systems of short oligonucleo-
tides (like those used in the present investigation) it is much
easier to control the equilibrium between single- and
double-stranded species. The present results are also consis-
tent with the hypothesis that trans-platinum imio ether com-
plexes bind to DNA in a manner fundamentally different
not only from that of cis-DDP but also from that of trans-
DDP.[21] Characteristic features of trans-EE are a very large
difference in reactivity towards single- and double-stranded
oligonucleotides and the almost complete inability to form
DNA cross-links. This leaves open the possibility that
DNA±protein cross-links are responsible for the anticancer
activity of trans-EE.[14] Moreover the sterically demanding
imino ether ligands can also slow down the rate of hydroly-
sis and may also prevent (or retard) inactivation by sulphur-
containing biomolecules. In conclusion, the role of carrier li-
gands in influencing the type and rate of formation of ad-
ducts with DNA and other relevant biomolecules is a field
worthy of further investigation in the search for new anti-
cancer agents.


Experimental Section


Materials : The 15N-labeled trans-EE and 15N-labeled cis-DDP complexes
were prepared by the published procedures.[23] The DNA oligonucleoti-
des were purchased from DNA Technology A/S (Aarhus, DK) and ob-
tained as crude products from ethanol precipitation, except
d(CCTGGTCC) (VI) which was obtained from Oswel DNA Service
(Southampton, UK) as an HPLC-purified sample. The following chemi-
cals were used for DNA purification and sample preparation: acetoni-
trile, triethylammonium acetate buffer (made from equimolar amounts of
triethylamine and acetic acid), sodium hydrogen phosphate, NaCl, NaOH
(all of them purchased from Baker), and sodium perchlorate (purchased
from Merck).


Sample preparation : The purity of the oligonucleotides was first checked
by HPLC (Waters 626 LC instrument with Millennium 32 software) on a
MonoQ HR 10/10 (Pharmacia Biotech) column. If the samples were
pure, the oligonucleotides were desalted on a Sephadex G-25 column
(NAP-10, Pharmacia Biotech) with phosphate buffer (10 mm, pH 6.6) as
the eluent. If the HPLC traces showed more than 5% of by-products, the
oligonucleotides were purified on the MonoQ column and desalted on a
LiChrospher 100 Rp-18 column (250 î 4 ID, 5 mm, Merck). Eluents used
with the MonoQ column were A: 10 mm NaOH, 0.3m NaCl, pH 12.5,
and B: 10 mm NaOH, 1.0m NaCl, pH 12.5. The linear gradients used for
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the different oligonucleotides were as follows: duplex I (GGTA): 40!
60% B in 30 min; duplex II (GGCC): 40!45 % B in 30 min; single-
stranded III (pyrimidine reach strand): 30!37 % B in 30 min; single-
stranded III (purine reach strand): 50!65% B in 30 min. The eluents
used for desalting on the LiChrospher column were A: 5% acetonitrile,
15 mm triethylammonium acetate (TEAA), pH 7.2, and B: 70 % acetoni-
trile, 15 mm TEAA, pH 7.2. A 30 min linear gradient from 0!15 % B
was applied for the desalting. TEAA and acetonitrile were removed by
freeze-drying the sample twice, once at pH 12 and once at pH 3. This
procedure was performed for all oligonucleotides except duplex IV,
which was purified with dialysis at 5 8C in a 900-mL water bath contain-
ing 10 mm NaClO4 and by using a Float-A-Lyzer (1 mL, 1000 Da molecu-
lar-weight cut off, Spectrum Laboratories, Inc., USA). The dialysis was
performed over 4î 3 h cycles (changing the reservoir each time). The
purity was then checked by 1D 1H NMR spectroscopy.


The kinetics were usually run at 298 K with samples containing 0.1m
NaClO4 and 10±20 mm phosphate buffer. The concentrations of the
oligomers were normally in the range 0.5±1 mm and the reactions were
run at stoichiometric ratios except when stated otherwise. trans-EE was
added to the DNA samples from a stock solution (superdistilled water sa-
turated with trans-EE at �1.7 mm) and the ratio of Pt/DNA was deter-
mined by comparing the integral of the methyl group of trans-EE and
the thymine methyl groups of the oligonucleotide in the 1D 1H NMR
spectrum. cis-DDP was added from a 2.42 mm solution prepared by dis-
solving (with sonication) cis-DDP (0.0070 g) in H2O (9.5678 g). The reac-
tions were carried out directly in the NMR spectroscopy tube (Wilmad
528 pp).


The reaction mixtures were separated on a MonoQ HR 10/10 column by
using the same eluents as for the purification of the oligonucleotides. The
reaction mixture of duplex I (GGTA) and trans-EE was separated by a
linear gradient of 40!60% B over 30 min. Each of the collected frac-
tions from the HPLC was then desalted on a Sephadex G-25 column
(NAP-10, Pharmacia Biotech) with phosphate buffer (10 mm, pH 6.6) as
the eluent.


NMR spectroscopy experiments : NMR experiments were performed on
a Bruker DRX 600 or Varian Unity Inova 600 apparatus. Each instru-
ment was fitted with a pulsed gradient module and a 5-mm inverse pro-
behead. The Bruker instrument was used for the acquisition of 2D
[1H,15N] HMQC, 2D [1H,1H] NOESY, and 1D 1H NMR spectra. The
dpfgsew5 pulse sequence was used for the suppression of water in 2D
[1H,1H] NOESY and 1D 1H spectra in H2O.[24a,b] The 2D [1H,15N] HMQC
NMR spectra were recorded in a phase-sensitive mode with the Echo/
Antiecho-TPPI quadrature detection scheme. Pulsed field gradients were
employed to select the proper coherence and the 15N spins were decou-
pled during acquisition. No extra pulse sequence was needed for the sup-
pression of water in 2D [1H,15N] HMQC spectra (pulse sequence of
Palmer et al.)[25] in H2O. The 2D [1H,15N] HMQC spectra were optimized
for 1JNH=72 Hz for cis-DDP and 1JNH=78 Hz for trans-EE. The parame-
ters for the 2D [1H,15N] HMQC experiments were as follows for cis-
DDP: spectral width in F1 was 2006 Hz and in F2 was 4195 Hz,
2048 complex points in each FID in t2 and 64 increments in t1, 4±16 transi-
ents were averaged for each increment, and a relaxation delay of 2 s was
used. 2D [1H,15N] HMQC parameters for trans-EE : spectral width in F1
was 1216 Hz and in F2 was 6010 Hz, 2048 complex points in each FID in
t2 and 32 increments in t1, 8±16 transients were averaged for each incre-
ment, and a relaxation delay of 2 s was used. The Varian instrument was
only used to record 1D 1H and 2D [1H,1H] NOESY spectra of duplex IV
(with the Watergate 3919 pulse sequence for water suppression).[26] The
spectral width used for 1D 1H and 2D [1H,1H] NOESY NMR data sets
was 12019 Hz for all samples. The 2D [1H,1H] NOESY NMR spectra
were recorded in a phase-sensitive mode by using the States-TPPI quad-
rature detection scheme.[27] A total of 2048 complex points in t2 were col-
lected for each of 512 t1 increments, 24±48 transients were averaged for
each increment, and a 1.7±2.0 s relaxation delay was applied. 1H spectra
were referenced to the HDO resonance set at 4.76 ppm or sodium 3-tri-
methylsilyl-2,2’,3,3’-tetradeuteropropionate (TSP) set to 0 ppm and 15N
spectra referenced to 1m 15N-enriched NH4Cl in 1m HCl solution set at
0 ppm. The 1D 1H, 2D [1H,1H] NOESY, and 2D [1H,15N] HMQC NMR
Bruker data were processed by using the program XWIN-NMR, ver-
sion 2.6. The apodization function used in both dimensions for the 2D
NMR data was a pure squared-cosine-bell. Window functions applied to


the 1D 1H FIDs were an exponential function with a line-broadening of
1±3 Hz or a gauss multiplication with a line-broadening of �1 Hz and
gm 0.1. The t1 FIDs in the 2D NMR data sets were linearly predicted to
four times their original value. The Varian data was processed by using
the program MestRe-C, version 3.4.0. (The same processing parameters
as for the Bruker data were used.[28])


Data analysis : The rate constants for the reactions were determined by a
nonlinear optimization procedure with the program SCIENTIST.[29] The
data were fitted by using first- and second-order rate equations.
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Lanthanide Chelates Containing Pyridine Units with Potential Application as
Contrast Agents in Magnetic Resonance Imaging


Carlos Platas-Iglesias,*[a] Marta Mato-Iglesias,[a] Kristina Djanashvili,[b]


Robert N. Muller,[c] Luce Vander Elst,[c] Joop A. Peters,[b] Andrÿs de Blas,*[a] and
Teresa RodrÌguez-Blas[a]


Introduction


Lanthanide coordination compounds[1] are the subject of in-
tense research efforts owing to their applications as contrast
agents for magnetic resonance imaging (MRI),[2,3] as cata-
lysts in RNA hydrolysis,[4] as responsive luminescent lantha-
nide complexes,[5] or as active agents in cancer radiothera-
py.[6] In particular, gadolinium complexes with poly(amino-
carboxylate) ligands, such as [Gd(dtpa)(H2O)]2� (DTPA=


diethylenetriamine-N,N,N’,N’’,N’’-pentaacetate), [Gd(dtpa-
bma)(H2O)] (DTPA-BMA=DTPA-bis(methylamide),
[Gd(dota)(H2O)]� (DOTA=1,4,7,10-tetraazacyclodode-
cane-1,4,7,10-tetraacetate), and [Gd(hp-do3a)(H2O)] (HP-
DO3A=10-(2-hydroxypropyl)-1,4,7,10-tetraazacyclodode-
cane-1,4,7-triacetate), attract considerable interest since
they are commonly used as contrast agents in MRI.[2,3] Cur-
rently, approximately one third of all MRI scans are made
after administration of a GdIII-based contrast agent.[3] Con-
trast agents enhance the image contrast by preferentially in-
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Abstract: A new pyridine-containing
ligand, N,N’-bis(6-carboxy-2-pyridylme-
thyl)ethylenediamine-N,N’-diacetic acid
(H4L), has been designed for the com-
plexation of lanthanide ions. 1H and
13C NMR studies in D2O solutions
show octadentate binding of the ligand
to the LnIII ions through the nitrogen
atoms of two amine groups, the oxygen
atoms of four carboxylates, and the
two nitrogen atoms of the pyridine
rings. Luminescence measurements
demonstrate that both EuIII and TbIII


complexes are nine-coordinate, where-
by a water molecule completes the
LnIII coordination sphere. Ligand L can
sensitize both the EuIII and TbIII lumi-
nescence; however, the quantum yields
of the EuIII- and TbIII-centered lumi-
nescence remain modest. This is ex-


plained in terms of energy differences
between the singlet and triplet states
on the one hand, and between the 0-
phonon transition of the triplet state
and the excited metal ion states on the
other. The anionic [Ln(L)(H2O)]� com-
plexes (Ln=La, Pr, and Gd) were also
characterized by theoretical calcula-
tions both in vacuo and in aqueous sol-
ution (PCM model) at the HF level by
means of the 3±21G* basis set for the
ligand atoms and a 46+4 fn effective
core potential for the lanthanides. The
structures obtained from these theoret-
ical calculations are in very good


agreement with the experimental solu-
tion structures, as demonstrated by
paramagnetic NMR measurements
(lanthanide-induced shifts and relaxa-
tion-rate enhancements). Data sets ob-
tained from variable-temperature 17O
NMR at 7.05 T and variable-tempera-
ture 1H nuclear magnetic relaxation
dispersion (NMRD) on the GdIII com-
plex were fitted simultaneously to give
insight into the parameters that govern
the water 1H relaxivity. The water ex-
change rate (k298


ex =5.0î106 s�1) is
slightly faster than in [Gd(dota)-
(H2O)]� (DOTA=1,4,7,10-tetrakis(carb-
oxymethyl)-1,4,7,10-tetraazacyclodode-
cane). Fast rotation limits the relaxivity
under the usual MRI conditions.


Keywords: chelates ¥ contrast
agents ¥ gadolinium ¥ lanthanides ¥
magnetic resonance imaging
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fluencing the relaxation effi-
ciency of the water proton
nuclei in the target tissue. The
efficiency of a contrast agent is
evaluated in terms of its relax-
ivity, which is defined as the re-
laxation-rate enhancement of
water proton nuclei per mm


concentration of metal ion.
These complexes contain at
least one GdIII-bound water
molecule that rapidly exchanges
with the bulk water of the
body; this imparts an efficient
mechanism for the longitudinal
and transverse relaxation (T1


and T2) enhancement of water
protons. Around a paramagnet-
ic ion, the relaxation rates of the bulk water proton are en-
hanced as a result of long-range interactions (outer-sphere
relaxation) and short-range interactions (inner-sphere relax-
ation). According to the standard Solomon±Bloembergen±
Morgan model, the latter process is governed by four corre-
lation times: the rotational correlation time of the complex
(tR), the residence time of a water proton in the inner coor-
dination sphere (tm), and the electronic longitudinal and
transverse relaxation rates (1/T1e and 1/T2e) of the metal
center.[7]


The theory predicts that high relaxivities at the imaging
fields (0.5±1.5 T) may be observed for systems with a long
rotational correlation time and relatively fast water ex-
change.[7] Several approaches have been used to increase the
tR values of paramagnetic complexes, including covalent
binding to slowly tumbling substrates, such as dextran[8] or
inulin,[9] formation of self-aggregates in solution,[10,11] or for-
mation of noncovalent adducts with b-cyclodextrin[12] or al-
bumin.[13] The latter approach requires the design of GdIII


chelates, such as MS-325[14] that bear suitable functionalities
on their surface that promote the reversible binding of albu-
min. Besides the attainment of high relaxivities, the ap-
proach developed for binding albumin has been extended to
other proteins, which allows the preparation of new contrast
agents designed to recognize a target of interest.[15]


In the search for new GdIII chelates that could be further
functionalized with groups able to target biological material
for application as contrast agents in MRI, we report here on
investigation of the new ligand H4L (Scheme 1). This ligand
is potentially octadentate for the coordination of LnIII ions
and contains pyridine units that can be easily functionalized
with groups able to conjugate with biological material.[16, 17]


The corresponding lanthanide complexes were characterized
by 1H and 13C NMR techniques in D2O solution. Lumines-
cence studies have been carried out to test the ability of the
ligand to promote a good antenna effect for EuIII and TbIII,
as well as to determine the hydration number of the com-
plexes in solution. The complexes were also characterized
by ab initio calculations both in vacuo and in aqueous solu-
tion (PCM model). The structures obtained from these cal-
culations were compared with the structural information ob-


tained in solution from paramagnetic NMR measurements
(lanthanide-induced shifts and relaxation-rate enhance-
ments). Finally, nuclear magnetic resonance dispersion
(NMRD) investigations and variable-temperature 17O NMR
measurements of the complex formed with GdIII were con-
ducted in order to assess its 1H relaxation enhancement abil-
ities in water and to gain insight into the parameters that
govern this relaxation process.


Results and Discussion


Syntheses of the ligand : N,N’-Bis(6-carboxy-2-pyridylmeth-
yl)ethylenediamine-N,N’-diacetic acid (H4L) was obtained in
five steps from dimethyl pyridine-2,6-dicarboxylate by
means of the procedure described in the Experimental Sec-
tion (Scheme 1). Methoxypyridine aldehyde (1) was ob-
tained in good yield (70%) by partial reduction of the latter
with sodium tetrahydroborate followed by oxidation with
SeO2. Aldehyde 1 was treated with ethylenediamine to give
the Schiff base 2 (80%), which was reduced with sodium
tetrahydroborate to afford amine 3 in 85% yield. Attempts
to alkylate 3 with ethyl bromoacetate in refluxing CH3CN in
the presence of Na2CO3 yielded intractable mixtures, proba-
bly as a result of the formation of lactams and intermolecu-
lar side products, in addition to the target compound.[18]


However, alkylation of 3 with tert-butyl bromoacetate under
similar conditions gave compound 4 in 26% yield. Reaction
of 4 with trifluoroacetic acid at room temperature resulted
in the selective deprotection of the tert-butyl esters. Full de-
protection of methyl and tert-butyl esters in 4 was cleanly
achieved with 6m HCl to yield the desired ligand H4L.


1H and 13C NMR spectra : The 1H and 13C NMR spectra of
the LaIII complex of L were obtained in D2O at pD=7.0.
The proton spectrum (Figure 1) consists of nine signals cor-
responding to the nine different proton magnetic environ-
ments of the ligand molecule (see Scheme 1 for labeling).
This points to an effective C2 symmetry of the complexes in
solution that is confirmed by the 13C spectrum, which shows
ten NMR peaks for the 20 carbon nuclei of the ligand back-


Scheme 1. Synthesis protocol for the ligand used in this work.
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bone. The assignments of the proton signals (Table 1) were
based upon shift comparisons
with other polyazacarboxylate
lanthanum complexes,[19] and
standard 2D homonuclear
COSY experiments, which gave
strong crosspeaks between the
geminal CH2 protons (7, 8, and
10) and between ortho-coupled
pyridyl protons.


A full assignment of the 1H
and 13C NMR spectra was ach-
ieved with the aid of HMQC
and HMBC 2D heteronuclear
experiments. Although the spe-
cific CH2 proton assignments
H10ax/H10eq, H8a/H8b, and


H7ax/H7eq, were not possible on the basis of the 2D NMR
spectra, they were successfully assigned by means of the
stereochemically dependent proton-shift effects that result
from the polarization of the C�H bonds by the electric-field
effect caused by the cation charge.[20] This results in a de-
shielding effect of the H10eq, H7eq, and H8b protons,
which are pointing away from the LaIII ion. The bridging
methylene protons CH2(7ax) and CH2(7eq) show an AB
pattern at d=3.65 and 4.28 ppm, respectively, whereby the
larger shift for CH2(7eq) probably results from the com-
bined deshielding effects of the pyridyl ring current and po-
larizing effect of LaIII on the C�Heq bond pointing away
from it.


The 1H NMR spectrum of the diamagnetic LuIII complex
recorded at 273 K is much more complex than that of LaIII.
At this temperature, the spectrum of the LuIII complex cor-
responds to a species with an effective C1 symmetry in solu-
tion (Figure 1). Increasing the temperature results in a sub-
stantial increase of the linewidths, reflecting intramolecular
conformational exchange processes. In spite of the increas-
ing complexity of the spectra on increasing the temperature,
especially in the region in which the aliphatic proton signals
occur, some temperature-dependent spectral changes can be
analyzed and interpreted. At 273 K, the 1H NMR spectrum
shows a pair of signals with equal intensity for each of the
H3, H4, and H5 protons (Figure 1). The linewidths of these
signals gradually increase above this temperature, and a
much simpler spectrum consisting of one triplet and two
doublet signals is obtained at 348 K (Figure 1). This is in
agreement with an effective C2 symmetry of the complex in
solution at this temperature. If it is assumed that the ex-
change process associated with this line broadening (before
coalescence) is slow on the NMR timescale, then the ex-
change rate for this dynamic process (k) can be calculated
from the observed linewidths at half-height (Dn1/2) [Eq. (1)]:


k ¼ pðDn1=2�Dn1=2ð0ÞÞ ð1Þ


in which Dn1/2(0) is the linewidth in absence of exchange. A
plot of ln(k/T) versus 1/T [k= (kbT/h)exp(DS


�/R�DH�/RT)]
(in which kb and h are the Boltzmann and Planck con-
stants respectively, T is the absolute temperature, and k is
the rate constant) yields the activation parameters for the


Figure 1. 1H NMR (500 MHz) spectra of the ligand complexes in D2O
(30mm, pH 7.0).


Table 1. 1H NMR shifts [500 MHz, ppm], computed values for contact (Fi) and dipolar (Gi) terms, as well as
agreement factors (AFi) for solutions of [Ln(L)(H2O)]� complexes in D2O (30mm) at pH 7.0


H3 H4 H5 H7ax H7eq H8a H8b H10ax H10eq


La[a] 7.99 8.03 7.60 3.77 4.41 3.12 3.46 2.64 3.23
Ce[b] 12.10 9.98 8.52 12.59 3.02 �26.24 �6.82 4.90 2.78
Pr[b] 16.61 12.95 12.03 19.23 7.42 �38.85 �9.99 4.23 5.40
Nd 14.13 11.97 10.86 12.91 10.01 �18.89 �2.54 2.34 6.98
Sm 8.63 8.25 7.64 6.76 3.41 -2.72 1.07 4.25 2.58
Fi �0.3(3) 0.2(2) 0.5(3) �5.3(9) 2.8(3) 8.10(2) 4.09(6) �3.8(4) 1.88(8)
Gi 0.76(8) 0.32(5) 0.14(9) 2.4(3) �0.60(8) �5.8874(8) �2.29(1) 1.0(1) �0.34(2)
AFi


[c] 0.0161 0.0259 0.107 0.0184 0.164 0.00051 0.00059 0.579 0.163


[a] Assignment supported by 2D H,H-COSY, HMQC, and HMBC experiments at 298 K. 2J(10ax,10eq)=
10.9 Hz, 2J(10eq,10ax)=10.6 Hz, 2J(8b,8a)=16.2 Hz, 2J(8a,8b)=16.5 Hz, 2J(7eq,7ax)=15.3 Hz, 2J(7ax,7eq)=
15.3 Hz, 3J(5,4)=7.2 Hz, 3J(3,4)=7.5 Hz. [b] Assignment supported by 2D H,H-COSY experiments at 298 K.
[c] Agreement factors calculated according to Equation (6); Fi and Gi were calculated with the data obtained
for the CeIII, PrIII, and SmIII complexes only (see text).
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interconversion process (DG�=36�2 kJmol�1, DH�=


15.9�0.8 kJmol�1, DS�=�68�3 Jmol�1K�1, k=3.0î106�
1.4î106 s�1). This activation barrier is relatively low. Much
higher activation barriers were determined for dynamic
processes that require partial decoordination of the ligand
in poly(aminocarboxylate) complexes.[21, 22] This indicates
that the intramolecular dynamic behavior observed for the
LuIII complex of the ligand does not require a partial de-
coordination of the ligand. Our ab initio calculations (vide
infra) show that the presence of a coordinated water mole-
cule in the complexes results in distorted C2 symmetries.
These results suggest that the intramolecular dynamic be-
havior observed for the LuIII complex of the ligand corre-
sponds to small adjustments of the LuIII coordination sphere
that are fast on the NMR timescale at high temperatures,
leading to an effective C2 symmetry in solution.


1H NMR spectra of the paramagnetic Ce, Pr, Nd, and Sm
complexes were obtained in D2O at pD=7.0. The spectrum
of the PrIII complex is shown in Figure 1. The spectrum of
the SmIII complex displays relatively small paramagnetic
shifts, and the signals were assigned by a simple comparison
with the spectrum of the diamagnetic LaIII complex. The
spectra of the CeIII and PrIII complexes were assigned with
the aid of a linewidth analysis and COSY spectra, which
gave crosspeaks between the geminal CH2 protons and be-
tween ortho-pyridyl protons. A full assignment of the spec-
tra was supported by the experimental LIS values according
to Equations (4) and (5) (vide infra), allowing for permuta-
tions of two selected nuclei and then determining which par-
ticular assignments of peaks gave the best straight lines. The
spectra show relatively sharp peaks and also indicate an ef-
fective C2 symmetry of the complexes in solution (Table 1).
The 1H NMR spectra of the TbIII, DyIII, HoIII, TmIII, and
YbIII complexes were very complex and could not be fully
assigned. However, they agree with an effective C1 symme-
try in solution. The 1H NMR spectrum of the EuIII complex
recorded at room temperature displays very broad overlap-
ping peaks for most protons. These results point to an in-
creasing rigidity of the complexes in aqueous solution on de-
creasing the ionic radius of the LnIII ion, as previously ob-
served for other LnIII complexes.[23]


The binding of a ligand to a paramagnetic LnIII ion gener-
ally results in large NMR frequency shifts at the ligand
nuclei, with magnitudes and signs depending critically on
both the nature of the lanthanide ion and the location of the
nucleus relative to the metal center.[7] Thus, the analysis of
the NMR spectra of LnIII paramagnetic complexes can pro-
vide useful structural information in solution. For a given
nucleus i, the isotropic paramagnetic shift induced by a lan-
thanide ion j (dpara


ij ) is generally a combination of the Fermi
contact (dcon


ij ) and dipolar (ddip
ij ) contributions [Eq. (2)]:


[7]


dpara
ij ¼ dexptl


ij �ddia
ij ¼ dcon


ij þ ddip
ij ¼ FihSzij þGiCj ð2Þ


in which the diamagnetic contribution ddia
i is obtained by


measuring the chemical shifts for isostructural diamagnetic
complexes (the LaIII complex in the present case), Fi is pro-
portional to the hyperfine coupling constant of nucleus i, Gi


is the geometric factor containing the structural information,


and hSzij and Cj are the spin expectation value and the mag-
netic constant (Bleaney factor) of the paramagnetic lantha-
nide, respectively.[7] Dipolar shifts have been calculated with
the assumption that the ligand field splitting for the lowest J
state in the lanthanide complexes is small relative to kT.[24]


If the principal magnetic axis is taken as the coordinate
system, the dipolar contribution can be expressed as Equa-
tion (3):


ddip
ij ¼ D1


3 cos2q�1
r3


þD2
sin2qcos2f


r3
ð3Þ


in which r, q, and f are the spherical coordinates of the
observed nucleus with respect to LnIII at the origin, and D1


and D2 are proportional to the axial [czz�1=3(cxx + cyy +


czz)] and rhombic (cxx�cyy) anisotropies, respectively, of the
magnetic susceptibility tensor c.[7] In the special case of axial
symmetry, the second term of Equation (3) vanishes because
D2=0. Because only the dipolar term contains geometric in-
formation about the lanthanide complex, a quantitative
structural analysis requires a reliable separation of the ob-
served paramagnetic shift into the contact and dipolar
terms. The most frequently used graphical separation
method is based on rearrangements of Equation (2) for each
nucleus i in two linear forms [Eqs. (4) and (5)]:


dpara
ij


hSzij
¼ Fi þGi


Cj


hSzij
ð4Þ


dpara
ij


Cj
¼ Gi þ Fi


hSzij
Cj


ð5Þ


Assuming that hSzij and Cj values are the same for the
complexes and the free ions,[25] for which they are tabulat-
ed,[26,27] , plots of dpara


ij /hSzij against Cj/hSzij and of dpara
ij /Cj


against hSzij/Cj should be linear if the complexes are iso-
structural and possess comparable crystal field parameters.
Plots of the paramagnetic shifts available for the LnIII com-
plexes of L (Ln=Ce, Pr, Nd, and Sm) follow a linear corre-
lation according to Equations (4) and (5), indicating that the
complexes are isostructural in D2O (Figure 2). However, we
notice that for NdIII the experimental shifts are larger than
those expected from the linear correlations obtained from
Equations (4) and (5). This is probably caused by a magnifi-
cation of small variations in the crystal field parameter or
the geometric factors by the linearization process, because
for most protons dpara


ij /hSzi takes values close to zero in the
NdIII complex (Figure 2). Thus, we have excluded NdIII from
the fittings of the experimental data according to Equa-
tions (4) and (5). Samarium is not commonly used in these
NMR studies, because of the small shifts induced by this
ion. However, in the present case, these shifts are relatively
important because the system is nonaxial (vide infra), which
makes an analysis of the corresponding SmIII-induced shifts
possible. The agreement factors calculated according to
Equation (6),[28] 0.00051<AFi<0.579, are comparable to
those obtained for other LnIII complexes (Table 1).[29]
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AFi ¼ ½
X


j


ðdexptl
ij �dcalcd


ij Þ2=
X


j


ðdexptl
ij Þ2
1=2 ð6Þ


in which dcalcd
ij are the paramagnetic shifts calculated from


the Gi and Fi values listed in Table 1. Similar results are ob-
tained when the data obtained for NdIII are included in the
fitting procedure. The values of the contact and dipolar con-
tributions obtained from these plots indicate that most pro-
tons have sizable contributions from both mechanisms
(Table 1), whereby the contact contribution is dominant for
many proton nuclei.


Photophysical properties : In H2O (pH 7.0), the metal com-
plexes of L show a broad and asymmetric absorption band
envelope centered around 36760 cm�1 (Table 2) assigned to


a combination of p!p* and n!p* ligand-centered transi-
tions.[30]


The emission spectrum of the GdIII complex recorded in
H2O (pH 7.0, 295 K) under excitation at 32258 cm�1 exhibits
a single band (Table 2), the intensity of which quickly dimin-
ishes when a short time delay (0.05 ms) is enforced. It has
thus been attributed to the 1pp* state. The absolute fluores-


cence quantum yield of the ligand-centered luminescence is
low and amounts to QL=0.051%. The emission spectrum
recorded in frozen solution (77 K) presents a second, more
structured, band with a maximum at 22988 cm�1 and with a
number of low- and high-energy shoulders (Figure 3). This


band has a single exponential time decay with a lifetime of
0.92(5) ms, and is therefore assigned to the 3pp* state. The
emission arising from the ligand-centered 3pp* state com-
pletely disappears for the EuIII and TbIII complexes
(Figure 3), indicating sensitization of the metal ions as a
result of a 3pp*-to-metal energy transfer. The emission spec-
trum of a 10�3


m solution of the EuIII complex in H2O at
pH 7 and 295 K, obtained under excitation at 22988 cm�1,
displays the typical 5D0!7FJ transitions at 17200, 16855,
16227, 15361, and 14571 cm�1 for J=0, 1, 2, 3, and 4, re-
spectively. The absolute quantum yield of the metal-cen-
tered luminescence in H2O at pH 7 amounts to 0.3%.


Reinhoudt and co-workers[31] have concluded from their
work on modified EuIII-containing calix[4]arenes that the
antenna effect is improved when the 3pp* 0-phonon transi-
tion lies 3500 cm�1 above the LnIII excited state. They also
observed that the 1pp*!3pp* intersystem crossing is maxi-
mized when the energy difference between these states
amounts to �5000 cm�1. A similar conclusion was reached
by Latva et al.,[32] who found that the best energy-transfer
efficiency is obtained when the 0-phonon band of 3pp* lies
at 21000±22000 cm�1. In the case of our EuIII complex of L,
we note the following facts: 1) the 1pp*�3pp* energy differ-
ence amounts to only 1137 cm�1 and 2) the 0-phonon transi-
tion of the ligand 3pp* state (as measured for the Gd com-
plex at 77 K) lies at 26281 cm�1, leading to a DE(3pp*�5D0)
difference equal to 9081 cm�1. This data clearly explains the
poor sensitization of EuIII by L, since the 0-phonon transi-
tion of the ligand 3pp* state lies at very high energy, while
the energy difference between the ligand 1pp* and 3pp*
states is too small to favor 1pp*!3pp* intersystem crossing.


The spectrum of a solution of the TbIII complex in water,
recorded under analogous conditions, shows the typical
5D4!7FJ transitions at 20386, 18360, 17076, and 16089 cm�1


for J=6, 5, 4, and 3, respectively. For the TbIII complex, the


Figure 2. Plot for the separation of the contact and dipolar contributions
to the observed paramagnetic shifts according to Equation (4).


Table 2. Ligand-centered absorption and emission properties for differ-
ent LnIII complexes of the ligand. Energies are given in cm�1.


p!p* + n!p*[a] 1pp*[b] 3pp*[c] t(3pp*)[c]


Eu 37658 (3.92) [d] [d] [d]


36807 (3.99)
35952 (3.84)


Tb 37658 (3.99) [d] [d] [d]


36807 (4.05)
35952 (3.97)


Gd 37658 (3.90) 24125 19474 0.92(5)
36807 (3.99) 22988
35952 (3.90) 26281


[a] Electronic spectral data in H2O at 295 K (pH 7.0); energies are given
for the maximum of the band envelope in cm�1, and loge is given within
parentheses. [b] Luminescence data in H2O at 295 K (pH 7.0). [c] Lumi-
nescence data and lifetimes [ms] in frozen H2O solution at 77 K. [d] Lu-
minescence quenched by transfer to the lanthanide ion.


Figure 3. Phosphorescence spectra of ligand complexes (nexc=
22988 cm�1). The spectra of the EuIII and TbIII complexes were recorded
from 10�3


m solutions in water at 295 K, while the spectrum of the GdIII


complex was recorded from a 10�6
m solution in water frozen at 77 K.


Vertical scale: arbitrary units.
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DE(3pp*�5D4) difference amounts to 5743 cm�1. Taking the
latter value into account, one expects a better antenna
effect for the TbIII complex than for the EuIII one, and this is
indeed observed: the absolute quantum yield of the metal-
centered luminescence in H2O at pH 7 amounts to 1.9%,
�6 times larger than for EuIII.
The emission lifetimes of the Eu(5D0) and Tb(5D4) excited


levels have been measured in D2O and H2O (10�3
m solu-


tions). They were used to calculate the number of coordinat-
ed water molecules q by means of Equations (7) and (8) for
Eu and Tb, respectively.[33]


q ¼ 1:05Dkobs ð7Þ


q ¼ 4:2Dkobs ð8Þ


In these equations Dkobs=kobs(H2O)�kobs(D2O) (kobs is
given in ms�1) and kobs=1/tobs. The measured emission life-
times in H2O solutions (tobs(H2O)) were 0.56�0.01 (Eu)
and 1.59�0.01 ms (Tb), while the tobs(D2O) values amount
to 2.04�0.01 (Eu) and 2.27�0.01 ms (Tb). With Equa-
tions (7) and (8), we obtain q=1.3 (Eu) and 0.8 (Tb), with
an estimated uncertainty of �0.5 for q. These equations
were established from crystalline complexes in which inter-
actions generated by molecules of water in the second coor-
dination sphere are absent. Consequently, we have also
made use of Equations (9) and (10), proposed by Beeby
et al.[34] for solutions of poly(aminocarboxylate) complexes
with q1, whereby qN is the number of NH oscillators
when amide groups are coordinated to the metal ion.


q ¼ 1:2 ðDkobs�0:25�0:075 qNÞ ð9Þ


q ¼ 5:0 ðDkobs�0:06Þ ð10Þ


When qN=0, we obtained q=1.2 and 0.7 for Eu and Tb,
respectively. Quite recently, a refined Equation (11)[35] has
been proposed for Eu complexes in solution, with an esti-
mated uncertainty of �0.1 for q.


q ¼ 1:11 ðDkobs�0:31�0:075 qNÞ ð11Þ


In our case, this equation yields q=1.1. All these results
point to the complexes having one coordinated water mole-
cule in aqueous solution.


Ab initio calculations : The [Ln(L)(H2O)]� systems (Ln=La,
Pr, or Gd) were investigated both in vacuo and in aqueous
solution by means of ab initio calculations at the HF level.
In the case of GdIII complexes, the long electronic relaxation
time of the metal ion prevents any observation of NMR
spectra, and, for this reason, their solution structures and
properties have to be deduced from the NMR spectra of
complexes with other lanthanides. Theoretical calculations
provide direct information on gadolinium systems as well as
on those dynamic processes that are usually too fast to be
observed on the NMR timescale, such as the water exchange
process. As there is not a good all-electron basis set for lan-
thanides, the effective core potential (ECP) of Dolg et al.
and the related [5s4p3d]-GTO valence basis set was applied


in these calculations.[36] This ECP includes 46+4fn electrons
in the core, leaving the outermost 11 electrons to be treated
explicitly; it has been demonstrated that this method pro-
vides reliable results for the lanthanide±aqua ions,[37] several
lanthanide complexes with polyamino carboxylate li-
gands,[38,39] and lanthanide dipicolinates.[40] In contrast to all-
electron basis sets, ECPs account to some extent for relativ-
istic effects, which are believed to become important for the
elements from the fourth row of the periodic table.


Our ab initio calculations provide a minimum energy con-
formation in which the ligand wraps itself around the metal
ion by twisting the pyridyl units relative to each other, so
that the pyridine nitrogen atoms and the metal are not
linear (Figure 4), with an NPY-Ln-NPY angle of 162±1658. In


these structures, the carboxylate pendant arms are situated
alternately above and below the planes of the pyridyl units.
The complexes present two different sources of chirality:
one arising from the two five-membered rings formed by
the binding of the acetate arms to the ion (absolute configu-
ration D or L) and the other to the five-membered ring
formed by the binding of the ethylene diamino moiety (ab-
solute configuration d or l). The minimum energy confor-
mations obtained for [Ln(L)(H2O)]� both in vacuo and in
solution correspond to D(l) (or L(d)) conformations.


The calculated bond lengths between the ion and the co-
ordinated ligand atoms (Table 3) decrease along the lantha-
nide series, as is usually observed for LnIII complexes.[23] The
in vacuo-optimized structures exhibit bond lengths Ln±NAM


and Ln±NPY (NAM=amine nitrogen atom, NPY=pyridyl ni-
trogen atom) that are longer than those usually observed for
LnIII complexes with polyamino carboxylate ligands, while
the Ln�O bonds are close to the experimental ones. In solu-
tion, Ln±N bond lengths are shorter whereas Ln±O bond
lengths are slightly increased, providing a general better
agreement with typical experimental bond lengths obtained
for polyamino carboxylate chelates.[41,42] The Gd�OW bond
length obtained for the optimized structure in solution
(2.492 ä) is in excellent agreement with that normally as-
sumed in the analysis of the 17O NMR longitudinal relaxa-
tion data (2.5 ä). The coordinated water molecule is bent,
which results in an averaged Gd¥¥¥HW distance of 2.969 ä.
This distance is close to the range recently reported by Car-


Figure 4. The structure of the [Pr(L)(H2O)]� complex optimized in aque-
ous solution (CPCM model) at the HF/3-21G* level. Hydrogen atoms
are omitted for simplicity.
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avan et al.[43] for different MRI contrast agents (3.1�0.1 ä).
Optimized Cartesian coordinates obtained for the different
[Ln(L)(H2O)]� systems both in vacuo and in solution are
given in the Supporting Information.


The 13C NMR shielding constants of the [La(L)(H2O)]�


complex were calculated for the structures optimized both
in vacuo and in solution by means of the GIAO method.
The main results of these calculations together with the ex-
perimental values are given in Table 4.


The calculations of the NMR shielding constants were
performed at the B3LYP/6-311G** level with the 46 core
electron ECP by Stevens et al.[44] In general, there is an ex-


cellent agreement between the experimental and calculated
chemical shifts, as indicated by the agreement factors ob-
tained [Eq. (12)]:


AFj ¼ ½
X


i


ðdexptl
ij �dcalcd


ij Þ2=
X


i


ðdexptl
ij Þ2
1=2 ð12Þ


in which dexp
ij and dcalcd


ij are the experimental and calculated
chemical shift values for a nucleus i of a given lanthanide
complex j. The agreement between experimental and calcu-
lated shifts is slightly better when calculations are per-
formed on the structure optimized in aqueous solution
(AFj=0.0295) than when they are carried out on the struc-
ture optimized in vacuo (AFj=0.0323). These results indi-
cate that our ab initio calculations provide reasonably good
models for the structure of these complexes in solution, es-
pecially when solvent effects are included. Calculations of
the 13C NMR shielding constants on the structure optimized
in solution at the HF/6-311G** level result in a poor agree-
ment between the experimental and calculated shifts
(Table 4). These results highlight the importance that inclu-
sion of electronic correlation effects has on these calcula-
tions.


PrIII-induced shifts and relaxation-rate enhancement effects :
The atomic coordinates obtained from our ab initio calcula-
tions for the [Pr(L)(H2O)]� system (both in vacuo and in
solution) were used to assess the agreement between the ex-
perimental and predicted PrIII-induced dipolar shifts by
means of the shift analysis method.[45] The experimental
PrIII-induced dipolar shifts were taken as ddipij =GiCj


[(Eq. (2)] for each proton, whereby the experimental values
of Gi were obtained from the corresponding Reilley plots
[Eqs. (4) and (5)]. The shift analysis program calculates the
dipolar shifts defined by Equation (3) in the molecular coor-
dinate system by means of a linear least-squares search that
minimizes the difference between the experimental and cal-
culated data. Table 5 shows a comparison between the ex-
perimental and calculated dipolar shifts values for the PrIII


complex.
The agreement between the experimental and calculated


isotropic shifts obtained from the structure optimized in
vacuo of [Pr(L)(H2O)]� is reasonably good, as indicated by
the agreement factor obtained [AFj=0.149, Eq. (12)]. How-
ever, a much better agreement between the experimental
and calculated dipolar shifts was obtained when the atomic
coordinates of the structure optimized in solution were
used. An excellent agreement factor AFj of 0.083 was ob-
tained, with D1 and D2 values amounting to 2184�89 and
�1917�169 ppmä3, respectively. Similar agreement factors
were previously obtained for LnIII texaphyrins (0.066<
AFj<0.259).[46] As expected for a nonaxial system, the D1


and D2 values obtained define very large c tensor anisotro-
pies.[19] These results indicate that our ab initio calculations
provide good models for the structure of these complexes in
solution, particularly when solvent effects are taken into ac-
count. These D1 and D2 values calculated from the paramag-
netic shifts of proton nuclei were used to determine the di-
polar shifts for carbon atoms with Equation (3) (Table 5).
Subsequently, the contact shifts were obtained by subtract-


Table 3. Values of the main geometrical parameters (bond lengths [ä],
angles [8]) of calculated (in vacuo and in aqueous solution) structures for
[Ln(L)(H2O)]� complexes at the HF/3-21G* level.[a]


In vacuo In solution


La La�NAM 2.96(8) 2.84(2)
La�NPY 2.812(2) 2.784(6)
La�OCOO 2.43 (1) 2.45(3)
La�OPYCOO 2.45(4) 2.49(2)
La�OW 2.652 2.600
NPY-La-NPY 162.07 165.51
OCOO-La-OCOO 136.70 142.27


Pr
Pr�NAM 2.94(9) 2.80(2)
Pr�NPY 2.781(5) 2.746(6)
Pr�OCOO 2.40(2) 2.40(2)
Pr�OPYCOO 2.43(4) 2.46(2)
Pr�OW 2.616 2.569
NPY-Pr-NPY 162.10 166.53
OCOO-Pr-OCOO 137.55 143.75


Gd
Gd�NAM 2.9(1) 2.77(3)
Gd�NPY 2.73(2) 2.688(7)
Gd�OCOO 2.32(2) 2.32(2)
Gd�OPYCOO 2.35(4) 2.39(3)
Gd�OW 2.538 2.492
NPY-Gd-NPY 160.68 164.99
OCOO-Gd-OCOO 138.24 145.61


[a] The average values are reported with standard deviations in parenthe-
ses. NAM=amine nitrogen atoms, NPY=pyridyl nitrogen atoms, OCOO=


aliphatic carboxylate oxygen atoms, OPYCOO=aromatic carboxylate oxygen
atoms, OW=water oxygen atoms.


Table 4. Experimental and calculated (GIAO method) 13C NMR chemi-
cal shifts for the [La(L)(H2O)]� complex (see Scheme 1 for labeling).


di,exptl
[a] di,calcd


[b] di,calcd
[c] di,calcd


[d]


C1 174.8 170.7 172.2 168.7
C2 153.1 162.5 160.7 189.5
C3 125.6 127.0 126.9 149.1
C4 141.9 140.2 140.7 162.2
C5 127.6 124.6 124.2 136.0
C6 158.7 163.1 162.1 183.5
C7 59.8 63.6 64.9 54.7
C8 62.7 65.9 66.2 76.8
C9 181.1 176.9 177.1 179.3
C10 55.1 56.5 57.8 49.5
AFj


[e] 0.0323 0.0295 0.137


[a] Assignment supported by 2D HMQC and HMBC experiments at
298 K in D2O (pH 7.0). [b] Values calculated on the structure optimized
in vacuo at the B3LYP/6-311G** level. [c] Values calculated on the struc-
ture optimized in solution at the B3LYP/6-311G** level. [d] Values calcu-
lated on the structure optimized in solution at the HF/6-311G** level.
[e] Agreement factors calculated according to Equation (12).
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ing the calculated dipolar contributions from the measured
isotropic shifts. Table 5 also gives the contact contributions
for proton nuclei in [Pr(L)(H2O)]� calculated as dcon


ij =


FihSzij. The theoretical value for the ratio of the contact to
pseudocontact contributions in PrIII compounds is 0.269,[7]


and, therefore, the hyperfine 1H and 13C NMR shifts in PrIII


complexes are expected to be largely pseudocontact in
origin. However, the data reported in Table 5 show that
both proton and carbon nuclei have important contact con-
tributions for the PrIII complex; this suggests an important
spin density delocalization onto the ligand backbone.


Further information on the structure of the complexes in
solution was obtained from PrIII-induced relaxation-rate en-
hancements in the 1H nuclei of the ligand. The PrIII-induced
1H NMR relaxation enhancements for L were measured at
7.05 T and 298 K (Table 6). In order to correct for diamag-
netic contributions, the relaxation rates for the correspond-
ing LaIII complex were subtracted from the measured values
of the PrIII complex (Table 6). The electron relaxation for
PrIII is very fast (T1e�10�13 s) and, consequently, the contact
contribution to the paramagnetic relaxation is negligible.
Two contributions are of importance: the ™classical∫ dipolar
relaxation and the Curie relaxation. Equation (13) can be
derived from a simplified Solomon±Bloembergen equa-
tion[47] and the equation for the Curie relaxation (assuming
extreme narrowing):[48,49]


1
T1


¼
�
4=3


�
m0


4p


�2


m2g2
Ib


2T1e þ 6=5


�
m0


4p


�2 g2
IH


2
0m


4b4


ð3 kTÞ2
tR


�
1
r6
þ 1
T1OS


ð13Þ


in which the first term between the brackets represents
the ™classical∫ dipolar contribution, and the second term de-
scribes the Curie relaxation. Here, m0/4p is the magnetic per-
meability in a vacuum, m is the effective magnetic moment
of the lanthanide ion, gI is the gyromagnetic ratio of the nu-
cleus under study, b is the Bohr magneton, T1e is the elec-
tron spin relaxation time, r is the distance between the 1H
nucleus in question and the lanthanide ion, H0 is the mag-
netic field strength, k is the Boltzmann constant, T is the


temperature, tR is the rotational
tumbling time of the complex,
and 1/T1OS represents the outer-
sphere contribution. The contri-
bution of the Curie spin mecha-
nism to the total relaxation be-
comes significant for larger
molecules (tR increases), partic-
ularly at higher fields. At con-
stant temperature and B0, appli-
cation of Equation (13) allows
the determination of relative r
values in the complexes without
the need to estimate T1e and tR,
which would be needed to cal-
culate absolute distances. A


plot of 1/T1 versus 1/r6, whereby r are the Pr¥¥¥H distances
obtained from the ab initio-optimized structure in an aque-
ous solution, gives a straight line with a gradient k=1.25�
0.07î10�55 m6s�1 and an intercept of 1.3�0.9 s�1 (R2=


0.991). The gradient obtained from this plot represents the
term between the brackets in Equation (13), while the inter-
cept represents the outer-sphere contribution (1/T1OS),
which becomes significant only for remote nuclei. Inserting
T1e=0.57î10�13 s[7] and the tR value obtained from the anal-
ysis of the NMRD and 17O NMR data (tR=55 ps, see later)
we obtain k=8.09î10�56m6s�1, which is in reasonable
agreement with the experimental value considering the un-
certainties in these values. The experimental values of k and
1/T1OS were used to obtain experimental Pr¥¥¥H distances in
solution from relaxation data by means of Equation (13). In
general, the experimental Pr¥¥¥H distances are in satisfactory
agreement with those obtained from the theoretical calcula-
tions (Table 6), thereby confirming that the computational
approach provides a reliable description of the solution
structure.


Variable-temperature 17O NMR and NMRD measurements :
The relaxivity describes the efficiency of magnetic dipolar
coupling occurring between the solvent nuclei and the para-
magnetic metal ion, and represents a measure of the efficacy
of the complex as a contrast agent. The relaxation rates of


Table 5. Comparison of experimental and calculated dipolar 1H shifts and calculated dipolar and contact 13C
NMR shifts in [Pr(L)(H2O)]� .[a]


dcon
i;exp(Pr) ddip


i;exp(Pr) ddip
i;calcd(Pr)


[b] ddip
i;calcd


[c] ddip
i;calcd dcon


i;calcd


H3 0.89 �8.36 �8.41 �9.16 C1 �42.1 16.1
H4 �0.59 �3.52 �3.89 �3.98 C2 �36.5 4.1
H5 �1.48 �1.54 �3.03 �2.40 C3 �13.0 �10.1
H7ax 15.67 �26.40 �23.28 �23.15 C4 �7.0 2.0
H7eq �8.28 6.60 0.63 4.20 C5 �5.9 �11.3
H8a �23.94 64.76 66.57 66.37 C6 �9.3 �9.1
H8b �12.09 25.19 19.44 22.72 C7 �3.4 �1.0
H10ax 11.23 �11.00 �6.16 �9.13 C8 59.4 �12.5
H10eq �5.56 3.74 �0.76 0.621 C9 42.7 �3.7
D1 [ppmä3] 1998�140 2184�90 C10 �2.8 16.9
D2 [ppmä3] �1715�270 �1917�169
AFj 0.149 0.083


[a] Positive values correspond to shifts to higher fields. [b] Values calculated with the structure of the
[Pr(L)(H2O)]� complex optimized in vacuo at the HF/3-21G* level. [c] Values calculated with the structure of
the [Ln(L)(H2O)]� complex optimized in aqueous solution at the HF/3-21G* level.


Table 6. Pr¥¥¥H distances calculated from 1H NMR relaxation data for
40mm solutions of LnIII complexes in D2O (300 MHz, 25 8C, pD=7).


1/T1(Pr) [s
�1] 1/T1(La) [s


�1] r [ä][a] r [ä][b]


H3 8.696 0.911 5.633 5.19
H4 4.000 0.989 6.660 6.50
H5 6.024 1.224 5.773 5.75
H7ax 43.478 5.128 3.895 3.87
H7eq 16.667 5.435 4.663 4.83
H8a 41.667 4.219 3.761 3.89
H8b 16.129 3.559 4.518 4.73
H10ax [c] 5.319 3.714 [c]


H10eq 17.615 5.618 4.586 4.77


[a] PrIII¥¥¥H distances obtained from ab initio calculations in aqueous solu-
tions. [b] PrIII¥¥¥H distances obtained from experimental 1H NMR relaxa-
tion data. [c] Not obtained.
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the bulk water protons in the vicinity of a paramagnetic ion
are enhanced as a result of long- (outer-sphere relaxation)
and short-range interactions (inner-sphere relaxation). The
latter is governed by the rotational correlation time of the
complex (tR), the residence time of a water proton in the
inner coordination sphere (tm), and the electronic longitudi-
nal and transverse relaxation rates (1/T1e and 1/T2e) at the
metal center. As pointed out previously,[50] it is difficult to
calculate the parameters that determine the relaxivity of a
given compound from nuclear magnetic resonance disper-
sion (NMRD) profiles without obtaining independent infor-
mation of at least some of the most important parameters.
Therefore, we measured variable-temperature 17O NMR
shifts and relaxations in a 0.153m solution of the
[Gd(L)(H2O)]� chelate in H2O (pH 6.38). The temperature
dependence of the reduced longitudinal relaxation rates
(1/T1r), transversal relaxation rates (1/T2r), and reduced
chemical shifts (Dwr) for [Gd(L)(H2O)]� is shown in
Figure 5. Although the full equations given in the Support-
ing Information were used to fit the experimental 17O NMR
data, it is useful to consider the simplified Equations (14)
and (15) for the reduced relaxation rates, whereby the con-
tribution to 1/T2r of the chemical shift difference between
the bound and bulk water, Dwm, has been neglected.


1
Tlr


¼ 1
Tlm þ tm


ð14Þ


1
T2r


¼ 1
T2m þ tm


ð15Þ


In these equations 1/T1m, 1/T2m are the relaxation rates in
the bound water. Since tm decreases, while T1m and T2m gen-
erally increase with increasing temperature, the sign of the
temperature dependence of 1/T1r and 1/T2r will depend on
which term dominates in the denominator of Equations (14)
and (15). The maximum observed in the temperature de-
pendence of 1/T2r (Figure 5a) is characteristic of a change-
over from the ™fast exchange∫ limit at high temperature,
whereby T2m is the principal term in the denominator of
Equation (15), to the slow exchange limit at low tempera-
tures. Because T1m>T2m, the maximum observed in 1/T2r is
not observed for 1/T1r, which is within the fast exchange
region for the whole range of experimentally available data
from different temperatures.


The [Gd(L)(H2O)]� chelate was investigated by water 1H
longitudinal relaxation-time measurements at 5, 25, and
37 8C and magnetic field strengths varying between 2.3474î
10�4 and 7.05 T (NMRD). Longitudinal proton relaxation
enhancements in NMRD studies are commonly expressed in
relaxivities (r1, in s�1mm


�1). The curves obtained for
[Gd(L)(H2O)]� are included in Figure 5b. The temperature
dependence of the NMRD profile usually gives a good indi-
cation of which parameters limit the proton relaxivity. If the
high field value (>10 MHz) does not decrease with increas-
ing temperature, relaxivity is limited by slow water ex-
change, whereas in the opposite case, fast rotation is the lim-
iting factor. For [Gd(L)(H2O)]� , the relaxivity increases
with decreasing temperature; this shows that the relaxivity
is dominated by fast rotation, as is usually observed for
small GdIII chelates.[50]


A simultaneous fitting of the NMRD and 17O NMR data
of [Gd(L)(H2O)]� was performed with sets of equations usu-
ally used to predict variable-temperature 17O NMR data,
with the Solomon–Bloembergen±Morgan equations (which
describe the field dependency of the inner-sphere relaxivity,
r1) and with the Freed equation for the outer-sphere contri-
bution of the relaxivity.[2] The set of equations used is given
in the Supporting Information. Following previous studies,
the distance of closest approach for the outer-sphere contri-
bution aGdH was set to 3.5 ä. The distance between the pro-
tons of the coordinated water molecules and the GdIII ion
(rGdH) was fixed at 2.969 ä, which corresponds to the aver-
aged rGdH distance obtained from our ab initio calculation in
aqueous solution (vide supra). On the basis of our ab initio
calculations, the rGdO distance was fixed at 2.492 ä. The
number of water molecules in the first coordination sphere
of GdIII (q) was taken as 1.0. Finally, the value of Ev, the ac-
tivation energy of the correlation time tv, was fixed at
1 kJmol�1.[50] Attempts to unfix this parameter led to nega-
tive values of the activation energy. The parameters ob-
tained from the fittings are listed in Table 7 with the curve
fits shown in Figure 5. For comparison, previously reported
data for [Gd(dota)(H2O)]� and [Gd(dtpa)(H2O)]2� have
been included in Table 7.[50]


Figure 5. a) Longitudinal (*) and transverse (~) 17O relaxation rates and
17O chemical shifts (&) of [Gd(L)(H2O)]� at 7.05 T and pH 6.38; b) 1H
NMRD profiles of [Gd(L)(H2O)]� at 5, 25 and 37 8C (from top to
bottom) and pH 6.6.
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Inspection of the data listed in Table 7 reveals some simi-
larities in the parameters that determine the relaxivity in
the three complexes. Indeed, the values obtained for the ro-
tational correlation time (t298R ) are in reasonable agreement,
and they are typical of small GdIII chelates. Moreover,
values of the relative diffusion coefficient D298


GdH are also very
similar, as expected for systems of similar bulk. The parame-
ters describing the electronic relaxation of the GdIII ion are
expressed in terms of the zero-field splitting interaction
(t298v , Ev and D2). The value determined from the fittings for
t298v is close to that reported for [Gd(dota)(H2O)]� , while
that of D2 is larger; however, it is still within the range nor-
mally observed for GdIII chelates.[3]


The value obtained for the scalar coupling constant (A/�h),
is smaller than those reported for other GdIII polyaminocar-
boxylate complexes that have one inner-sphere water mole-
cule (typically �3.8î106 rads�1).[50] The shift induced by a
GdIII complex to the water 17O resonance is proportional to
q, if the exchange between GdIII-bound water and the bulk
is rapid on the NMR timescale.[7] Therefore, the small value
obtained for A/�h could reflect a q value lower than one,
caused by the presence of a hydration equilibrium. Howev-
er, we do not exclude the possibility that an efficient spin
delocalization on the ligand backbone, caused by the pres-
ence of aromatic units, could have an effect on A/�h for the
coordinated water molecule.


Whereas an ideal value of k298
ex can be calculated to be


�3î107 s�1 at 25 8C, both [Gd(dota)(H2O)]� and
[Gd(DTPA)(H2O)]2� have a water exchange rate that is
�10 times slower. The water exchange rate (k298


ex ) deter-
mined for [Gd(L)(H2O)]� is slightly more favorable than
that reported for chelates, such as [Gd(dota)(H2O)]� and
[Gd(dtpa)(H2O)]2�, and one order of magnitude faster than
for DTPA±bis(amide) chelates.


Conclusion


In this work, we present a new polyaminocarboxylate ligand
that contains pyridine units and which shows promise as a
LnIII chelating agent. This ligand can sensitize both the EuIII


and TbIII luminescence; however, the quantum yields of the


EuIII- and TbIII-centered lumi-
nescence remain modest on ac-
count of a relatively inefficient
energy transfer from the pyri-
dine moieties to the LnIII ion.
The corresponding GdIII com-
plex is nine-coordinate, where-
by a water molecule completes
the metal-ion coordination
sphere. This induces a relaxivity
in solutions of the complex at
the imaging fields (5.0 s�1mm


�1


at 20 MHz and 25 8C) that is
somewhat larger than those re-
ported for the standard contrast
agents (4.74 and 4.69 s�1mm


�1


at 20 MHz and 25 8C for
[Gd(dota)(H2O)]� and [Gd(dtpa)(H2O)]2�, respectively).
These favorable relaxation properties open interesting per-
spectives for the design of new and more efficient contrast
agents for MRI by, for instance, introducing appropriate
functions in the pyridine rings.


Experimental Section


Solvents and starting materials : Dimethyl pyridine-2,6-dicarboxylate was
prepared according to the literature method.[51] The chloride and nitrate
salts, LnCl3¥nH2O and Ln(NO3)3¥nH2O, were purchased from Aldrich
and Alfa Laboratories, and were used without further purification. Sol-
vents and starting materials were purchased from Aldrich and used with-
out further purification, unless otherwise stated. Silica gel (Fluka60,
0.063±0.2 mm) was used for preparative column chromatography. D2O
for NMR studies was obtained from Merck (99.9%D). Samples of the
LnIII complexes for the NMR measurements were prepared by dissolving
equimolar amounts of ligand and hydrated Ln(NO3)3 in D2O followed by
adjustment of the pD with ND4OD and DCl (Aldrich) solutions in D2O.
Samples for NMRD and 17O NMR measurements were prepared by dis-
solving the appropriate amounts of ligand and hydrated LnCl3 in H2O.
pH values were adjusted with the aid of dilute solutions of NaOH and
HCl. The pH of the solutions was measured at room temperature with a
calibrated microcombination probe purchased from Aldrich Chemical
Co. The pH values given are direct meter readings without correction for
D-isotope effects.


Physical methods : Elemental analyses were carried out on a Carlo
Erba1108 elemental analyzer. FAB mass spectra were recorded on a
FISONS QUATRO mass spectrometer with a Cs ion gun and 3-nitroben-
zyl alcohol as the matrix. IR spectra were recorded, as KBr discs or
Nujol mulls, on a Bruker Vector22 spectrophotometer. Electronic spectra
in the UV/Vis range were recorded at 20 8C on a Perkin±Elmer
Lambda900 UV/Vis spectrophotometer in 1.0 cm quartz cells. Excitation
and emission spectra were recorded on a Perkin±Elmer LS-50B spec-
trometer equipped for low-temperature (77 K) measurements. Lifetimes
are averages of at least 3±5 independent determinations. Absolute quan-
tum yields were calculated relative to quinine sulfate in dilute sulfuric
acid (absolute quantum yield: 0.546).[52]


1H and 13C NMR spectra were recorded at 25 8C on Bruker AC200F and
Bruker WM-500 spectrometers. For measurements in D2O, tert-butyl al-
cohol was used as an internal standard with the methyl signal calibrated
at d=1.2 (1H) and 31.2 ppm (13C). Spectral assignments were based in
part on two-dimensional COSY, HMQC, and HMBC experiments. 17O
NMR spectra and 1H NMR T1 values were obtained on a Varian
INOVA-300 spectrometer. D2O (100%) was used as an external chemical
shift reference for 17O resonances. Longitudinal 1H and 17O relaxation
times T1 were measured by the inversion±recovery pulse sequence,[53] and


Table 7. Parameters obtained from the simultaneous analysis of 17O NMR and NMRD for the [Gd(L)(H2O)]�


complex.[a]


Parameter [Gd(L)(H2O)]� [Gd(dota)(H2O)]� [Gd(dtpa)(H2O)]2�


k298
ex [106 s�1] 5.0�0.6 4.1�0.2 3.3�0.2


DH� [kJmol�1] 40.1�2.4 49.8�1.5 51.6�1.4
A/�h [106 rads�1] �2.31�0.08 �3.7�0.2 �3.8�0.2
t298R [ps] 55�10 77�4 58�11
ER [kJmol�1] 17.9�1.6 16.1�7.4 17.3�0.8
t298v [ps] 12.6�0.8 11�1 25�1
EV [kJmol�1] 1.0[b] 1.0[b] 1.6�1.8
D2 [1020 s�2] 1.2�0.1 0.16�0.01 0.46�0.02
D298


GdH [10
�10 m2 s�1] 19�3 22�1 20�3


EDGdH [kJmol�1] 30.1�2.1 20.2�1.1 19.4�1.8
c(1+h


2=3)
1=2 [MHz] 17�2 10�1 14�2


[a] The data listed for [Gd(dtpa)(H2O)]2� and [Gd(dota)(H2O)]� have been reported previously in Ref. [50]
and are provided here for comparison. [b] Parameters fixed during the fitting procedure.
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the transverse relaxation times (T2) were obtained by the Carr±Purcell±
Meiboom±Gill spin-echo technique.[54] The 1/T1 nuclear magnetic reso-
nance dispersion (NMRD) profiles were recorded at 5, 25, and 37 8C with
a Stelar field cycling system covering a range of magnetic fields from
2.3474î10�4 to 0.35 T (corresponding to a proton Larmor frequency
range of 0.01±15 MHz). Additional points at 20, 60, and 300 MHz were
obtained on Minispec PC-20, Minispec mq-60 and Bruker AMX-300
spectrometers, respectively.


Methyl 6-formylpyridine-2-carboxylate (1): NaBH4 (7.3 g, 0.193 mol) was
added to a stirred solution of dimethyl pyridine-2,6-dicarboxylate (10.0 g,
0.051 mol) in MeOH (400 mL) at 0 8C. The solution was stirred for 3 h at
0 8C and then poured into a saturated NaHCO3 aqueous solution
(200 mL). The bulk of the methanol was evaporated, and the resulting
aqueous solution was extracted with CHCl3 (5î100 mL). The combined
organic phases were dried over MgSO4 and evaporated to dryness. The
residue was dissolved in dioxane (200 mL), and SeO2 (2.8 g, 0.025 mol)
was added. The solution was heated at reflux for 2.5 h, filtered while hot,
and evaporated to dryness. The crude residue was purified by column
chromatography (SiO2, CHCl3) to give 5.7 g (70%) of 1 as a pale yellow
solid. 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=10.19 (s, 1H; -CHO,),
8.35 (dd, 3J(H,H)=7.3 Hz, 4J(H,H)=1.5 Hz, 1H; py), 8.14 (m, 2H; Py),
4.06 ppm (s, 3H; -OCH3);


13C NMR (50.4 MHz, CDCl3, 25 8C, TMS): d=
53.2 (primary C), 192.6, 129.0, 128.0, 124.3 (tertiary C), 164.0, 152.7,
148.6 ppm (quaternary C); elemental analysis calcd (%) for C8H7NO3


(165.2): C 58.2, H 4.3, N 8.5; found: C 57.7, H 4.4, N 8.2; IR (KBr): ñ=
1719 (C=O ester), 1694 (C=O aldehyde), 1585 cm�1 (C=C py); FAB MS:
m/z (%): 166 (100) [M+H]+ .


1,2-[{6-(Methoxycarbonyl)pyridin-2-yl}methyleneamino]ethane (2): A
solution of ethylenediamine (0.1 mL, 1.51 mmol) in MeOH (10 mL) was
added dropwise to a refluxing solution of 1 (0.5 g, 3.010 mmol) in MeOH
(30 mL). The resulting mixture was refluxed for 30 min and then filtered
while hot. The solvent was removed in a rotary evaporator and diethyl
ether (10 mL) was added. The solid formed was isolated by filtration and
dried under a vacuum to give 0.40 g (80%) of 2 as a white powder. 1H
NMR (200 MHz, CDCl3, 25 8C, TMS): d=8.55 (s, 2H; CH=N), 8.21 (dd,
3J(H,H)=7.3 Hz, 4J(H,H)=1.0 Hz, 2H; py), 8.15 (dd, 3J(H,H)=8.3 Hz,
4J(H,H)=1.0 Hz, 2H; py), 7.89 (t, 2H; py), 4.07 (s, 4H; -CH2-), 4.03 ppm
(s, 6H; -OCH3);


13C NMR (50.4 MHz, CDCl3, 25 8C, TMS): d=53.0 (pri-
mary C), 61.1 (secondary C), 162.9, 137.5, 126.2, 124.3 (tertiary C), 165.4,
154.7, 147.6 ppm (quaternary C); elemental analysis calcd (%) for
C18H18N4O4 (354.4): C 61.0, H 5.1, N 15.8; found: C 61.1, H 5.0, N 15.8;
IR (KBr): ñ=1719 (C=O), 1654 (C=N imine), 1586 cm�1 (C=C py); FAB
MS: m/z (%): 355 (42) [M+H]+ .


1,2-[{6-(Methoxycarbonyl)pyridin-2-yl}methylamino]ethane (3): NaBH4


(0.124 g, 3.30 mmol) was added to a stirred suspension of 2 (0.897 g,
2.53 mmol) in MeOH (60 mL) at 0 8C. The mixture was stirred at 0 8C for
2 h and then a saturated NaHCO3 aqueous solution (200 mL) was added.
The mixture was stirred for 10 min, and the resulting solution was ex-
tracted with CH2Cl2 (5î100 mL). The combined organic extracts were
dried over MgSO4 and evaporated to give 0.776 g (85%) of 3 as a pale
yellow oil. 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=8.01 (d,
3J(H,H)=7.8 Hz, 2H; py), 7.81 (t, 3J(H,H)=7.8 Hz, 2H; py), 7.61 (d,
3J(H,H)=7.8 Hz, 2H; py), 4.03 (s, 4H; -CH2-), 3.99 (s, 6H; -OCH3,),
2.83 ppm (s, 4H; -CH2-);


13C NMR (50.4 MHz, CDCl3, 25 8C, TMS): d=
52.9 (primary C), 49.0, 55.1 (secondary C), 123.5, 125.6, 137.4 (tertiary
C), 165.4, 160.8, 165.8 ppm (quaternary C); IR (Nujol): ñ=1731 (C=O),
1592 cm�1 (C=C py); FAB MS: m/z (%): 359 (75) [M+H]+ .


1,2-[N,N’-{(tert-Butoxycarbonyl)methyl}-N,N’-{6-(methoxycarbonyl)pyri-
din-2-yl}methylamino]ethane (4): The oil 3 (1.60 g, 4.69 mmol) was dis-
solved in CH3CN (150 mL) and Na2CO3 (1.0 g, 9.4 mmol) and tert-butyl-
bromoacetate (2 mL, 0.01 mol) were added. The mixture was refluxed
under an inert atmosphere (Ar) for 24 h, and then the excess Na2CO3


was filtered off. The filtrate was evaporated to dryness and the residue
partitioned between equal volumes (100 mL) of H2O and CHCl3. The or-
ganic phase was separated and the aqueous phase washed with more
CHCl3 (3î100 mL). The combined organic phases were dried over
MgSO4, filtered, and evaporated to dryness to give a pale yellow oil. The
crude residue was purified by column chromatography (SiO2, 5% MeOH
in CH2Cl2) to give a pale yellow oil. Addition of diethyl ether gave 0.71 g
(26%) of 4 as a white solid. 1H NMR (200 MHz, CDCl3, 25 8C, TMS):
d=7.98 (d, 2H; py), 7.79 (m, 4H; py), 3.99 (s, 10H; -OCH3, -CH2-), 3.31


(s, 4H; -CH2-), 2.81 (s, 4H; -CH2-), 1.40 ppm (s, 18H; tBu); 13C NMR
(50.4 MHz, CDCl3, 25 8C, TMS): d=28.1, 52.8 (primary C), 52.5, 56.4,
60.6 (secondary C), 123.5, 126.1, 137.3 (tertiary C), 170.5, 165.9, 160.9,
147.2 ppm (quaternary C); elemental analysis calcd (%) for
C30H42N4O8¥H2O (604.7): C 59.6, H 7.3, N 9.3; found: C 59.6, H 6.9, N
9.0; IR (KBr): ñ=1730, 1710 (C=O), 1587 cm�1 (C=C py); FAB MS: m/z
(%): 587 (100) [M+H]+ .


N,N’-Bis(6-carboxy-2-pyridylmethyl)ethylenediamine-N,N’-diacetic acid
(H4L¥4HCl¥3H2O): A solution of compound 4 (0.30 g, 0.51 mmol) in 6m
HCl (25 mL) was heated to reflux for 12 h. The solution was concentrat-
ed under vacuo to �5 mL; this resulted in the precipitation of a white
solid. It was collected by filtration and dried under vacuo at 45 8C to
yield 0.267 g (81%) of H4L¥4HCl¥3H2O as a white solid. 1H NMR
(200 MHz, D2O, 25 8C, TMS, pD=7.0): d=7.82 (m, 4H; py), 7.51 (d, 2H;
py), 4.17 (s, 4H; -CH2-), 3.91 (s, 4H; -CH2-), 3.19 ppm (s, 4H; -CH2-);


13C
NMR (50.4 MHz, D2O, 25 8C, TMS, pD=7.0): d=51.4, 57.8, 60.2 (secon-
dary C), 124.3, 127.1, 139.9 (tertiary C), 154.4, 154.7, 173.8, 176.0 ppm
(quaternary C); elemental analysis calcd (%) for C20H22N4O8¥4HCl¥3H2O
(586.3): C 37.3, H 5.0, N 8.7; found: C 37.5, H 4.9, N 8.6; IR (KBr): ñ=
1725 (C=O), 1636 cm�1 (C=C py); FAB MS: m/z (%): 447 (50) [M+H]+ .


Computational methods : Full geometry optimizations of the
[Ln(L)(H2O)]� systems (Ln=La, Pr, or Gd) were performed at the RHF
level both in vacuo and in aqueous solution. In these calculations, the ef-
fective core potential (ECP) of Dolg et al. and the related [5s4p3d]-GTO
valence basis set were used for the lanthanide atoms,[36] while the 3-21G*
basis set was used for the ligand atoms. The calculated stationary points
in vacuo were characterized by frequency analysis. Solvent effects were
evaluated with the polarizable continuum model (PCM). In particular,
we used the C-PCM variant,[55] employing conductor rather than dielec-
tric boundary conditions; this allowed a more robust implementation.
The solute cavity was built as an envelope of spheres centered on atoms
or atomic groups with appropriate radii. For lanthanide atoms, the previ-
ously parametrized radii were used.[37] The cavitation and dispersion non-
electrostatic contributions to the energy and energy gradient were omit-
ted. The NMR shielding tensors of [Ln(L)(H2O)]� (GIAO[56] method)
were calculated both in vacuo and in solution at the at the HF and DFT
(B3LYP functional)[57,58] levels with the ECP of Stevens et al.[44] and the
6-311G** basis set for the ligand atoms.[59] For chemical shift calculation
purposes, NMR shielding tensors of tetramethylsilane (TMS) were calcu-
lated at the appropriate level. All HF and DFT calculations were per-
formed with the Gaussian98 package (Revision A.11.3).[60]


Analysis of the 17O NMR and NMRD data : Experimental variable-tem-
perature 17O NMR and NMRD data were fit with a computer program
written by …. TÛth and L. Helm (Swiss Federal Institute of Technology
Lausanne, Switzerland) and a Micromath Scientist version 2.0 (Salt Lake
City, UT, USA).
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